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Preface 

In the summer of 1989, the Geological Association of 
Canada asked us whether it was worthwhile to reprint the 
second edition of Facies Models. Most of the authors felt 
that the world of sedimentary geology had changed dramat- 
ically since the second edition was published in 1984. 
Rewriting rather than reprinting was necessary. There is 
now much more information on specific facies. Some funda- 
mental concepts have changed and, most importantly, 
stratigraphy has re-emerged as a primary analytical ttiol. 
Dynamic controls on sedimentation in the form of sea level 
change, tectonics, climate and biotic evolution, must be 
incorporated into contemporary facies modelling. 

This volume is not a third edition, nor is it part of the 
Geoscience Canada reprint series. Depositional environ- 
ments have been subdivided in different ways, authors have 
taken on new responsibilities, new authors are involved, and 
the volume goes beyond being a mere revision. When pre- 
liminary plans for this volume circulated "through the 
grapevine", Brian Rust was one of the first to volunteer to 
update his chapter. We discussed plans for this on the day 
before his trip to Zambia in 1990, where he contracted a 
fatal case of malaria. We have missed his enthusiasm and 
knowledge. We will also miss, in the future, the contribu- 
tions of Bob Frey, who died in January, 1992. His knowl- 
edge has enhanced the chapter on Trace Fossils, both in 
the second edition and in this book. 

Of the new concepts incorporated in this book, perhaps 
the most important concerns the dynamic control of sea 
level change. Eustatic cycles form the basis of sequence 
stratigraphy, and the bounding discontinuities in the geologic 
record that formed as a response to sea level change allow 
allostratigraphic subdivision of the stratigraphic column. 
These fundamental concepts, reviewed in chapter 1, form 
the underlying theme of the book. All authors have tried to 
emphasize not only the individual depositional environ- 
ments, but where appropriate, their response to fluctuations 
in sea level and other dynamic factors. 

Modelling, however, remains an important focus. Models 
are built on the comparison of modern and ancient exam- 
ples. In the second edition it seemed possible, when dis- 
tilling all variables into a static model, to achieve a certain 
sedimentological synthesis which served as a norm, a 
guide for observations, a predictor, and a basis for interpre- 
tation. As more variables are introduced, it is harder to 
select a group of examples that are homogeneous and can 
be combined into a model. For example, you might be able 
to combine the sedimentological features of ten wave- 
dominated deltas into one model. If sea level change is 

added as an important descriptive parameter, there may be 
three deltas that have responded to a relative rise, four to a 
fall and three in which sea level has not fluctuated. There 
are now insufficient examples to make powerful integrated 
models. If tectonic parameters, and the evolving terrestrial 
biota are included, the problem becomes much worse. In 
this book we have staked the middle gound. We have tried 
to explain how the various depositional systems work, and 
how they respond in general terms to sea level fluctuation 
and where appropriate, other dynamic factors. At the same 
time we have still emphasized as much generality as 
possible (modelling). The models we do present are more 
complex, and harder to illustrate in block diagrams. 

The book is aimed at a general audience, and at students. 
It is not intended as an advanced research text. All authors 
have therefore tried to keep the number of citations to a 
minimum, and we have not necessarily cited the source of 
every idea presented. The references at the end of each 
chapter begin with basic sources of information, where 
more detail on the subject can be found; these references 
are annotated. The other references are simply in alphabet- 
ical order, and are only occasionally annotated. 

As editors, we thank the individual authors for building 
their contributigns around the ideas of sedimentation dynam- 
ics, in particular the response to sea level change. Although 
the contributions are largely reviews, there is a lot of original 
research incorporated in them. Over the years, much of this 
research has been supported by the Natural Sciences and 
Engineering Research Council of Canada, and by various 
universities and government agencies where the authors 
work. Editors and authors gratefully acknowledge this 
support. 

Bob Baragar (Geological Association of Canada) was 
extremely helpful in getting this book moving, and Monica 
Easton took over toward the end and has helped with the 
technical side of communicating our wishes to the printer. 
However, there are many other large steps to be taken 
between writing a manuscript, editing it for technical content, 
and seeing it appear between the covers of a book. We par- 
ticularly thank Judith James for editing all nineteen chapters 
and ensuring that they all follow the same overall style. She 
has checked on all of those little details that make a contri- 
bution as consistent and readable as possible, despite the 
differing styles of the authors. 

Roger G. Walker 
Hamilton, Ontario 

Noel P. James 
Kingston, Ontario 
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bined (groups) (Fig. 2). Formal meth- 
ods and rules are given in the North 
American Stratigraphic Code (NACSN, 
1983). AJernative s t r a t i a m  
schemes of increasina importance em- 
phssize the bounding discont&ities 
rather than the internal jithological .- - -- - - 
hGmo_geneity: This type of subdivision 
has been formalized as allostrati- 
graphy (Fig. 2;  NACSN, 1 9 8 ' m m  
stratigraphy is purely descriptive; 
sequence stratigraphy (Van Wagoner 

et a / . ,  1990) also recognizes units 
defined by discontinuities and uncon- ---- 
formities ,-.. but relates them to cycles of 
sea level fluctuat&n. Systems tracts 
are linkages of contemporaneous de- 
positional systems. However, different 
depositional systems occur at different 
positions of relative sea level, and 
allow the definit ion of three main 
systems tracts; lowstand, transgres- 
sive and highstand. 

Certain facies successions and 

facies geometries in the geological 
record appear to be characteristic of 
certain depositional environments. 
Similar successions and geometries of 
various ages can be compared with 
the facies, facies successions and 
facies geometries observed in modern 
sediments (Fig. 1). In this way, the 
general characteristics of various 
depositional environments can be 
defined, and used to interpret other 
parts of the geological record. The 

rphological subdivision of a particular depositional system characterized by a distinctive assemblage of 

Depositional Environment - geographic andlor geomorphic area 
Depositional System - 'three dimensional assemblage of lithofacies, genetically linked by active or inferred processes and environ- 

ments" (Posamentier et a/., 1988, p. 110). It embraces depositional environments and the processes acting therein. 
Downiap - the situation where "an initially inclined layer terminates downdip against an initially horizontal or inclined surface" 

(Mitchum eta/., 1977, p. 58). 
Eustasy -a  world-wide change of sea level relative to a fixed point such as the centre of the earth. Eustatic changes result from vari- 

ations in the volume of water in the ocean basins (glacial control), or a change in the volume of the basins themselves (related 
to rates of ocean ridge building and rates of seafloor spreading). The eustatic sea level curve describes cyclic changes in sea 

Facies - a body of rock characterized by a particular combination of lithology, physical and biological structures that bestow an aspect 
("facies") different from the bodies of rock above, below and laterally adjacent. 

Facies Association - "groups of facies genetically related to one another and which have some environmental significance" 
(Collinson, 1969, p. 207). 

Facies Succession - a vertical succession of facies characterized by a progressive change in one or more parameters, e.g., abun- 
dance of sand, grain size, or sedimentary structures 

Facies Model - a general summary of a particular depositional system, involving many individual examples from recent sediments 
and ancient rocks. 

Genetic Stratigraphic Sequence - "the sedimentary product of a depositional episode" (Galloway, 1989, p. 125), where a deposi- 
tional episode "is bounded by stratal surfaces that reflect major reorganizations in basin paleogeographic framework" (Galloway, 
1989, p. 128). These stratal surfaces are maximum flooding surfaces, not the unconformities used to define stratigraphic 

Lithostratigraphy - "a defined body of sedimenta ry... strata which is distinguished and delimited on the basis of lithic characteristics 
and stratigraphic position" (NACSN, 1983). It is internally lithologically homogeneous. 

Marine Flooding Surface - "a surface separating younger from older strata across which there is evidence of an abrupt increase in 
water depth" (Van Wagoner eta/.,  1990, p. 8). 

Maximum Flooding Surface - a surface separating a transgressive systems tract (below) from a highstand systems tract (above). it 
is commonly characterized by a condensed horizon reflecting very slow deposition; markers in the overlying systems tract 
downlap onto the MFS. 

and their correlative surfaces" (Posamentier et ab, 1988, p. 11 0). 

conformable succession of genetically related strata bounded at its top and base by unconformities and their 
ties ... it is composed of a succession of systems tracts and is interpreted to be deposited between eustatic- 
(Posamentier etal., 1988, p. 110). 
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bined (groups) (Fig. 2). Formal meth- 
ods and rules are given in the North 
American Stratigraphic Code (NACSN, 
1983).  A - l t e v a p h i c  
s&eem_es of increasina importance-em- 
phasize the bounding discontinuities 
rather than the internal j i thological 
homogeneity, This type of subdivision 
has been formalized as allostrati- 
graphy (Fig. 2; NACSN, 198T~-ilo--- - 
stratigraphy is purely descr ipt ive;  
sequence stratigraphy (Van Wagoner 
11 

et a / . ,  1990) also recognizes units 
defined by discontinuities and uncon- 
formities _I but relates -- _-__--- them to cycles of 
sea level fluctualkon. Systems tracts 
are  linkages of contemporaneous de- 
positional systems. However, different 
depositional systems occur at different 
posit ions of relative sea level, and 
a l low the  def in i t ion of th ree ma in  
systems tracts; lowstand, transgres- 
sive and highstand. 

Cer ta in  fac ies  successions a n d  

facies geometries in the geological 
record appear to be characteristic of 
certain deposit ional environments. 
Similar successions and geometries of 
various ages can be compared with 
the  facies, facies successions and 
facies geometries observed in modern 
sediments (Fig. 1). In  this way, the 
genera l  character is t ics of var ious 
deposi t ional  environments can b e  
defined, and used to interpret other 
parts of the geological record. The 

I Table 1 Glossary of terms used b this chapter and throughout the book, I 
.&Yw-m- subdivision of the stratigraphic record into mappable rock bodies "defined and identified on the basis of their 

bounding discontinuities" (NACSN, 1983, p. 865). 
'Architectural Element - a morphological subdivision of a particular depositional system characterized by a distinctive assemblage of 

facies, facles geometries, and depositional processes. 
Bounding Discontinui-v =@aterally traceable discontinui can be an unconformity, ravinement surface, onlap or downlap surface, 

condensed horizon or hardgroi7W.- hi@arisksli"l' k 
Depositional Environment - geographic andlor geomorphic area 
Depositional System - "three dimensional assemblage of lithofacies, genetically linked by active or inferred processes and environ- 

ments" (Posamentier eta/., 1988, p. 110). It embraces depositional environments and the processes acting therein. 
Downlap - the situation where "an initially inclined layer terminates downdip against an initially horizontal or inclined surface" 

(Mitchum etal., 1977, p. 58). 
Eustasy - a world-wide change of sea level relative to a fixed point such as the centre of the earth. Eustatic changes result from vari- 

ations in the volume of water in the ocean basins (glacial control), or a change in the volume of the basins themselves (related 
to rates of ocean ridge building and rates of seafloor spreading). The eustatic sea level curve describes cyclic changes in sea 
level. 

Facies - a body of rock characterized by a particular combination of lithology, physical and biological structures that bestow an aspect 
("facies") different from the bodies of rock above, below and laterally adjacent. 

Facies Association - "groups of facies genetically related to one another and which have some environmental significance" 
(Collinson, 1969, p. 207). 

Facles Succession - a vertical succession of facies characterized by a progressive change in one or more parameters, e.g., abun- 
dance of sand, grain size, or sedimentary structures 

Facles Model - a general summary of a particular depositional system, involving many individual examples from recent sediments 
and ancient rocks. 

Genetic Stratigraphic Sequence - "the sedimentary product of a depositional episode" (Galloway, 1989, p. 125), where a deposi- 
tional episode "is bounded by stratal surfaces that reflect major reorganizations in basin paleogeographic framework" (Galloway, 
1989, p. 128). These stratal surfaces are maximum flooding surfaces, not the unconformities used to define stratigraphic 
sequences. 

Lithostratigraphy - "a defined body of sedimenta ry... strata which is distinguished and delimited on the basis of lithic characteristics 
and stratigraphic position" (NACSN, 1983). It is internally lithologically homogeneous. 

Marine Flooding Surface - "a surface separating younger from older strata across which there is evidence of an abrupt increase in 
water depth" (Van Wagoner etal., 1990, p. 8). 

Maximum Flooding Surface - a surface separating a transgressive systems tract (below) from a highstand systems tract (above). It 
is commonly characterized by a condensed horizon reflecting very slow deposition; markers in the overlying systems tract 
downlap onto the MFS. 

Onlap -the situation where "an initially horizontal stratum laps out against an initially inclined surface" (Mitchum et a/., 1977, p. 57- 
58). 

Parasequence - "a relatively conformable succession of genetically related beds or bedsets bounded by marine flooding surfaces 
and their correlative surfaces" (Posamentier et a/., 1988, p. 11 0). 

Ravinement Surface - an erosion surface produced during marine transgression of a formerly subaerial environment. 
Seismic Stratigraphy * "a geological approach to the stratigraphic interpretation of seismic data" (Vail and Mitchum, 1977, p. 51). 
Sequence - "a relatively conformable succession of genetically related strata bounded at its top and base by unconformities and their 

correlative conformities ... it is composed of a succession of systems tracts and is interpreted to be deposited between eustatic- 
fall inflection points" (Posamentier et a/., 1988, p. 110). 

, S @ b / A " ~ t r ~ t ~ ~ p ~ +  "the study of rock relationships within a chronostratigraphic framework wherein the succession of rocks is 
cyclic and is composed of genetically related stratal units (sequences and systems tracts)" (Posamentier eta/., 1988, p. 110). 

S)@@@@TrE&t - "a linkage of contemporaneous depositional systems" (Posamentier etal., 1988, p. 110). 
Unconforniity - "a surface separating younger from older strata, along which there is evidence of subaerial erosional truncation ... or 

subaerial exposure, with a significant hiatus indicated" (Posamentier etal., 1988, p. 110). This is an extremely restricted defini- 
tion; Posamentier (personal communication, 1990) now accepts that the "evidence" may be inferred rather than real. 



1. Facies, Facies Models and Modern 
Stratigraphic Concepts 

OBJECTIVES OF FACIES 
MODELLING 
Features of recent sediments and 
ancient sedimentary rocks can be 
combined and condensed into ideal- 
izations or models that characterize 
particular sedimentary environments. 
This combination of features from 
modern and ancient situations has 
been emphasized from the earliest 
days; in 1893 Johannes Walther 
(quoted by Middleton, 1973, p. 981) 
"explained that the most satisfying 
genetic explanations of ancient phe- 
nomena were by analogy with modern 
geological processes". A good model 
embodies a large amount of informa- 
tion from different examples of the 
same depositional system, for in- 
stance, meandering river channels. It 
is therefore an excellent point of refer- 
ence for the interpretation of new 
examples of the same system, and 
allows predictions to be made from 
limited amounts of data. The predictive 
capabilities of models have largely 
been used in the exploration for oil and 
gas (e.g., Chapters 3, 12, 13, 16, 17), 
and to a lesser extent in exploration for 
minerals hosted by sedimentary rocks. 
However, the broad understanding of 
depositional systems is becoming in- 
creasingly important in modelling the 
movement of ground water and pollu- 
tants through surficial unconsolidated 
sediments, where the movement is 
partly a function of the geometry of 
permeable and impermeable layers 
(Chapter 5). This geometry largely 
depends on the depositional pro- 
cesses operating in the original sedi- 
mentary environment. Facies models 
also embody ideas about how natural 
sedimentary systems work, and to 
what extent they can be "managed". 
For example, a general understanding 
of beaches and barriers (Chapter 10) 
contributes to the solution of coastal 
erosion problems. In the Mississippi 
Delta, there is a large annual land loss 

Roger G. Walker, Department of Geology, McMaster University, 
Hamilton, Ontario L8S 4M1 

due to regional subsidence and delta 
inundation; these aspects of delta be- 
haviour are part of the general deltaic 
facies model (Chapter 9). 

In the first two editions of Facies 
Models, we tried to synthesize and 
idealizq the features of some modern 
deposihonal environments and sys- 
tems (terminology defined in Table I ) ,  
and show how their deposits could be 
identified in the geological record. The 
models we built tended to be snap- 
shots of specific systems at one time 
(static block diagrams). They empha- 
sized the sedimentary processes oper- 
ating within the systems rather than 
processes external to the environ- 
ments, such as fluctuations of relative 
s s l ,  - and tectonics. 

The major conceptual change since 
the second edition (1984) has been 
the recognition of the impoftance of 
relative sea level fluctuation (Chap- 
ter 2). This concept now permeates 
stratigraphy and sedimentology, and 
brings a dynamic quality to models 
of depositional environments. Spemc 

st b e  modelled a 
videos rather than snapshots. The 
Sntheses in this book will 
attempt to convey how the environ- 
ments respond to sea level fluctuation. ---- - 

A SEDIMENTOLOGICAL 
MODUS OPERAND1 
Over the years, many different meth- 
ods and concepts have been used in 
the study of sedimentary rocks. The 
modus operandi, or way of working on 
sedimentary rocks, depends on the 
objectives. Studies of ancient deposi- 
tional environments commonly begin 
with stratigraphic measurements and 
correlations, in order to define the rock 
types present, their three-dimensional 
geometry, and their internal sedimen- 
tary structures. 

Overview of terminology 
A glossary of terminology used in this 

chapter, and throughout the book, is I 
given in Table 1. Themeasurementof -- 
<vertical - stratigraphic section implies 
that it will be subdivided into a series .- 
of different units. each with different 
----I" ^" ____- 
thicknesses and charaEt~fistics. The 
different aspect of each measurement I 
unit is summarized by the term facies 
(from the Latin word for aspect, - 1  or 
"appearance of" something). Primay I 
descriptive characteristics include 
lithology, sedimentary structures and - 1. _._ _ ---.. _- 
b i o l p g i c a m .  - 

During an individual study, facies 
can commonly be grouped into 
associations (Fig. 1). On a broader 
s c 5 n  associations occur suffi- 
ciently commonly throughout time and 
space that they can be regarded as 
basic architectural elements, of a par- 
ticular depositional environment. For 
example, lateral-accretion deposits 
form an architectural element within 
meandering river environments, as 
discussed in Chapter 7. Facies also 
tend to occur in specific facies succes- 
sions (Fig. I ) ,  in which one or more of 
7- 
t h ~ c h ~ ~ g c t e r i s t i c s  changes progreg- 
sively upsection. Thus a succession 
might be termed coarsennng-upward --- - if 
there is a proglessive change of grain 
size, or thic~ening-pard if there is a 
change in thickness of individual beds. - --- --.* __- -- 
Progress~ve changes in rock p rosr -  
ties are also shown up in downhole 
surveys of oil and gas wells (Chap- 
ter 3). P~ogre$siy&fdes successions 
a_~e__clmmod~terminated by &-u&t 
changes in Ijhdcgy across d i g c o ~ u -  
iie8f some type (Fig. 2); these might . -.. 
be erosion surfaces, or surfaces of 
nondeposition. Such surfaces com- 
monly have a distinct trace fossil 
signature (Chapter 4). 

The traditional descriptive strati- 
graphic scheme for subdividing an- 
cient sedimentary rocks involves the 
definition of lithologically homoge- 
neous units (formations) that can be 
further subdivided (members) or corn- 
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comparison of modern and ancient de- many different ways since 1838, with nition of facies was given by Middleton 
positional environments, and the arguments centering on 1) whether the (1978), who noted that 
search for the processes that control term implies an abstract set of charac- "the more common (modern) usage 
their facies successions and geome- teristics, as opposed to the rock body is exemplified by de Raaf et al. 
tries, is now termed facies modelling. itself, 2) whether the term should refir (1965) who subdivided a group of 
These terms and concepts are dis- only to "areally restricted parts of a three formations into a cvclical 
cussed in the following text, beginning designated stratigraphic unit" (Moore, --petition of a number of facies dis- 
at the small scale (facies) and working 1949) or also to stratigraphically un- tinguished by "lithological, st=: 
up to the large scale (systems tracts). confined rock bodies (as originally tural and organic aspects detect- 

implied by Gressly), and 3) whether able in the field". The facies may 
FACIES the term should be purely descriptive be given informal designations 
The modern geological usage of the 
term facies was introduced by Gressly 
in 1838, who used it to imply tke S= 

total of the lithological and paleon& 
logical aspects of a stratigta$bhi-u@t. 
x_-* -1 -- 
Translations of Gressly's extended 
definition are given by Middleton 
(1973). The term has been used in 

("mudstone facies") or also interpretive ("~acies A" etc.) or brief descriptive 
("fluvial facies"). Succinct discussions designations ("laminated siltstone 
of these problems have been given by facies") and it is understood that 
Middleton (1978), Anderton (1985) and they are units that will ultimately be 
Reading (1 986). given an environmental interpre- 

tation; but the facies definition is 
workihg definition o f m s  itself quite objective and based on 
The most useful modern working defi- the total field aspect of the rocks 

C 
can be combined into 

FACIES SUCCESSIONS 

of modern 

and ancient examples 

("distillation") 

+ these models 
combined with processes characterize 

4 
DEPOSITIONAL SYSTEMS + 

linkages of contemporaneous depositional systems 

LOWSTAND AND TRANSGRESSIVE 

themselves ... The kev to the inter- 
pretation of facies is to combine 
observations madee~n their spatial 
relations and internal characteris- 
-..- 
t ~ c s  (lithology and sedimentary 
structures) with comparative infor- 
mation from other well-studied 
stratigraphic units, and particularly 
from studies of modern sedimen- 
tary environmentsn. 

Figure 1 Relationship between facies, depositional environments and systems, and 

DEFINING FACIES 
Facies can be defined on many dif- 
ferent scales. In a study specifically 
devoted to the interpretation of depo- 
sitional environments, there is usually 
a deliberate attempt to subdivide a 
rock body into constituent facies (units 
of similar aspect). This is a classifica- 
tion procedure, and the degree of sub- 
division is governed by the objectives 
of the study. If the objective is routine 
description and interpretation on a 
large scale, a fairly broad facies sub- 
division may suffice. If the objective is 
more detailed, perhaps involving the 
refinement of an existing model or the 
definition of a new one, the facies 
subdivision must be more detailed. 

The scale of subdivision is depen- 
dant not only on the objectives, but on 
the time available in the field, the 
degree of preservation, and the abun- 
dance of physical and biological struc- 
tures in the rocks. A thick sequence of 
massive mudstones or thin-bedded 
turbidites (Fig. 3) will be difficult to 
subdivide, but a similar thickness of 
interbedded sandstones and shales 
(with abundant and varied examples 
of ripples, cross bedding [Fig. 41 and 

systems tracts, as used throughout this book. trace fossils) might be subdivisible into 
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Flooding Surface and MaxFS = Maximum 
Flooding Surface. Solid arrowheads indi- 
cate onlap, and open arrowheads indicate 
downlap. Bounding discontinuities are 
shown by the small zig-zag serrated symbol 
(unconformities); the MarFS and MaxFS 

Figure 2 Upper diagram shows lithostrati- 
graphic units X (conglomerate), Y (shales) 
and Z (sandstones). Allostratigraphic units 
A through E, and systems tracts HST and 

surfaces are also bounding discontinuities. 
The large serrated symbol separating the 
shoreface from the offshore is not a 
bounding discontinuity - it represents a 
gradual facies change. Lower diagram 
shows an interpretation in terms of sea 
level (SL) fluctuations. During SLI, the 
shoreface built out to profile 1. With a drop 
in sea level to SL2, a new shoreface was 
cut off the right hand edge of the diagram. 
During a standstill in transgression, and 
incised shoreface formed at profile 2, and 
conglomerate was deposited in the 
shoreface. When the transgression 
resumed (SL2 to SL3), the top of the con- 
glomerate was eroded, and profile 2 was 
cut landward to profile 3, making a ravine- 
ment surface (profile 3). Note that evidence 
of subaerial erosion (vegetation on profile 

TST are also indicated. MarFS = Marine 

2) is removed during subsequent transgres- 
sion. Sea level stabilized at SL3-4, and the 
shoreface sand built out to profile 4. 
Subsequent fall and rise of sea level re- 
sulted in the ravinement surface 5. 

floodplain 

Figure 3 Devonian turbidites near Mel- 
bourne, Australia. Stratigraphic top to right. 

LITHOSTRATIGRAPHY X - Z  

ALLOSTRATIGRAPHY A -E 
SYSTEMS TRACTS - HIGHSTAND. HS 

TRANSGRESSIVE. TST 



1. FACIES MODELS 

a large number of distinct facies. I 
would advocate erring on the side of 
detailed subdivision in the field - 
facies can always be recombined in 
the laboratory, but a crude field subdi- 
vision cannot be refined in the lab. 

Subdivision of a body of rock into 
facies ideally should not be attempted 
until one is thoroughly familiar with the 
rock body. Only then will it be apparent 
how much variability there is, and how 
many different facies must be defined 
to describe the unit adequately. In the 
field, most facies studies have relied 
on qualitatively assessed combina- 
tions of distinctive sedimentary and 
organic structures (e.g., de Raaf et a/., 
1965; Williams and Rust, 1969; 
Wilson, 1975; Cant and Walker, 1976; 
Scholle et a/., 1983; Walker, 1983). 
Statistical methods can also be used 
to define facies, especially where there 
is considerable agreement among 
workers as to the important quantifi- 
able, descriptive parameters (e.g., the 
proportions of different types of clasts 
in carbonate rocks; lmbrie and Purdy, 
1962; Klovan, 1964; Harbaugh and 
Demirmen, 1964; see also Chapter 7 
of the book by Harbaugh and Merriam, 
1968). Unfortunately, statistical meth- 
ods are unsuited to terrigenous clastic 
rocks, where the most important infor- 
mation (sedimentary and biological 
structures) cannot easily be quantified. 

In the subsurface, rock bodies can 
be defined seismically, and different 
parts of the seismic record may have 
different aspects; this gives rise to the 

concept of seismic facies (see Chap- 
ters 3 and 13). If borehole data are 
available, the electrical and geophys- 
ical well logs also have different 
aspects, and may allow the definition 
of facies and facies successions based 
upon the log characteristics (Chap- 
ter 3). 

FACIES ASSOCIATIONS AND 
ARCHITECTURAL ELEMENTS 
In many studies, facies have been 
defined on a small scale - the units 
are only a few metres in thickness, 
and differences between facies are 
subtle, involving (for example) minor 
changes in groportion of silt and mud, 
the relative abundance and diversity of 
fossils, and minor differences in the 
style of lamination (Walker, 1983). 
This detailed subdivision commonly 
results in a facies scheme where the 
descriptive differences outstrip our 
ability to interpret the differences. It is 
therefore useful to combine closely 
related facies into facies associations - ----- -+---- -- - 
(Fig. I ) ,  or "groups of f a ~ i e ~ - g ~ _ e e ~ ~ -  
cally related t 6 - ? o n i s a n d  which __.._̂ l_.ll- - 
have some environmental signifi- -.-a 

cance" (Collinson. 1969). These laraer --. 
scale 3;cies asshciations have aiso, 
been termed architectural elements 
(Allen, 1983), implying that they are 
the building blocks of the various de- 
positional systems. The concept of ar- 
chitectural elements also emphasizes 
tKiFth-ree d6eni~nai~geomet7$ of the 
___.-L_- - _- - 

f a c i e ~  associations: Good examples 
are given in Chapter 7. 

Figure 4 Upper Cretaceous cross-bedded sandstones at Berry Gulch, Colorado. Bed 
arrowed is 1 7  rn thick - - -- - - - - - - - - -- - - - - - - - - 

At the scale of architectural elements 
(but not on the local, small scale facies 
level), it is becoming clear that in some 
depositional systems, certain elements 
occur universally, in recent and ancient 
sediments, and in many different geo- 
logical settings around the world. The 
first universal facies scheme was pro- 
posed for turbidites (Mutti and Ricci 
Lucchi, 1972; see Chapter 13), and 
Miall (1 977, 1985) has suggested a 
scheme for fluvial deposits (see 
Chapter 7). For example, Miall's 
(1985) d?-t 
(Cl-l~c_oasists of any combination of a 
series of defined l i t h o f a c a a d k b  
c$mmunallv have a distindLve elon- 
gate4cha_nlle1_geo_m_et~ryt is part of the 
architecture of almost all modern' 
river^S,aa GaT $=nized - in most 
anc~e$ fluvial depos~ts. - - 

I n & j j y m e s  are likely to be in- 
flupnd hy mnnv.nmall-scale_local 
factors. In a river, for example, the 
exact aspect of a local deposit may be 
controlled by the sinuosity of a mean- 
der loop and the erodibility of the bank. 
Architectural elements are larger-scale 
components of a depositional system 
(e.g., a river channel). rheyL!NilLk 
m n e n e r a l  in nature, less influenced ------- - - 
by localfactors, and hence more uni- - -- 
versa!jn- - ' 'on  

FAClES SUCCESSIONS 
In stratigraphic studies, the term se- 
quence has recently been given a very 
specific definition (Table 1). The term 
facies succession is now preferable to 
the older facies sequence. The con- 
cept of a succession implies that cer- - - 7 - --- - - -- 
tain -- fa~je-s_-~tm~ert ies chcn je  PO- 

gressively_jn_a-specific direction (verti- ---- 
~ a l l y  or laterally); these properties mm include the proportion of sand ,, 
(sandier-upward succession, Fig. 5), / 
the amount of bioturbation, or the grain j 
size of the sand (hence a coarsening- \ 

up ward succession). / / 

Many, if not most individual facies 
defined in the field Lave amb iguw-  
environmental interpretations. For 
&ample, although the processes 
forming medium-scale cross bedding 
(Fig. 4) are essentially the same in all 
settings, a cross-bedded sandstone '1 

facies could be formed in a mean- 
dering or braided river, a tidal inlet, a 
shoreface dominated by alongshore 
currents, or a shelf dominated by tidal 
currents. Diamict facies (Chapter 5) 
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are particularly difficult to give unam- 
biguous environmental interpretations. 
Indeed, many facies defined descrip- 
tively in the field may at first suggest 
no particular interpretation at all. The 
key to interpretation is to analyze all of 
the facies communally, in context. 
Th ~ ~ ~ _ u ~ ~ e s _ s ~ o n ~  kn-w h i c h they 
occur co~tributeslimporfant~iiifoirna- 
tion lhat the facies, wconsidered individ- 
ually, cannof c~nQib@. 

The relationship between deposi- 
tional systems in space, and the re- 
sulting stratigraphic successions de- 
veloped through time was first empha- 
sized by Johannes Walther (1894, in 
Middleton, 1973) in his Law of the 
Correlation of Facies. Walther stated 
that "it is a basic statement of far- 
reaching significance that only those 
facies and facies areas can be supAr- 
imosed primarily which can be ob- 
served beside each other at the 
--P -- -- - ---- 

p m e n t  time_". _Car&Lappkatian_of 
the lawsggests that in a v e r t i c a u  
cession, a gradationa[transition -- - - from 
one facies to-ano$eyimpljesJhat b the 
two facies represenLenviraomentsJ~ 
were - . - -.- once-aacent later all^. If the 
contacts between facie~ or fac ie~ as- 
sociations are sharp and/or erosional, 
there is no way of knowing whether 
two_v_ertically adjacent facies represent 
environments-that were oncelatefally 
adjacent. Indeed, sharp breaks be- 
tween facies (marked for example by 
channel scours, or by thin bioturbated 
horizons implying nondeposition) may 
signify fundamental changes in depo- 
sitional environment and the begin- 
nings of new cycles of sedimentation 
(de Raaf et a/., 1965). These sharp 
breaks, or -bounding discantinu&& 
are now used to separate stratigraphic 
sequences and allostratigraphic units 
(as discussed below). 

The relationships between facies 
within facies successions can be ex- 
pressed quantitatively in facies rela- 
tionship diagrams (de Raaf et a/., 
1965), or tabulated in facies transition 
probabilities. These methods of facies 
analysis are not as popular as they 
were a few years ago, but the tech- 
niques remain useful. Interested read- 
ers are referred to the second edition 

record, in rocks of all ages, in many 
different geological settings. When 
these successions are combined with 
successions observed in certain mod- 
ern depositional systems, a summary 
or synthesis of that system emerges. 
A,s~@ical s u c c s s i ~ c a r r e l a t e d  
laterally,_developinq - aJhrcegmen: 
sional pictureof a depositional system, 
we are jn effect_f_ormulating general 
statements about that system --.-a 
facies model. - 
FACIES MODELS 
A facies model -can be defined as a. 
general summary of a given deposii 
tional system, written in terms that 
make the summary useable in at leasts 
four different ways.. The philosophical 
assumption made here is that there is 
system and order in Nature, and that 
geologists can identify and agree on a 
limited number of depositional sys- 
tems. In a well-argued alternative 
view, Anderton (1985, p. 33) suggests 
that "if, like me, you have a more 
nihilistic view of life, the universe and 
everything, then you have to admit an 
infinite number of environments, facies 
and models". 

For those who seek order in Nature, 
the principles, methods and motives of 
facies modelling are shown in Figure 
6, using turbidites and submarine fans 
as an example. We begin by assuming 
that if enough modern turbidites can 

be studied in cores, enough modern 
fans studied on a larger scale with 
seismic profiles, and enough ancient 
turbidites studied in the field, we 
should be able to make some general 
statements about fans and turbidites 
rather than statements about one par- 
ticular example (Chapter 13). 

The process of extracting the 
general information is shown in Fig- 
ure 6, where the local examples refer 
to studies of modern fans and ancient 
rocks. This entire wealth of information 
is then distilled, boiling away the local 
details but concentrating the important 
features that they all have in common 
into a general summary of fans. But 
what constitutes local detail, and what 
is general? Which aspects do we 
dismiss, and which do we extract and 
consider important? 

Answering these questions involves 
experience, judgement, knowledge 
and argument among sedimentolo- 
gists. Models are constantly being 
refined as more information becomes 
available, and as the significance of 
the various constituent parts of the 
model becomes better understood. For 
example, extensive debris flow and 
slump horizons on modern submarine 
fans were scarcely mentioned in the 
second edition of Facies Models, but 
these deposits feature prominently in 
this edition (Chapters 13, 18). Some of 
the difficulties of modelling, imposed 

Of (Walker' 984; Figure 5 Sandier-upward facies succession (arrowed) from the Upper Cretaceous 
Harper, 1984). Cardium Formation, Blackstone River, Alberta. Note the overall increase in proportion of 

Over the years, it has becomenap- sandstone upward, and the tendency for individual sands_tpneeb_eds_ta become-fhicker - - -- 
_ - C '  ' - 
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by the variability of nature, are dis- 
cussed by Anderton (1 985). 

b u r  W n  uses of fades madeis .i 
The generality embodied in a facies 
model, as opposed to a summary of 
one particular example, enables the 
facies model to assume four main 
functions (Fig. 6): 

.9) 1): it must act as a norm, for purposes sr 

c%f comparisonj 
.+ 2) it mmt acrt as a framework and 

guide for future observati@@ J 

+ 3) ilpnust act as a predictor in new 
geological situations +I 0 @p I.&\?& 

4) Tf kust act as an integrated bash 
for interpretation for the system that it 
represents. 

Figure 6 also emphasizes the con- 
stant comparison and feedback be- 
tween local examples. If a feature or 
idea is perceived in one example, 
does it occur in the others? By these 
comparisons, the sedimentologist 
exercises his or her judgement in de- 
fining features in common, and identi- 
fying "local irregularities". This is the 

distillation process that allows the 
initial construction of a facies model. 

The model may now act as a*- 
with which new examples can be com- 
pared (Fig. 6). Without a norm we are 
unable to say whether a hypothetical 
new example contains any unusual 
features. If the new example conforms 
exactly to the facies model, its inter- 
pretation is simplified, and the model is 
strengthened. If the new example 
differs, we can specify exactly how it 
differs, and then ask questions about 
the new example that could not have 
been asked without the norm. For 
example, compared with the norm, 
why is the hypothetical new example 
thicker, or ddminated by debris flow 
deposits rather than classical turbi- 
dites? These questions can open up 
new avenues of productive thought; 
without the norm, such questions 
cannot be asked. This gives rise to yet 
more feedback between the model 
and the new examples; some new 
examples may result in significant 
modification of the facies model itself. 

MODERN 
AMAZON 

MISSISSIPPI 

WHEELER GORGE, CAL. ANCIENT 

do local examples 

DISTILLATION 

1 NORM, FOR 

COMPARISON 

2 FRAMEWORK FOR 

FUTURE OBSERVAnONS 

4 BASIS FOR INTERPRETATION 

3 PREDICTOR 

NEW GUIDANCE FROM PREDICTIONS IN 
+ - 

EXAMPLE MODEL NEW AREA 

Figure 6 Distillation of a general facies model 
-- . - - . 

for submarine fans. See t e x t  for de ta i ls .  

- - 

The second function of the model is 
to act as a gude-for future observa- 
tions, lnasmuch as the model summa- 
rizes all of the important descriptive 
features of the system, geologists 
know that similar information must be 
recorded when working with a new 
example. This does not exclude the 
careful search for new information that 
is not specifically indicated by the 
model in its present state of evolution. 

The third function of the model, as a 
&cedict&ts, probably the most impor- 
tant. I will use an imaginary facies ./ 
model for automobiles to make my 
point. A generalized automobile model 
expresses the relationships between A 

wheels, hood, trunk, doors, etc. What, /t 
then, can we say if a radiator is one t/ 
day discovered in an outcrop? Without 
a model, one might say little more than 
"nice radiator". But if the radiator can Q 
be identified as part of an automobile B 
system (i.e., an automobile radiator 
rather than a truck radiator), we can 
use the automobile model to predict t 
the rest of the car from the discovery & 
of a radiator. Clearly, we will go wrong )g. 
if we (incorrectly) identify the radiator . 
as part of a truck, and attempt to use a 
truck facies model to make predictions 
about an automobile system. k-,thg 
geological world, we miqht be able to 
make predictions within a submarine 
fa_n_ system from - oneseismic"liZe 
across-akn channel, ourom oneout- 
crop of a fan chgnel, gra$eafiafi%e 
~ o u l d _ c ~ f i d e n t l ~  assign the seis%c 
line --- or -- outcrop to a submafiB F n  
system rather than to a deltaic distribu- 
tary channufor example). Prediction 
is a vitally important application of 
facies modelling; good surface or sub- 
surface predictions based on 1) limited 
data and 2) guidance from a facies 
model can save unnecessary explo- 
ration guesswork, and potentially large 
amounts of time and money. 

The fourth function of the model is to 
act as an integrated*twsis for interpre- 
Fatian, Before the 60uma (1962) 
sequence for turbidites was defined, 
each turbidite bed acted as a basis for 
its own hydrodynamic interpretation. 
Bouma generalized the internal se- 
quence of structures for hundreds of 
individual turbidites, recognizing a 
massive base, overlain by parallel lam- 
ination and ripple cross lamination. 
This facies model for the internal struc- 
tures of turbidites then served as the 
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basis for a powerful interpretation of 
waning flow and deposition from tur- 
bidity currents. The interpretation was 
powerful because it was based on the 
combined features of hundreds of 
beds, not one or two local examples. 
The same principle applies to fluvial 
point-bar deposits in meander bends, 
to tidal current ridges on the conti- 
nental shelf, and in all other situations 
where there are enough local exam- 
ples (ancient and modern) to achieve 
a synthesis in terms of a facies model. 

Anderton (1985) is one of very few 
people who has commented on the 
four uses of models that I proposed in 
the first edition of Facies Models. He 
agrees that a model "can and should 
be used as a framework for future ob- 
servations and as a predictive tool" 
(Anderton, 1985, p. 33), but he is not 
so certain about their use as a norm, 
and as a basis for interpretation. I 
would reply that one cannot logically 
make predictions from a set of uncon- 
nected different examples, and that 
accepting a model as a predictor im- 
plies a common body of knowledge, 
that is, a norm. Philosophically inclined 
readers are referred to Anderton's 
thoughtful paper. 

WHICH ENVIRONMENTS SHOULD 
BE MODELLED - THE PROBLEMS 
OF SCALE 
In this chapter, I have referred to 
models for entire submarine fans, and 
to models for individual turbidite beds 
(the Bouma sequence). It is clear that 
depositional systems and environ- 
ments can be recognized today on 
many different scales. Should we build 
facies models for 1) entire barrier is- 
land and lagoonal systems, 2) tidal 
inlets and channels, or 3) tidal mud 
flats? An environment is considered to 
be any distinct geographical entity - 
thus a washover fan on the back of a 
barrier island could be the basis for a 
facies model. The smaller and more 
distinct the environment, the easier it 
is to characterize it in a model. Barrier 
washovers, or Bouma sequences, are 
relatively simple systems character- 
ized by few descriptive parameters 
and affected by a small range of phys- 
ical and biological processes. In con- 
trast, deltas represent large deposi- 
tional systems characterized by the 
complex interplay of sediment supply, 
basin subsidence, and fluvial, wave ' 

and tidal redistribution of sediment. It 
is much more difficult to build a homo- 
geneous model for deltas (i.e., one 
based on many examples of essen- 
tially the same type of delta) because 
the few that have been well studied 
have many points of difference and 
only a few (very general) points of sim- 
ilarity. model hannd_nnhomaqe- 
neous data k n d y  point-b-, 
for examp_lkJ is precise and- 
but a model ?@ contains -- - 
n@us data-is I _ e s j w  
a weak ~ ~ e d i c t a d n  example of an 
inhomogeneous model might be one 
for all sandy rivers, based on exam- 
ples of both meandering and braided 
streams. Some models are inhomoge- 
neous because they have been formu- 
lated for large depositional systems 
where only a few examples have been 
studied. Others are inhomogeneous 
because they have been constructed 
poorly, using dissimilar individual 
examples in an attempt to formulate 
generality. 

WHICH ENVIRONMENTS SHOULD 
BE MODELLED - THE PROBLEM 
OF EXTERNAL CONTROLS 
Facies models are commonly formu- 
lated for depositional systems that 
today form obvious geographic entities 
- deltas, reef tracts and barrier is- 
lands, for example. However, some 
modern geographic environments are 
extremely difficult to preserve in the 
geological record, and when they are 
preserved, the deposits look very dif- 
ferent from the environment seen in 
today's snapshot. For example, barrier 
islands are long, narrow sandbodies 
which separate the open sea from a 
lagoon on the landward side (Chap- 
ter 10). Few such sandbodies exist in 
the geological record. Barriers that 
suffer transgression leave behind a 
thin smear of lagoonal deposits and 
almost no record of the sandy barrier 
superstructure. Barriers that prograde 
may form a wide sand sheet, with no 
associated lagoonal deposits (the 
lagoon was quickly filled in during pro- 
gradation). I! is therefore - 
that in f o r m ~ _ m a ~ n D . t h e  
1990's. external controls such as r& 

c h a n p x j m  
beincoqaat- 

We have attempted throughout the 
book to emphasize the concept that 
geographic environments and deposi- 

tional systems change as relative sea 
level changes. This has led to some 
reorganization of the book, one exam- 
ple being the de-emphasis of the "tri- 
angular delta model" (Fig. 7; Galloway, 
1975), and the splitting of the shallow- 
marine system. The delta triangle has 
served as a useful basis for showing 
the relative importance of river-, wave- 
and tide-dominated deltas (Fig. 7). 
However, most "tide-dominated deltas" 
in the literature have I-- 
ical relationship to other deltas, and 
manv of them m i ~ h L h 3 W  be consid- 
e_-Chapter 11). 
With a few metres of relative sea level 
rise, tidal deltas have more in common 
with tidal shelf ridges than with other 
deltas. Recognizing the importance of 
relative sea level fluctuation, we have 
therefore created a chapter on tidal 
sandstones (Chapter 1 I ) ,  and have 
torn off the offending corner of the delta 
triangle (Fig. 7). The new delta chapter 
(Chapter 9) therefore emphasizes the 
spectrum of river- and wave-dominated 
systems, but only briefly touches on 
tide-influenced systems. Similarly, we 
recognize that although "the shelf' is a 
distinct geographical environment, 
there is little point in creating a "shelf' 
chapter and immediately splitting the 
chapter into two distinct parts - storm 
shelves and tidal shelves. The new sili- 
ciclastic shelf chapter (Chapter 12) 
therefore emphasizes waves and 
storms; tidal shelf deposits are in the 
new chapter (1 1) on tidal sandstones. 
Likewise, the new chapter on subtidal 
carbonates (Chapter 15) reflects the 
recent realization of the importance of 
the "carbonate factoryn in carbonate 
platform dynamics. 

DEPOSITIONAL SYSTEMS AND 
SYSTEMS TRACTS 
Systems tracts are defined as linkages 
of contemporaneous depositional sys- 
tems (Table 1). Contemporaneity might 
be established biostratigraphically, but 
commonly the systems tracts are iden- 
tified and correlated on the basis of 
their bounding discontinuities. Most of 
the discontinuities are essentiallv gee- _ _ ___-- - 
logical time planes, and form as a 

^ _ _  

result - of 
1-1. This in turnaUws..Sheeteeo&on 
of th_ree majn-sy~s_t_em.s.&.cts - & 
stand, lowstand, anAtransgressive 

Sfsfems tfalc?s are normally too 
large to model in the same way as de- 



positional systems. Nevertheless, the 

i r l l p q L t a n t k  
t i ~ ~ ! s n e - d e p a ~ - s y . s ~ e r o l . t o  
aqo&Jar example, in terrigenous 
lastics, th<reco_gnltron o f a T m a K d  

:heif edge deg-predicts the possibility 

ip 
f a ante-mgoraneous deep sea sub- 

n-migig. Similarly, a highstand pro- 
grading storm-dominated shoreface 
suggests the possibility of aggrading 
storm-dominated shelf sediments. 
Thus facies models are concerned 
with prediction within specified deposi- 

', . t tional systems, and 9yStems tracts 
3 : ~  ""J allow prediction from one co ra- 

y- nepyrdepositional syetem-r. ' 

f Systems tracts now form an integral 
$4 I* part of sequence stratigraphy, and are 

discussed in more detail below. 
These comments on highstand, low- 

stand and transgressiv-e systems 
tracts necessarily lead in& a discus- 
sion of stratiara~hic schemes based 
implicitly or explicitly on sea level fluc- 
1 

(Haq et a/., 1988). Such fluctua- 
tions influence I )  the boundaries of the 
depositional systems to be modelled, 
and 2) the ways in which depositional 
systems are preserved in the geological 
record. There are now two schemes 
that emphasize bounding discontinu- 
ities and unconformities._Allostratig- 
raphy is essentially des$ptive, and is a 
formal part of the North American 
Stratigraphic Code (NACSN, 1983). 
Although parts of the code need clarifi- 
cation, the scheme is "up and 
running". Sequence s-e 
"stgdy o u n b t i c a l  lv related 
~ i w a  -Bam&work of chro-~ 

Uy sigrrificant surfa&sn (Van 
et a/., 1 990). It is Theoretical 

and interpretive rather than descriptive, 
and the interpretations are couched in 
terms of global eustatic sea level fluctu- 
ations (but see the critique by Miall, 
1986). Note that the phrase cited above 
contains words of debatable meaning, 
such as genetically and significant. 

SEDIMENT INPUT 

MISSISSIPPI LOBES 

6 MODERN 

5 LAFOURCHE 

DOMINATED 

Sao Francisco 

WAVE ENERGY FLUX 

Figure 7 Classification of deltas in terms of river, wave and tide influence, simplified from 
Galloway (1975). The morphological descriptors (cuspate, lobate, etc.) of Galloway have not 
been included in subsequent versions of the triangle, and the emphasis that Galloway gave 
to "estuarine" appears to have been subsequently overlooked or downplayed. Galloway 
(1975, p. 93) noted that Tide Dominated Deltas tended to be "estuarine to irregular in geom- 
etry, and their framework facies were "estuary fill and tidal sand ridges". We also recognize 
major differences between tide dominated "deltas" and the other types, and suggest that this 
triangular classification be'modified or abandoned. 

ALLOSTRATIGRAPHY 
Allostratigraphy is formally recognized 
by the North American Commission on 
Stratigraphic Nomenclature (NACSN, 
1983, p. 865). The stratigraphic code 
states that "&PI allostratigraphic unit is 
a mappable stratiform body of sedimen- 
tary rock that is defined and identified 
on the basis of its bounding discontinu- 
ities [my emphasis]". I believe that this 
definition should be extended to read 
"...bounding discontinuities and their 
correlative conformities". Many differ- 
ent types of bounding discontinuities 
are discussed in the various chapters 
of this book. Between these bounding 
discontinuities, the allostratigraphic unit 
can be (and usually is) internally het- 
erogeneous (Figs. 2, 5). The units vary 
in scale, in a manner similar to litho- 
stratigraphic units, and the code recog- 
nizes allomembers, alloformations and 
allogroups. 

Mlostratigraphy is not intended to 
replace lithostratigraphy; it is a parallel 
scheme that emphasizes bounding 
discontinuities. This in turn empha- 
sizes the processes external to the de- 
positional system that initiate and 
terminate the depositional of a sedi- 
mentologically related succession of 
facies. T h e r e c a t i o n  W 
lostratigraphy as to what tho_sse ex- 
ternal processes might be. Examples ----- -. 

of allostratigraphic subdivision and 
facies modelling within the disconti- 
nuity-bounded units are given in Chap- 
ters 9, 10, 11, 12, 15, 16 and 17. Al- 
though the ideas embodied in allo- 
stratigraphy have been widely used, it 
is surprising that the formal termi- 
nology has seldom been adopted. 

Bounding discontinuities 
@#mding dis~ontiuit ies can be ero- 
sianal or nanero~i3nai~conformable). 
Erosional discontinuifies include both 
angular unconformitieg (which could 
be used to define very large scale al- 
lostratigraphic units), $nd subtle ero- 
sian surfaces. !The latter may have a 
total erosive relief of a few tens of 
metres, but extend over 25,000 km2 or 
more. On the outcrop scale, the 
erosive relief maK be undetectable, al- 
though the erosion surface may be 
marked by a coarse-grained lag or 
karst. Relief can be detected by 
careful correlation of well logs in the 
subsurface, and superb examples 
occur in the Cardium Formation of 
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Alberta, as discussed in detail in 
Chapter 12. 

Nonerosional  discontinuities oom* 
monly occur at the tops of most' cars 
bonate and sandier-upward terrFge'-' 
nous clastic facieg successibnl fFig. 5 
shows a marine flooding surface).Khs 
implied discontinuity is in depositional 
Conditions, and may be related to rates 
of subsidence, sediment productiori 
and supply, and eustatic rise of sea 
level, or some combination of these 
features. Even more subtle discontinu- 
ities may occur within fine-grained suc- 
cessions, and may be expressed as 
condensed horizons. Here, the rate of 
terrigenous clastic or carbonate sedi- 
mentation is at a minimum, and there 
tends to be a relative concentration of 
organic material (e.g., fish scales, 
forams and other fossils) and chemical 
deposits (e.g., phosphatic material and 
glauconite). In other cases, the deposi- 
tional discontinuity may show up as a 
firmground or hardground, where there 
has been induration and some wave 
scouring, a change in the organisms 
that colonise the substrate-(chap- 
ter 4), but no concentration of organic 
or chemical deposits. YtU;-.ern? 
phasized that subtle erosion surfaces,a 
perhaps markeTcbry gravel lags: can" 
passbashward-into correlative confoC 
gities:.such as condensed horizons or' 
#rmgrounds. 

Bounding discontinuities highlight im- 
portant chanaes in de~ositional condi- 
tions. ~ h u s  t6ey.d-i alkfstratigraphick 
pi& in which depositional conditions 
&prmithwfairly constant, or werepro- g 
pyiv,ely.changing but wittiod breab 
(as In the sandier-upward succession 

of Figure 5). For this reason, allostrati- 
graphic units are more natural subdivi- 
sions of the geological record for inter- 
pretive purposes than conventional 
lithostratigraphic units. 

SEISMIC AND SEQUENCE 
STRATIGRAPHY 
The concepts of seismic stratigraphy 
were introduced and promoted in the 
literature by geologists and geophy- 
sicists from the Exxon Production Re- 
search Company in Houston (Payton, 
1977). Specifically, Vail and Mitchum 
(1977, p. 51) described seismic stratig- 
raphy as "a geological approach to the 
stratigraphic interpretation of seismic 
data" (as discussed briefly in Chapter 
3). Discontinuities in the stratigraphic 

record can be seen seismically as con- 
vergences or truncations of seismic re- 
flectors (Chapter 3; similar conver- 
gences [downlap and onlap] are shown 
with arrowheads in Figure 2). 

By incorporating lithological data 
and facies successions, seismic 
stratigraphy has given rise to the more 
geologically oriented concept of 
seq Table 1; Van 
Wagoner et a/.,  1988, 1990). @&@ 
basic r i m i t . @  . ' m m W m y $ S  
the sequence; w h i e ~ , i ~ ~ ~ s t & d @ ~ p ~ @  
urlit c0rnp6~'ed of a relativelv 'con$ 
farmable'succession-of gen&icpliy@ 
*related strata bouhded at its top' and? 
8ase by unconformities .and t h e i f ?  
correlative conformities" fhlltchum et 
a/., 1977). No scale was given in this 
definition, nor were the terms "rela- 
tively conformable" and "genetically 
related" explained or defined. By 
Befining packages of strdta*WuWzPEF 
by unoonformities, sequence stratig- 
raphy emphasizes the*external cwf- 
trols 6n sedimentation. 

Unconformities 
In the Exxon scheme, sequences are 
bounded by unconformities (Fig. 8), 
which are surfaces "separating youn- 

ger from older strata, along which 
there is evidence of subaerial ero- 
sional truncation (and, in some areas, 
correlative submarine erosion), or sub- 
aerial exposure, with a significant 
hiatus indicated" (Posamentier et a/., 
1988, p. 110). Readers will quickly 
notice that this is a very restrictive 
definition (as stated in the phrase "evi- 
dence of subaerial erosional trunca- 
tion"), which gives far less flexibility 
than the bounding discontinuities of 
allostratigraphy. Moreover, during 
marine transgression of a subaerial 
surface, evidence of subaerial expo- 
sure in terrigenous clastic sediments is 
normally removed by wave erosion at 
the shoreline. The diagonal ruling indi- 
cates erosion between points A and B 
in Figure 8, forming a ravinement 
surface or f I 
e-4 Posamentier (personal com- 
munication, 1990) now recognizes this 
fact, and agrees that in the field, 'evi- 
dence" for subaerial exposure may be 
inferred rather than real. 

During a relative fall of sea level, 
erosion surfaces are cut subaerially 
behind the shoreline. They also form 
subaqueously in front of the shoreline, 
where formerly deep areas of the shelf 

TRANSGRESSIVE LAG 
ON UNCONFORMITY 

MOXFS - 
. . . . . . . . . .  .:.. .. . : :  . . . . . . .  . . . . . . .  . . .  . . . . 
- .  

- . _ .  - .  
- .  - . . .  ., - .' - .  . . 

5-15m 
RT -RESUMED TRANSGR. 
I T  -INITIAL TRANSGRESSION 

WB I 
SL - SEA LEVEL 
WB - WAVE BASE 
SE - SUBAERIAL EROSION 

Figure 8 Definition of Exxon sequence boundaries (unconforrnities) compared with the 
Galloway genetic stratigraphic sequence boundaries (maximum flooding surfaces, MaxFS). The 
transgressive erosion surfaces are shown stepped, implying alternations of stillstand or very 
slow transgression, and more rapid transgression. During very slow transgression (SL1 to 
SL2), the shoreface erodes landward (A to B lower right), removing the diagonally ruled 
section between A and B. Note that all evidence of subaerial exposure (trees, roots, shallow 
incised channels) is removed. During rapid transgression, wave base rises from WB2 to WB3, 
and the top of the former beach is subsequently eroded (below letters SL2). This gives rise to 
the concept of separate erosion surfaces associated with Initial Transgression and Resumed 
Transgression. Only those channels incised more than 5-15 m (SE, top left) can be preserved 
beneath the ravinement surfaces; this depth approximates the depth from sea level to fair- 
weather erosive wave base. No other vertical or horizontal scale is implied by the diagram. 
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come within the reach of wave scour- 
ing. The subaqueous surface is 
termed a regressive surface of ero" 
sion. In many cases, it will be de- 
stroyed by subaerial erosion as the 
relative lowering of sea level con- 
tinues. However, when the lowering 
stops, the surface seaward of the low- 
stand shoreface can be preserved as 
a firm or hard ground. Alternatively, 
the lowstand shoreface may prograde 
onto the regressive surface of erosion 
(as described in Chapter 12). 

RegtBsgive e~tl'tlansgcessive sur- 
faces of erosioit can be idenfified t,$ 
"their rnorphology~ and by the facie& 
that overlie and underlie them.Qhey 
are important bounding discontinuities, 
and several examples are given in this 
book. They form because of relative 
movements of the land and sea, not 
exclusively by eustatic changes of sea 
level, as implied by Van Wagoner etal. 
(1 990). 

Because of the problems of defining 
and recognizing unconformities, and 
the implication that they are eustatically 
controlled, we suggest that the "gener- 
ic" bounding discontinuities of allostra- 
tigraphy offer more flexibility in defining 
sedimentologically interpretable parts of 
the stratigraphic record. 

Parasequences and 
marine flooding surfaces 
A parasequence is "a relatively con- 
formable succession of genetically 
related beds or bedsets bounded by 
marine flooding surfaces or their cor- 
relative surfaces ...[ a marine flooding 
surface is a surface] separating 
younger from older strata across which 
there is evidence of an abrupt increase 
in water depth" (Fig. 5; Van Wagoner 
et al., 1990, p. 8). 
Vacies successions 
in this chapter) are essentially th%! 
Same thirlg, except that the concept af 
Acies successions is broadei. For 
example, a fiuvial point-bar deposit 
(Chapter 7) commonly consists of a 
fining-upward facies succession, but 
this is not a parasequence because it 
is not defined by a marine flooding 

real examples, and Van Wagoner et 
a/. (1990) give a few examples of 
some stacking patterns, and no exam- 
ples of others. h-thhbaok, we will use 
We tterm facies succi$ssiion rather than 
parasequence, and will examine ver- 
tical and- lateral "stacking patternsu 
@nly where the data pe~mi$(particularly 
Chapters 9, 12 and 16). 

Maximum flooding surfaces 
K-.E%xon'fheory, unconformities are of 
regional or inter-regional extent, and 
develop s ~baer ia ! l y~ ,d~~~" ,g , fa~g  
rdd ive  sea level, and at lowstandf' 
During the opposite part of the sea 
level cycle, during rising stage (up to 
thz point of mzmum transares&onl, 
the r_e~ssmmar~n_e-j~god i n CI of the older 
subaerial surface. Te[tjgenous clastic 
deposition - _ _ l_l is -. commo&~,erv -----I- sl& 
during rising-stag% because most of 
th-tkcconfined to the 
alluvial f l a o d p U ~ , t ~ ~  
ronments at or very close to the shore- 
i i n , ~ - Z K ~ e l  s t a b i ~ ~  

(Figs. 2, 8). This older surface, of 
regional or inter-region 
tngznmum&d&gg 
Fig. 8), and it separates rocks below _- - -- 
deposited-ive condi- 
tions from those above-~ked -.-- .- .* - --a**-. 

during t h p P n s ~ x t ~ o v - e ~ u r e s s i o n .  
There is no doubt that the MaxFS is a 
key stratigraphic surface. Both marine 
aneaximum flooding surfaces repre- 
sent deepening but MaxFSs normally 
have a much greater lateral extent. In 
many cases, the two could not be dis- 
tinguished in a single outcrop, and it is 
the regional mappability that distin- 
guishes the MaxFS. The surface is 
commonly a condensed horizon, with 
an unusually thin sedimentary record 
representing a relatively long period of 
time. F-t 
the . s % u h e , v  
o? very-sl,a~ 
&og$hatico ru.!%&wif&im-m 

(Posamentier, personal communica- 
tion, 1990) that between unconformi- 
ties, there is'essentially continuous 
deposition, and that the major break is 
represented by the unconformity. 
However, Galloway (1989) prefers to 
define a genetic stratigraphic se- 
quence (GSS) based on the maximum 
flooding surfaces (Fig. &). The logic is 
that, in terrigenous clastic successions 
"because shelf deposits are derived 
from reworked transgressed or con- 
temporary retrogradational deposits, 
their distribution commonly reflects the 
paleogeography of the precursor de- 
positional episode. These deposits are 
best included in and mapped as a 
facies element of the underlying 
genetic stratigraphic sequence (my 
emphasis)" (Galloway, 1989, p. 132). 1 
cannot agree with Galloway that the 
transgressive systems tract (Figs. 2, 8) 
is necessarily derived from the sys- 
tems tract underlying the unconformity 
(Walker, 1990; see Chapter 12), and 
therefore emphasize the following 
point. Exxon sequences and Galloway 
genetic stratigraphic sequences are 
only genetic in the sense that they 
develop during one complete cycle of 
relative sea level fluctuation. They are 
not sedimentologically genetic, be- 
cause most if not all of the sedimento- 
logical parameters change when an 
unconformity or a MaxFS is crossed. 
These parameters include depth of 
water, waves, tides, basin geometry, 
salinity, rates of sediment supply, and 
grain size. The only sedimentologically 
related packages lie 1) between un- 
conformity and MaxFS, 2) between the 
MaxFS and the next unconformity, or 
3) between a subaerial erosion surface 
(SE in Fig. 8; base of an incised val- 
ley) and the overlying unconform- 
ity (transgressive surface of erosion). 
These sedimentologically related 
packages are the systems tracts 
(Figs. 2, 8). 

Systems tracts 
Earlier in the paper, systems tracts 
were defined as linkages of contempo- 
raneous depositional systems. Wwcm 

surface; it is defined by erosion sur- Sequence boundaries m*mmW tR& 8 ~ t e m s  tracts are 
faces with channel lag deposits. In There is some controversy reqarding &m.deEmP1d hy uw(9nformities d M  - - 
sequence stratigraphic theory, parase- the placing of boundaries between Ma~4CSsRFigs. 2, 8), @~ing three difj 
quences can be arranged in sets, and genetically related successions of tm&-~s;~f fansgressive,  highsragd 
have distinctive stacking patterns. facies. The Exxon group has chosen #~,[@~mmraasgressive systems 
However, Pasamentier and Vail (1988) unconformities to define sequences tracts are floored by unconformities or 
and Posamentier et al. (1988) give no (Fig. 8), using the justification bounding discontinuities, and are teP 
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minated by MakFS$'(Figs. 2, 8).Wighq 
stand systems tracts are l lo-urg ig j  
MaxFSs and terminated by unconformit 
ties or bounding discontinuities 4Figs. 2, 
8). ~ o ~ n ~ e ~ s  tracts commonly L 

form In deep water beyond the shelfr 
gdge, commonly as<%%:3a8s 
(Chapter 13). 'FfiS base of the t o w  
stand systems tract may be erosionat 
(canyons and channels cut by turbiditp 
currents), and the top is correlativ@ 
with a MaxFSf L m t a n d ~ s y s t e f l s  
tracts may also in'clude shelf edge d"a% 
posits, formed at times when lowsfand ?' 
moves the shoreline almost, but n@F 
quite to the shelf brbak (Fig. 25 in 
Chapter 12). At this time, river valleys 
become incised, and may fill with low- 
stand systems tract deposits (fluvial). 
Alternatively, the valleys remain es- 
sentially empty until the next trans- 
gression, when they backfill with 
estuarine deposits of the transgressive 
systems tract (Chapters 10, 11). The 
systems tracts in carbonate and evap- 
orite systems are generally quite dif- 
ferent (Chapter 14) but the same basic 
principles apply. 

Systems tracts and 
the eustatic sea level curve 
One example will suffice to show that 

per ~ t h e ' & ~ f i ~ & T ~ ~ ~ k ~ f i ' ; Z & ~ ~ r  .cow 
Plex and lowstand wedge3 However, 
thls certainly does not happen during 
one cycle of sea level fluctuation in 
most or all modern fans. The Plio- 
Pleistocene Mississippi Fan has been 
subjected to over 50 cycles of glacio- 
eustatic sea.level fluctuation (Chapters 
2, 1 3 ) ,  but the highstand parase- 
quences have not prograded over the 
fan. Instead, the fan has been buried 
by athin-layer of hemi~e!agic_de~osit_s 
that s e p a r a t e A h e . s w e n t e e n ~ ~ c  
sequences (Chapter 13). Hemipelagic 
layers, slumps and debris flows also 
separate distinct channel-levee com- 
plexes in the Rhone and Amazon 
Fans (Chapter 13), with no indicatioc 
of complete fan burial by prograding 
highstand systems tract deposits, as- 
shown in the model reproduced in_ 
Figure 9. 

Although there are many useful 
concepts in sequence stratigraphy, 
models such as that in Figure 9 must 
be regarded as preliminary, and in 
need of an infusion of real data from 
modern examples. Until some of the 
problems have been worked out, and 
untll the emphasis on control by global 
eustatic sea level change has been 
modified, tb ~ u t ~ l w 4 - c l - 8 3 k  

observed facies relationships, and 
from observed relationships between 
the larger scale stratigraphic units 
(depositional systems and systems 
tracts), than to propose hypothetical 
models that lack a published data 
base (Fig. 9), and that do not appear 
to conform to observed situations in 
recent sediments. 

Sequence stratigraphy and 
sea level change 
Seismic and sequence stratigraphy are 
technrques for subdividing the geolog- 
i@-nto~ re lafed .pac&gW@ 
m k s  based on their bounding disco@- 
murties and unconform~ties. Thrs aspect 
has been emphasized In this chapter. 
However, both techniques offer pow- 
erful ways of interpreting the geological 
record in terms of sea level changes 
(Haq et a/., 1988). This aspect of 
seismic and sequence stratigraphy is 
discussed in Chapter 2. 

CONCLUSIONS AND 
RECOMMENDATIONS 
Geographic environments shift rapidly 
and change their form during relative 
sea level fluctuations, regardless of 
how the fluctuations are controlled. 
Modelling the environments and their 

systems tracts are related to the global @y$@iCak record-by bounding discq- depositional systems must take into 
eustatic sea level curve only in a theo- t~nuities of all types (allostratigraphyi). account, and emphasize, these fluctu- 
retical sense. Real information is either 
lacking, or has been overlooked in the 
construction of systems tracts models. 
In the most recent work, Haq (1991, 
p. 7) notes that "it is instructive to fol- 
low the evolution of a complete cycle 
of sea level change, starting with a sea 
level fall from a relative highstand po- 
sition, followed by a rise and a subse- 
quent fall". 'The proposed stratigraphic 
results are shown in Figure 9. Note 
that 
ffn!tRyWdur~ng falling stage, and stlmu* 

ted deposrtlon of the basin floor fan. 
i 7 " O ^ v ' i : ? l h i n ~ i Z E 8 i 3 i a @  

sea level rlse cut off sed~r 
pi y F I T V O E ~ ~ ~ ~ ,  

rise to the transgressiveat 

%fdarTy- shown to buitd"out 

The philosophy in'this book is that it ations. ~bntern~branedissajid~~~ytb,"d@ 
safer to try to construct models from tdepositional systems can be:ltreated as! 

BdSIN F L W R  COASTAL FLUVIAL OFFSHORE LOWSTAND TRANSGRESSIVE 
FAN PLAIN 8 FACIES WRINE WEDGE FACIES 

RClES NEARSHORE FACIES FACIES 
FACIES 

LOWSTAND 

c2!& 
6 Figure 9 Hypothetical systems tract development during a highstand, and beginning falling 

stage of sea level. Note that the offshore marine facies of the highstand systems tract are 
shown to have to have buried the basin floor fan facies, lowstand wedge (LSW) and leveed 
channel complex (LCC). This is incompatible with information given in Chapter 13 on subma- 
rine fan response to sea level change. From Haq (1991). HST, highstand systems tract; TST, 
transgressive systems tract; SB1, sequence boundary 1. 
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systems tracts, and systems tract9 are, $ 

aefined by uncnnforrnities and' niax$ 
Wum floading surfaces (orfin btoadsrr 
terms, bounding biscont'lnGi"tie&. 
~ e d i m e n t o l o ~ i c a l ~ ~  related rocks are 
packaged between these bounding 
discontinuities, which are therefore 
crucial in the establishment of facies 
models and  the understanding of 
related depositional systems. 

The facies models that characterize- 
depositional systems -- must -- -.- now " -, takes- 
into account the external controls - onT 
the svstems - ~ai?icularlv relative sPa 
leuel'ct%dngi%i i n d - t e k f o k ~ s .  Fhis id 
best done in the flexible context of allo- 
stratigraphy, instead of the rather the- - 
owtical and more interpretive frame-." 
work of sequence stratigraphy? 
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2. Control of Sea Level Change 

INTRODUCTION 
One theme that runs throughout this 
book is the recognition of unconfor- 
mities and bounding discontinuities 
caused by changes in sea level. At 
least some of the unconformities and 
inferred sea level changes might be 
useful for global correlation; this poss- 
ibility is presently the focus of much 
research. 

~ ~ t i g r a p h i ~  discontinuities allow 
subdiyision of the geologic-al record 
into purel-~llostratigraphic 
Pnitq, p&also into 
 sequences and 
spquence stratigrapny (Chapter 1). It 
is widely accepted that the most signif- 
icant s t ~ a t i ~ r a ~ h i c  discontinuities-are 
1) Fegressive surfaces of erosion, 2) 
transgressive surfaces of erosion,-and 
3) maximum flooding surfaces. Rela- 
tive sea level changes affect many 
marine and coastal depositional envi- 
ronments, their influence being most 
obvious in shoreline and shallow- 
marine areas. . . 

EUSTASY, RELATIVE SEA LEVEL 
AND WATER DEPTH 
Changes in water depth in a particular 
area depend on both global and local 
controls (Fig. 1, Table 1). The global: 
(6r eustatic) aspect depends on the 
potion of the sea surface relative to 
the centre of the Earth,'swhich in turn is 
controlled by two factors. The first con- 
cerns changes in the Volme olr wafer: 
in the ocean; these are largely con- 
trdkd by the volume of terrestrial ice 

, (glacio-eustatic change), and to a 
\ 

C.,' 
Iqser extent by the volume of water 
trapped in terrestrial aquifers. The 
$econd concerns changes in the vd- 
gme of the ocean basins; these are 
largely due to increases or decreases 
in the volume of oceanic spreading 
ridges (tectono-eustatic change). 
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@cal coMrots of water depth involve Relative changes of%ea level in a 
teetonics arir3 ~ d i i f i ~ t a t ~ n n ~ ~ e c t o n i c '  given area therefore depend on the in- 
movements ##he basin floor (up or: ferplay of eustasy, local tectonics a n 6  
down) sari a@h,  nullify or rwefse th4 ,rates of.edimeniatioi& As an example, 
~ @ H s  of eustatic chan@!&~kfimerk we may postulate a basin that is ac- 

(the sea- tively subsiding for tectonic reasons. 
er depth. Simultaneously, eustatic sea level is 

C > \  -,, Is' 
, ' % - 

t $ ,  MECHANISM Time Scale Order of 
i: 

, I (years) Magnitude (m) 

I t I 1 ) Ocean Steric (themhaline) Voluma Changes 

I Shallow (0-500 m) 0.1 -1 00 0.01-1 
Deep (500-4000 m) 10-1 0,000 0.01 -1 0 

2) Glacial Accretion and Wastage 

Mountah Glaciers 10-100 0.1-1 
Gree+tjd Ice -*et 100-1 00,000 0.1 -1 0 
W-- ICO Sheet 1,000-1 00,006 10-1 63" 
West Antarctic Ice Sheet 100-1 0,000 1-1 0 

3) Liquid Water on Land 

Groundwater Aquifers 100-1 00,000 0.1-1 0 
Lakes and Reservoin 100-1 00,000 0.01-0.1 

4) Crustal Deformation 

Lithosphera Fonmtbn and 
SuWuctkn IOO,OOO- 1 o8 

Glacial Isostatic Rebound 100-1 0,000 
Continental Coltiibn 100,000-1 o8 
Sea Fkor and Continental 

Epirogeny 100,ooo-1 08 
Sadimentatbn 10,000-1 08 

Figure 1 Four mechanisms that can cause sea level changes, showing the time scales 
over which they operate, and the order of magnitude of the changes. Based on Revelle 
(1 990). 
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rising. Ifisomeareasof the basirr, sub-, 
sidence and eustasy win combine to 
produce a relative sea level rise.&ow- 
ever, locally (perhaps in the vicinity of 
an active delta) the rat%z?_s_edimenta- 
tion may exceed the combined rates of 
subsidence and eustatic rise, resulting 
in a relative sea level fall. 

It is unfortunate that a change in 
water depth is the only parameter that 
we can infer from facies analysis, 
because In order to isolate the effects 
of one of the independant variables 
(eustasy, tectonics, sedimentation), we 
are forced to make assumptions about 
the magnitude and rate of the other 
two variables (Burton et al., 1987). 

The mechanisms, time scales and 
rates of sea level change (Fig. 1) are 
currently the subject of vigorous re- 
search and debate, particularly with 
respect to possible anthropogenic cli- 
matic changes (e.g., global warming). 
Current knowledge of the subject is 
summarized in a number of good re- 
views, including Devoy (1987a), 
Nummedal et a/. (1987), Wilgus et a/. 
(1 988), Lambeck (1 990) and Revelle 
(1 990). 

REVOLUTION IN 
STRATIGRAPHIC ANALYSIS 
The current high level of interest in the 
mechanisms and effects of sea level 
change has been stimulated, to a large 
extent, by the publication of various 

versions of the Exxon sea level curve 
(Fig. 2; Haq et al., 1988). There is 
presently considerable debate about 
the extent to which the curve portrays 
truly global (eustatic), or more local 
(relative) changes of sea level (Miall, 
1986, 1991). Because this diagram 
has been the focus of so much atten- 
tion, it is pertinent here to consider 
briefly its background, derivation and 
limitations. 

Unconformities generated by major 
sea level changes have long been rec- 
ognized and used to subdivide the 
stratigraphic record. For example, 
Sloss (1963) defined six continent- 
wide, unconformity-bounded stratigra- 
phic sequences in the Phanerozoic 
rocks of North America (Fig. 3). These 
sequences were subsequently corre- 
lated with those of the Russian Plat- 
form (Sloss, 1972). The ideas of Sloss 
provided a basis for the work of Vail 
and his coworkers at Exxon Production 
Research who developed the tech- 
nique termed seismic stratigraphy (Vail 
et a/., 1977b). They- recognized uncon- 
formity-bounded units in seismic cross 
sections (Chapter 3), and developed 
inter-regional co~relation techniques. 
On the basis of 1) the recognition, cor- 
relation and dating of unconformities, 
2) the patterns of onlap, downlap and 
toplap, (Fig. 13 in Chapter 3), and 3) 
biostratigraphic data from outcrop and 
boreholes, the Exxon group was able 

10 generate a c . L l w e . ~ f ~ E M $ ~ I ~ ~  
for the ~hanerdzoic kFig. 4). Eustat~c 
changes were inferred from this curve. 
Good reviews of the methodology un- 
derlying seismic stratigraphy are pro- 
vided by Cross and Lessenger (1988) 
and Christie-Blick etal. (1990). 

Sequence stratigrapw, wYri;ch.is ,,* 
outgrowth of seismic stratigrapy is a' 
more multidisciplinary approach t o  
stratigraphic analysis. It is based on 
well-log, core and outcrop data in addi- 
tion to seismic profiles. The conceptual 
background to sequence stratigraphy, 
plus a new and more detailed sea level 
chart was presented in a series of key 
papers in SEPM Memoir 42 (Wilgus et 
a/., 1988), and by Van Wagoner et al. 
(1 990) and Haq (1 991). This work has 
stimulated an extraordinary amount of 
research and debate. BThWappficatioy - *-,.-..- 
of seismic- and sequence-stratlgrap7rTC 
ideas has revitalized stratigraphic an%/-' 
ysis; sedimentary environments and' 
facies are now being discussed"5' 
components of depositional systems" -- . A- -. 
and systems tracts which in turn yorm 
the building blocks of parasequences- 
and sequences (Chapter 1). 

Derivation of the 
Exxon sea level curve 
A portion of the Exxon sea level curve 
(Haq et al., 1988) is reproduced in 
Figure 2. This chart shows both rela- 
tive changes in coastal onlap and an 

Table 1 Mechanisms of sea level change. From Revelle (1990). 

MECHANISMS Time Scale (years) Order of Magnitude 

1 )  Ocean Steric (thermohaline) Volume Changes 
Shallow (0-500 m) 0.1 - 100 0 - 1  m 
Deep (500-4000 rn) 10-10,000 0.01 - 10 m 

2 )  Glacial Accretion and Wastage 
Mountain Glaciers 10 - 100 0.1 - 1 m 
Greenland Ice Sheet 100 - 100,000 0.1 - 10 m 
East Antarctic Ice Sheet 1,000 - 100,000 10-100m 
West Antarctic Ice Sheet 100 - 10,000 1 - l O m  

3)  Liquid Water on Land 
Groundwater Aquifers 100 - 100,000 0.1 - 10 m 
Lakes and Reservoirs 100 - 100,000 0.01 - 0.1 rn 

4)  Crustal Deformation 
Lithosphere Formation and Subduction 100,000 - 1 Os 1 -100m 
Glacial Isostatic Rebound 100 - 10,000 0.1 - 10 rn 
Continental Collision 100,000 - 1 08 10-100 m 
Seafloor and Continental Epirogeny 100,000 - lo8 10- 100 rn 
Sedimentation 10,000 - 108 1 -100rn 
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inferred eustatic curve. The relative 
changes in coastal onlap are derived 
from analysis of seismic sections (Vail 
eta/., 1977a). In Figure 4, a number of 
imaginary, paleontologically dated re- 
flectors (80 to 72 
&.agai &t "an u n 
& and C show how the vertical cob- 
ponent of coastal onlap is m ~ a s u r d  
enterplay of eustatic rise and s u b d  
encej. 4 d m d  umnfomity indicate 
@ relative sea fall, and the position - 
iaf coastal onlap isshifted seaward an8 

downwardgbroken arrow D).*Asecon8 
episode of coastal ontap begins at thie 
boint (arrow 9. The cycle chart (Fig. 2) 
is compiled from measurement of suc- 
cessive onlap-offlap events, plotted in 
absolute time. Figure 4 shows how the 
onlaplofflap cycles are compiled. For 
example, arrow B on the cross section 
implies a certain amount of coastal on- 
lap (measured by the two-way travel 
time of seismic signals, converted to 
metres and measured vertically) during 
a certain amount of geologic time (80 to 

78 Ma). In the lower part of Figure 4, 
arrow D is represented by a vertical 
component (time) and a horizontal com- 
ponent (relative coastal onlap). It is 
emphasized that the chart shows shifts 
in coastal onlap, which are due to a 
combination of eustatic sea level change, 
tectonics, and sediment supply. 

Limitations of the seismic 
stratigraphic approach 
Because the concepts and methods 
underlying the Exxon sea level curve 

COASTAL ONLAP AGE EUSTATIC CURVE GEOLOGY 
MILLIONS 

3RD ORDER SEA-LEVEL OF 
CYCLES 

+RISE FALL- 
YEARS 

- - - 8 0 -  - - 

- - -  

---- - 87.5 - - --- 
- - - -  

- - -  
---- --- 
- - A - -91-  ---- 

--- 
- - - -94- - 

- - - - -95.5- - - - - -  
- - 7  

- - - -98-  - 
- - - -99- - - - -  

- - - 100.5 - - -- 

FROM HAQ et al. 1988 2ND ORDER f 3RD ORDER 

REGRESSIVE AND LOWSTAND 
SANDBODIES 

<~asal  Belly River Gp.^l 

( ~ h u n n o / ~ i l k  River Mbr. 1 

(~arsh~bank  & Bad Heart Fms. 1 
<u. part of Cardium Fm. (ES-E7)I 

(L.   art of Cardium Fm. (? E l  - E S ) ~  

<Doe Creek, Pouce Coupe Mbs., etc.] 

<Dunvegan Fm. I 

<?~ish Scales sandstone ] 

(viking Formation 1 

Figure 2 Third-order cycles of coastal onlap for part of the Cretaceous. &he lonpterm (second-order) and short term (third-order) eustatii 
burves have been derived from the coastal onlap curve (see text). Some of the stratigraphic units in Alberta, discussed elsewhere in this book, 
are located on the right. Note that there are at least two eustatic falls which do not appear to have given rise to sand bodies in the Alberta 
Basin. 
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seem to offer hope for global correla- And therefore prabably represent ea- tive (Vail et a/., 1977b; Miall, 1990). 
tion (Chapter 1 ), the methods and Static events. #%he boundaries of third- First-, second- and third-order cyclgs 
ideas have been scrutinized and criti- 
cized by researchers in both industry 
and academia (e.g., Parkinson and 
Summerhayes, 1985; Miall, 1986, 
1991 ; Burton eta/., 1987; Walker, 1990). 
A recent and comprehensive critique 
of seismic stratigraphy and its role in 
deciphering the geological record of 
sea level change has recently been 
given by Christie-Blick et a/. (1990). 
They emphasize three main limitations 
to the methods of Vail et a/. (197713): 
1) the uncritical interpretation of all 
second- and third-order sequence 
boundaries (Fig. 2) as being of eustatic 
origin, 2) the uncertainties about abso- 
lute ages and correlations, and 3) the 
extreme difficulty of inferring the am- 
plitude of sea level change. Christie- 
Blick et a/. (1990) aclcnowlsdge t h d  
many second-order sequence bound7 
aries appear to be globally synchronoub 

~ r d e r  cycles, however, are commonly .. - -. -" -.. 
h o e d  too cbsely to permit unequiw 
b l  bio~f?d&~phic datine. fib is there- 
fore vary difficult to demonstrate that 
the relative sea level changes inferred 
in afferent areas were synchronous 
(and therefore eustatic). 

Despite these limitations, the new 
emphasis on the subdivision of the 
stratigraphic record by unconformities 
and bounding discontinuities, and the 
relationship of these surfaces to rela- 
tive sea level fluctuations, remains 
extremely important. 

FIVE ORDERS OF CYCLES 
Five orders of cyclic sea level change 
have been detined, with cities 
ranging from hundreds of millions to 
tens of thousands of years-. The defini- 
tion of the cycles is somewhat subjec- 

(Figs. 2, 3) la& a regular petiodiG.# 
However, fourth- and fifth-order 
cycles, with durations of much less 
than one million years, do appear to 
reflect a regular cyclic co.ntrol. 

First-order cycles 
p a  firsf-order cycles lasting 
my. we recognized in the Phanerozoic 
(Fig. 3), and are widely interpreted to 
be related to the ac 
quent splitting apart 
(Vail et a/., 1977b; Worsley et a i ,  
1984). Mm continent6 ace join& @& 
gether (as in the Permian Pamea), 
the volume of spreading ocean ridges 
is minimized and ocean basin volumV 
is maximized itdue to thermal sutp 
sidencek This results in a glob21 
loweGg bf eustatic sea levelf$Phese* 
conditions are ~eversed at t h e s  of *' 
supercontinent breakup, when new 

Figure 3 Eustatic sea level variation during the ~hanerozoic. First-order sea level cycles reflect long term variations in the production of 
new oceanic crust (km2/year). This is an index of global tectonic cycles of alternating breakup, dispersal, and amalgamation of superconti- 
nents, as explained in the text. Second-order cycles reflect smaller changes in oceanic crust production, on a 100 million year scale. 
Associated depositional sequences (Sauk to Zuni) were first defined on the North American craton by Sloss (1963). Periods of widespread 
glaciat~on (black) were characterized by short-lived glacio-eustatic changes in sea level (Fig. 6) .  - - - - -- 

-- -- - -. _ _ _ _ _ _ 

GLOBAL 
TECTONIC 
CYCLES 

0 

DISPERSAL OF 

............................... ............................. 

................................. 

SUPERCONTIEN1 

2ND ORDER CYCLES (SUPERCYCLES) 

RELATIVE CHANGES OF SEA LEVEL 
RISING --+ + FALLING 

PRESENT S U  LEVEL 

1ST ORDER CYCLES 

RELATIVE CHANGES OF SEA LEVEL 
RISING + FALLING 

PRESENT SEA LEVEL 

W 

8 
< 

S 
0 

PERIODS 



2. CONTROL OF SEA LEVEL CHANGE 

spreading ridges form and displace 
water onto continental margins." 

Second- and third-order cycles 
Second-order cycles consist of a 
grouping of third-order cycles {Fig. 2). 
The third-order cycles represent the' 
highest frequency sea level events. 
portrayed on the Exxon curve. 

Second-order cycles span 10 to 1 06 
may. pnd are exemplified by the cm- 
t v i c  ~ u " e t i c e s  dbcumented by Slos5 
(1963). These sequences have been 
convincingly correlated between four 
different continents (Soares et al., 
1978), suggesting a global sea level 
control. The explanation of Hallam 
(1963), now widely accepted, is that 

$??' d-order cycles reflect changes ISr 
e voTiime of oceanic tMgeE, related* 

@ changes in spreading rate?These 

ideas were more quantitatively elabo- 
rated by Pitman (1 978). 

Thirddrdef cycles have durations B 
7-1 0 rn.y.$%irt ate typicatiy shorter 
than 3 m.y. (Fig. 2). They are ubiqui- 
tous in the Phanerozoic record (Haq et 
a/., 1988; Miall, 1990), but their control 
is problematic and controversial. Vail 
et al. (1 977a, b) and Haq et a/. (1 988) 
mggest that these cycles can be cor- 
related globally. +iowever, because 
many third-order cycle bourldarffS"i@e " 
spaced cfase to or below the'lim€- elf- 
biostratigraphic resolutiori, if May 
never be possibte to resolve their age@ 
tvith sufficient pracision to prom 
precise global synchroneitg. Neverthe- 
less, some studies (e.g. Ross and 
Ross, 1988) provide persuasive evi- 
dence that third-order cycle bound- 
aries can be accurately correlated 

Figure 4 Upper diagram shows two unconformities and a series of numbered seismic re- 
flectors; the numbers indicate geological ages. Note how the left ends of the reflectors onlap 
the unconformities. Arrow A indicates the vertical amount of coastal onlap between times 
80+ and 80 Ma, and arrow B indicates the vertical onlap between 80 and 78 Ma, etc. Arrow 
D indicates the vertical offlap between 76- and 74+ Ma. In the lower diagram, the graph 
shows the measured amounts of onlap/offlap plotted against geological time. For example, 
arrow B from the cross section is displayed as a vertical sediment (time) and a horizontal 
segment (which shows the vertical component of coastal onlap). Thus arrows A, B and C 
(lengths from upper diagram) sum the onlap between 80+ and 76- Ma. Between 76- and 74+ 
Ma there was a rapid period of coastal offlap, followed by renewed onlap. These are third- 
order curves; examples from the Cretaceous are shown in Figure 2. After Vail et a/. (1977). 

within and between continents. De- 
tailed stratigraphic work in the Creta- 
ceous of the Alberta Basin (examples 
in Chapters 9, 10 and 12) shows that 
ithe chronostratigraphic positicm of 
many sequence boundaries and law- 
stand deposits'(Fig. 2) co~reSpdridS 
with those predicted bythe third-ord6 
cycle chart oRHQ et al. (1 988). 

Possible controls on 
third-order cyclicity 
Although Haq et a/. (1988) and Vail et 
a/. (1977a) imply control of third-order 
cycles by the waxing and waning of 
continental ice masseRthere is good 
evidencev(e.g., Hayes etal., 1976)'that 
the growth and decay of ice sheets 
takes place over much shorter periods 
of tirn lo4  to lo5  years; glacio-eusta-8 % tic sea l'evel changes are discussed Err 
more detail belo*. Kauffman (1984) 
noted that third-order marine trans- 
gressions in Cretaceous strata in the 
western United States corresponded to 
periods of active Cordilleran tectonism 
and volcanism, whereas lowstands 
were marked by relative tectonic and 
volcanic quiescence. These relation- 
ships suggested a :wusatke link int 
Which accelerated ocean ridge" spread- 
ingf(pausing a eustatic risQ), was 
coupled with accelerated subduction 
(promoting thrusting and volcanism 
along convergent margins). Harrison 
(1990) agreed that variations in 
spreading rates on ocean ridges (or 
segments of ridges) could account for 
the timing of third-order cycles, but that 
the amount of eustatic change would 
be an order of magnitude less than that 
suggested by the rock record. Ampli- 
fication by tectonic subsidence would 
result in the greater water depths sug- 
gested by the rock record. ' 

In contrast to explanations related to 
spreading and subduction, Cloetingh 
(1988) hypothesized that episodic 
changes in the horizontal stress field 
within plates might influence third- 
order cyclicity. The stress changes 
were postulated to result from the 
jostling of plates, and were calculated 
ta induce tens of metres of subsidence 
cur uplift over a time scale of about lo6 
years. This in turn would result in sim- 
ultaneous transgressions and regre* 
sions within individual basins. These 
conclusions have, however, been dis- 
puted by Christie-Blick et a/. (1990), 
who show that there need be no direct 
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relationship between horizontal stress, 
basin deformation and the formation of 
sequence boundaries. 

In an attempt to explain inferred re- 
gional sea level oscillations of up to 
50 m in less than one million years, 
Cathles and Hallam (1 991 ) suggested 
that horizontal stress changes within 
plates could cause rapid, plate-scale 
changes in lithospheric density. These 
would result in isostatic changes in 
freeboard of a few metres. Despite the 
novelty of this hypothesis, it does not 
explain the cause of frequent changes 
in the stress field. 

The idea of geoidal eustasy, as ad- 
vanced by Morner (1 981, 1987a,b), is 
based on the discovery (using satellite 
geodesy) that the ocean surface has 
"sags" and "bulges" with an amplitude 
of up to 180 m. This relief reflects ir- 
regularities in the gravitational field of 
the earth. Morner argued that the mi- 
gration of these oceanic sags and 
bulges would result in diachronous 
sea level changes. However, it has 
been pointed out (Devoy, 198713) that 
changes in the gravitational field prob- 
ably reflect mantle convection, which 
is extremely slow. Concomitant drift of 
the ocean surface topography must be 
correspondingly slow, on a time scale 
of millions of years, not thousands of 
years as inferred by Morner (1987b). 
More importantly perhaps, Christie- 
Blick et al. (1990) emphasize the fact 
that geoidal changes affect not only 
the oceans but, over geological time, 
the solid earth as well. The land 
bulges up under an oceanic bulge, 
and no net sea level change results. 
Geoidal eustasy is therefore not likely 
to produce significant changes in rela- 
tive sea level. 

Sabadini et a/. (1 990) argue that vari- 
ations in centrifugal force caused by 
long-term wander of the Earth's axis of 
rotation produces third-order eustatic 
sea level fluctuations that are nonsyn- 
chronous from hemisphere to hemi- 
sphere. Polar wandering results from 
poorly understood variations in the 
structure and viscosity of the mantle. 

It is clear that an im~roved under- 

Fourth- and fifth-order cyclicity 
Fourth- (500,000-200,000 y r) and fifth- 
order (200,000-1 0,000 yr) cycles are 
widely documented in many parts of the 
Phanerozoic, both in shallow-marine 
and pelagic rocks (see Fischer, 1986 
and Kauffman, 1988 for reviews). 
These cycles are most easily explained 
by changes in climate driven by various 
cyclic perturbations of the Earth's tilt 
and orbit (Fig. 5). These astronomical 
perturbations are known as Milanko- 
vitch cycles, after the Serbian mathe- 
matician who first calculated their 
periodicities and effects. The Milanko- 
vitch theory holds that fluctuation in the 
seasonal distribution of incoming solar 
radiation is the principal control on the 
growth and decay of Quaternary ice 
sheets (Imbrie and Imbrie, 1979; 
Ruddiman et a/., 1986; Martinson et al., 
1987; Raymo et a/., 1989). The sim- 
plest way of producing sea level 
changes at the fourth- and fifth-order 
scale is by the alternate accumulation 
and melting of continental ice caps, in 
response to Milankovitch cycles. This 
can be convincingly demonstrated for 
the Quaternary, as elaborated below. 

Milankovitch cycles 
There are three principal orbital 

rhythms (periods given in brackets) 
related to 1) changes in the eccen- 
tricity of the Earth's orbit around the 
sun (400,000 and 100,000 years), 2) 
changes in the tilt of the Earth's axis 
with respect to the plane in which it 
orbits the sun (41,000 years), and 3) a 
wobble (precession) due to the tilt axis 
sweeping out a cone (21,000 years). 
These orbital rhythms (Fig. 5) produce 
cyclical variations in the intensity and 
seasonal distribution of incoming solar 
radiation. In combination, these factors 
affect the length of the summer melt 
period, such that at times, the winter 
snowpack does not melt completely. 
As the snowpack builds up, ice sheets 
of continental dimensions can develop, 
and large amounts of water are re- 
moved from the ocean. 

SEA LEVEL CHANGES RELATED 
TO ORBITALLY DRIVEN CLIMATE 
CYCLES 
The existence of Milankovitch rhythms 
for the last 2 m.y. (Quaternary) can be 
demonstrated by oxygen isotope 
studies of deep sea cores. These 
rhythms have strongly influenced the 
growth and decay of large continental ice 
sheets, resulting in changes of sea level. 
The best available data on the timing and 

ECCENTRICITY 
('stretch': 95 K) 

standing of the mecha;lisms respon- 
Figure 5 Three causes of "Milankovitch" cyclicity; obliquity, precession and eccentricity. 

for third-order cycles awaits better Obliquity refers to changes in the tilt of the earth's axis of rotation. Precession refers to the 
' 

geophysical models of the Earth's inte- fact that the earth wobbles like a spinning top; the axis of rotation sweeps out a cone with a 
riOrl with an magni- period of about 21,000 years. Eccentricity refers to changes in the shape of the earth's orbit 
tude improvement in the temporal ground the sun, from mire circular to more elliptical. ~ h e i e  variables, acting in combination, 
resolution of sea level events from dif- control incoming solar radiation and affect global climate. This has been termed the "pace- 
ferent parts of the world. maker" of Quaternary glaciations. Adapted from lmbrie and lmbrie (1979). 
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magnitude of sea level changes is pro- into rain, the vapour is still further de- 1991). Numerous studies confirm that 
vided by studies of oxygen isotope ratios pleted in 180. Thus water which eventu- the average amplitude of the 6180 signal 
in Quaternary deep sea sediments. ally falls as snow on the surface of an is about l.6%0 for the last 700,000 years 

t ice sheet has been relatively enriched in (Fig. 6). 

Oxygen isotopes, Quaternary ice 160, leaving seawater (and organisms Over the last 700,000 years, glacial 
sheets and sea level change therein) relatively enriched in 180. In con- cycles recorded by changes in oxygen 
Glacial control on eustatic sea level vari- trast, deglaciation of continental surfaces isotope ratios have lasted about 100,000 

, ation (termed glacio-eustasy) can be is recorded in deep sea cores by abrupt years (Fig. 6). Before this time, higher- 

i clearly demonstrated for Quaternary 1 6 0  spikes, produced when isotopi- frequency cycles (about 40,000 years) 

I 
glaciations by reference to changes in cally light glacial meltwater returns to are observed (Fig. 6). The timing of the 
180/160 ratios from benthic and planktic the oceans. Relative depletion in 180 is cycles fits very well with the Milankovitch 
foraminifera preserved in deep ocean expressed as deviation (6) in parts per periodicities (Raymo etal., 1989). 
sediments (Matthews, 1986; Chappell thousand (%o) from a standard inter- 
and Shackleton, 1986). During the glacial mean (SMOW= Standard M e a ~  Correlation of the Isotopic record 
growth of continental ice sheets, sea- Ocean Water). The most depleted (i.e., with sea level changes 

i water becomes progressively enriched in isotopically lightest) ice in the Antarctic The oxygen isotope record derived 
, 
I 

the heavier 180 and the ice sheet in the Ice Sheet is about -60x0 (Chappell and from deep ocean sediments can be di- 
1 lighter 160. This is because the heavier Shackleton, 1986). In the North rectly correlated with glacio-eustatic 

isotope is less mobile. When water evap- American Laurentide Ice Sheet during sea level changes. The growth of 
orates, I6O is concentrated in water the last glaciation, the depletion was Quaternary ice sheets, which had a 
vapour. When water vapour condenses about -30%0 (Schwartz and Eyles, maximum volume of about 65 x 

6'%(~4 
4.5 3.5 2.5 4.5 3.5 2.5 5.5 4.5 3.5 2.5 

120 - 
140 

NORTH ATLANTIC LAST GLACIAL CYCLE 
SITE 607 (Marlinson et al., 1987) 

(Raymo et a]., 1989) (Chappell and Shackleton,l986) 
2.8 (Ruddiman et al., 1986) 

Figure 6 Oxygen isotope stratigraphy for the last 2.75 million years. Odd numbered stages are times of reduced global ice volume, even 
numbers (not all are labelled) are major glaciations. Note change from high frequency events dominated by 40,000 year variation in obliquity 
(2.75 to 0.7 Ma; see Fig. 5) to longer frequency 100,000 year glacial cycles of the last 700,000 years. The curve mimics glacio-eustatic sea 
level variation with a maximum amplitude of about 150 m. Note relatively slow fall of sea level as ice volumes build up, and rapid sea level rise 
during the decay of ice sheets. Th curves are calibrated in terms of isotopic deviations from Standard Mean Ocean Water (see text; Curves 

I for last glacial cycles are normalized with 6180 shown on a range of -1 to + I ) .  
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l o 6  km3, was accompanied by a rhythms is open to question. Mathe- have been correlated from continent to 
continent (Eisbacher, 1985). Sea level 
changes have been inferred in late 
Ordovician and early Silurian strata, 
and have been attributed to glacio- 
eustasy related to continental glacia- 
tion of the West African Craton (e.g., 
Johnson and Campbell, 1980). 

Boardman and Heckel (1989) identi- 
fied regionally extensive successions 
of transgressive limestones and re- 
gressive shales in the Pennsylvanian 
of Texas. These were correlated with 
fluctuations in the extent of ice sheets 
on Gondwanaland, implying a glacio- 
eustatic control. Similar transgressive- 
regressive successsions have also 
been recognized in coal-bearing strata 
in midcontinent North America and in 
Europe (Crowell, 1978; Veevers and 
Powell, 1987). However, their glacio- 
eustatic control has been questioned, 
and a possible tectonic mechanism 
has been suggested (Klein, and Willard, 
1989). 

A particularly interesting gap in the 
glacial record of the Earth occurs from 
the Triassic to the early Tertiary. During 
this interval, there is no direct evidence 
for continental glaciation, although 
there is good evidence of seasonal 
pack ice formation at sea level (Spicer, 
1987; Frakes and Francis, 1988). 
Antarctic ice accumulation in the 
Mesozoic is suggested by modelling 
experiments (Oglesby, 1989). Despite 
the lack of direct evidence for conti- 
nental glaciation, widely distributed 
shallow-marine strata of Mesozoic age 
nevertheless contain abundant evi- 
dence for sea level oscillations, with fre- 
quencies of tens of thousands to a few 
hundred thousand years (Brandt, 1986; 
Goldhammer et a/. 1987; Masetti et a/. 
1991). These sea level oscillations are 
manifest as regional erosion surfaces 
within Late Cretaceous shallow-marine 
units such as the Cardium, Marshybank 
and Viking formations of Alberta (Fig. 2; 
Chapter 12; Plint et a/., 1986; Plint, 
1991 ; Boreen and Walker, 1991). 
Neither tectono-eustasy, nor tectonic 
movement of the basin floor operate on 
a sufficiently rapid scale to account for 
the high-frequency Cretaceous sea 
level changes implied by these erosion 
surfaces. By default, a glacio-eustatic 
control with Milankovitch periodicities 
becomes appealing. Such a control is 
not precluded by the oxygen isotope 
record (Prentice and Matthews, 1988), 

- - 

glacio-eustatic lowering of sea level of 
as much as 150 m. If present-day 
glaciers were to melt, sea level would 

matical analysis of the motions of the 
inner planets of the Solar System 
(Laskar, 1989) suggests that the 
Milankovitch rhythms can be accu- 
rately calculated only for the last 10 
m.y. Over longer periods of time, it is 
postulated that nonlinear amplification 

rise about 70 m, giving a maximum 
possible sea level fluctuation of over 
200 m from full Quaternary glacial 
conditions to an ice-free Earth. In an 
ice-free Earth, the oceans would 
become isotopically lighter by about 
I%o, giving a maximum isotopic ampli- 

of even very small perturbations in 
planetary orbits, as well as changes in 
the diameter of the core, and of the 

tude from full glacial to ice-free condi- 
tions of about 2.6%0. Matthews (1986) 
suggests a calibration of 180 variation 
of about 0.01 1%0 per m of sea level 

earth as a whole, will lead to chaotic, 
unpredictable planetary motions. This 
chaotic view of the Solar System is 
countered by calculations by Berger et 
a/. (1989), who suggest that the change. Precise calibrations are diffi- 

cult to make because of uncertainties 
regarding the amount of 180-depleted 
water in floating pack ice rather than 

Milankovitch rhythms are relatively 
stable. For example, in the Late Cre- 
taceous the tilt cycle woLld have been 

continental ice sheets, changing ocean shortened by only about 4 per cent 
water temperature and possible diagen- 
esis of the foraminifera1 tests. Neverthe- 
less, glacio-eustatic variation mimics 
the 180 record (Fig. 6). It shows a pro- 
gressive but erratic sea level fall over 
the 100,000 year glacial cycle as ice 
sheets grew on the continents. The 

and the precession cycle shortened by 
about 2 per cent. The eccentricity 
cycle would be unlikely to change. 
However, Berger et a/. (1 989) suggest 
that by the Precambrian, it may be im- 
possible to distinguish the precession 
and tilt cycles. 

maximum rate of sea level fall was 
about 5 m/1000 years. In contrast, sea 
level rise at the end of a glacial cycle is 
very rapid (Fig. 6). 

During the peak of the last deglacia- 
tion (about 12,000 years ago), about 
14,000 km3 of meltwater discharged 

It must be emphasized that models 
of glacio-eustatic sea level variation 
based on well-studied Quaternary 
deep sea records cannot be applied 
indiscriminantly to the rock record. 
Pre-Quaternary glaciations were 
characterized by radically different dis- 

annually from the North American tributions of land and sea, ice sheet 
(Laurentide) and European ice sheets 
to the North Atlantic Ocean. This is ap- 
proximately 25 times the present 

configurations, tectonic settings and 
shortened or less 
kovitch variables. 

annual discharge of the Mississippi 
River! At this time, global sea level 
rose 20 m in less than 1000 years 
and, for short time periods, as much 
as 4 m in 100 years (Fairbanks, 1989). 

PRE-QUATERNARY 
GLACIO-EUSTATIC CHANGES 
IN SEA LEVEL 
The Earth has a long glacial record, and 
the distribution of glaciogenic rocks de- 
posited in the past 2700 m.y. is shown 
in Figure 1 of Chapter 5. However, the 

Complete sea level recovery from 
glacial lowstands to interglacial high- 
stands takes about 15,000 years 
(average rise of 10 m per thousand ages of most pre-Quaternary glacial de- 

posits are not well established in detail. 
It is therefore difficult to determine 
whether sea level changes inferred from 

years). Estimates of rates and magni- 
tudes of glacio-eustatic sea level 
change over the last glacial cycle (Fig. 
6) are provided by study of raised the rock record may be attributed to a 

specific episode of glaciation. The 
common occurrence of glaciation in 
Earth history suggests that glacio-eu- 
static changes in sea level should be 

marine terraces, and drowned coral 
terraces (Chappell and Shackleton, 
1986; Fairbanks, 1989; Bard et a/., 
1990). The growth of coral reefs is 
particularly responsive to changes in 
sea level (see Chapter 17). 

represented in the rock record; some 
examples are given below. 

Late Proterozoic deep to shallow 
water facies successions, up to 1 km 
thick, have been attributed to glacio- 

Stability of the 
Milankovitch rhythms 
The stability of the Milankovitch eustatic changes of sea level, and 
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but it is arguable whether any Mesozoic 
ice masses were large enough to exert 
a significant glacio-eustatic control on 
sea level. 

Although Milankovitch periodicity 
cannot be proven to control these 
Cretaceous sea level cycles, there is 
persuasive evidence for climatically 
driven productivity cycles with Milan- 
kovitch periods preserved in Mesozoic 
pelagic sediments (Fischer, 1986; 
Kemper, 1987; Herbert and D'Hondt, 
1 990). 

We are therefore presented with a 
dilemma. Does the geological evidence 
of rapid sea level oscillations in the 
Mesozoic force us to accept the pre- 
sence of continental ice, or are other 
mechanisms available? One possibility 
involves Milankovitch-scale, climatically 
controlled changes in the volume of 
groundwater stored on continents. This 
mechanism appears to be capable of 
producing about 10 to 20 m of eustatic 
change over periods of only l o 4  to 
lo5 years (Hay and Leslie, 1990). 

In this regard, it is pertinent to note 
the eustatic effects of human activities. 
Although present-day sea level has 
been rising at the rate of 1.6-2 mm/yr 
for the last several decades (Douglas, 
1991), it is far from clear whether this is 
the result of natural processes or an- 
thropogenic global warming (which 
results in both steric expansion of the 
ocean and melting of polar ice caps). A 
largely overlooked factor involves the 
construction of reservoirs. At present 
there are over 10,000 reservoirs on 
Earth, containing about 10,000 km3 of 
water. This corresponds to a drop in 
global sea lwel  of about 30 mm, at a 
rate of about 0.7 mrntyr over the last 40 
years (Chao, 1991). Despite the nega- 
tive eustatic effect of human water 
storage systems, global sea level is still 
rising. This raises the alarming possi- 
bility that the true rate of sea level rise 
is in fact even higher than that mea- 
sured today (Chao, 1991). 

DISCUSSION 
The Exxon sea level curve is here to 1 stay, although it is likely to undergo pro- 
gressive evolution and refinement as 
more data are gathered and better 
chronostratigraphic control becomes 
available. For example, Mitchum and 
Van Wagoner (1991) and Plint (1991) 
have suggested that third-order se- 
quences are in fact built up of fourth- 

order sequences, each of which yields 
evidence for deposition during a cycle 
of relative sea level rise and fall. It 
is likely that these high-frequency 
(fourth-order) sea level cycles will be in- 
creasingly widely recognized, and this 
recognition will spur efforts to explain 
their driving mechanism. Nevertheless, 
it will remain a major challenge to corre- 
late these cycles on a more than re- 
gional scale, although this will be 
necessary if a eustatic control is to be 
demonstrated. 

Despite the recent emphasis on 
global cycles of sea level change, the 
interpretation of cyclic sedimentary suc- 
cessions, particularly those repre- 
senting relatively short periods of time, 
must take into account the possible in- 
fluence of autocyclic mechanisms, such 
as delta-switching. Allocyclic controls 
such as tectonic uplift or subsidence of 
the basin andlor hinterland, and fluctua- 
tions in sediment supply, such as might 
result from climatic changes, may also 
result in pronounced depositional 
rhythms. Demonstration of a eustatic 
control on deposition must be based on 
the recognition of simultaneous sea 
level changes (but not necessarily in- 
volving changes of similar magnitude) 
in several basins, preferably on dif- 
ferent continents. In order to do this, ex- 
cellent regional biostratigraphic and 
allostratigraphic control (probably in- 
volving both subsurface and outcrop 
data), is needed. Where sections are 
widely scattered and correlation uncer- 
tain, attention should focus on detailed 
facies analysis and interpretation of 
local depositional environments, pro- 
cesses and relative sea level changes. 
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INTRODUCTION 
This chapter will attempt to bridge the 
methodological and scale gap between 
sedimentology based largely on out- 
crops and modern environments, and 
techniques and results of large-scale, 
subsurface investigations. It is an intro- 
duction to 1) geophysical logs and cor- 
relation, 2) subsurface facies analysis, 
3) seismic methods, and 4) larger- 
scale analysis of sedimentary facies 
successions and allostratigraphy. 

Subsurface work lends itself to the 
study of facies relationships on a scale 
larger than can be accomplished on 
most outcrops. Consequently, many 
relatively new ideas concerning allo- 
stratigraphy, sequence stratigraphy, 
base-level changes, and global strati- 
graphic correlations have emerged 
from subsurface geology, and are 
based on both geological and geo- 
physical data. 

3. Subsurface Facies Analysis 

Douglas J. Cant, Geological Survey of Canada, 3303 - 33rd St. N.W., 
Calgary, Alberta T2L 2A7 

DIFFERENCES FROM 
SURFACE WORK 
Subsurface data provide a differently 
biased sample of a rock unit than 
outcrop data. Drill holes and cores are 
concentrated in localities and zones of 
economic interest whereas outcrops 
preferentially expose rocks which are 
harder and more resistant to weath- 
ering. Because drill holes and geo- 
physical logs normally sample a con- 
tinuous, uninterrupted section (where- 
as outcrops rarely do), subsurface cor- 
relation is based on more complete 
data. Seismic-reflection data may 
provide a coherent three-dimensional 
picture of a basin, along with informa- 
tion on the relationships between the 
sediments and structural features of a 
basin. 

Subsurface data cannot provide as 
much local facies information. No mat- 
ter how closely spaced wells may be, 

data from geophysical logs, 3 to 
20 cm-diameter cores, and cross sec- 
tions constructed from them, cannot 
match the level of local detail available 
from an outcrop. Seismic data give a 
view of a basin on a very much larger 
scale than outcrop studies. The differ- 
ences in the appropriate scales of 
investigation for outcrop compared 
with subsurface studies are extremely 
significant, both scientifically and 
economically. 

Subsurface methods 
The following sections will briefly 
review the principles behind sub- 
surface methods of investigation, in- 
cluding both geological methods (well 
logs and cores), and geophysical 
methods (seismic-reflection data). 
Other publications discuss these 
techniques in more detail, notably 
Krumbein and Sloss (1963), Allen 

Table 1 Log types, properties measured, and geological uses. 

Log Property Measured Units Geological Uses 

Spontaneous Natural electric potential (compared to Millivolts Lithology (in some cases), correlation, 
potential drilling mud) curve shape analysis, identification of 

porous zones. 

Resistivity Resistance to electric current flow Ohm-metres Identification of coals, bentonites, fluid 
evaluation. 

Gamma-ray Natural radioactivity - related to API units Lithology (shaliness), correlation, curve 
K, Th, U shape analysis. 

Sonic Velocity of compressional sound wave Microseconds/metre Identification of porous zones, coal, 
tightly cemented zones. 

Caliper Size of hole Centimetres Evaluate hole conditions and reliability 
of other logs. 

Neutron Concentrations of hydrogen (water and Per cent porosity Identification of porous zones, cross 
hydrocarbons) in pores plots with sonic, density logs for 

empirical separation of lithologies. 

Density Bulk density Kilograms per cubic Identification of some lithologies 
(electron density) includes pore fluid metre (gm/cm3) such as anhydrite, halite, nonporous 
in measurement carbonates. 

Dipmeter Orientation of dipping surfaces by Degrees Structural analysis, stratigraphic 
resistivity changes (and direction) analysis 
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(1 975), Payton (1 977), Selley (1 978), 
Anstey (1982), and Miall (1984). Some 
newly developed methods in subsur- 
face sedimentology, such as the use 
of resistivity microscanners to detect 
sedimentary structures, and the anal- 
ysis of high-resolution dipmeter data, 
are as yet not widely applied, but are 
discussed by Hurst et a/. (1990). The 
two major types of data, subsurface 
geological and geophysical, will be 
treated separately, but where avail- 
able, both can be integrated. 

GEOLOGICAL USES OF 
WELL LOGS 
Well logs are made by pulling an in- 
strumented tool up the hole, and 
recording the data as a function of 
depth. They are used extensively in the 
petroleum industry for evaluation of the 
fluids in rocks, but this aspect will not 
be covered here. The interested reader 
is referred to the various logging 
company manuals, or to Asquith 
(1982). Geophysical logs are the fun- 
damental source of data in many sub- 
surface studies because virtually every 
oil and gas well is logged from near the 
top to the bottom. Almost all well 
logging is done by pulling the mea- 
surement tool up the hole on the end 
of a wire. Different types of logs and 
the properties they measure are 
shown in Table 1 and are discussed 
briefly below. On any well log, the ab- 
solute elevation of any bed or bed 
contact is obtained by subtracting its 
depth in the well from the surveyed el- 
evation of the Kelly Bushing (KB) on 
the drilling platform; this elevation is 
given on the top (header) of the well 
log. 

Spontaneous potential (SP) log 
I This log records the electric potential 

between an electrode pulled up the 
hole and a reference electrode at the 
surface. This potential exists because 
of electrochemical differences between 
the waters within the formation and the 
drilling mud, and because of ionic se- 
lection effects in shales (the surfaces 

can be used to define a "shale line" 
(Fig. 1). Deflections of the log from the 
shale line indicate zones of permeable 
rock containing interstitial fluid with 
salinities different from the drilling 
mud. 

Experience in many basins has 
shown that the SP log may be a good in- 
dicator of lithology in areas where sand- 
stones are permeable and water 

10- 13-63-21 w 4 Resistivity 
( ohms~m2/m)  
0 20 

saturated. However, whefe low-perme- 
ability rocks occur, such as the tightly 
cemented sandstones of the western 
Alberta Basin or the bitumen-saturated 
Athabasca Oil Sands, the SP log cannot 
reliably distinguish lithologies. If subsur- 
face formations contain fresh rather than 
saline water (such as some Upper 
Cretaceous rocks of Alberta), SP deflec- 
tion is suppressed or even reversed 

Spontaneous Deep Induction Dominant 
Potential tmV) 

15 
-u+ ,A Lithology Comments 

7 - 
More Permeable More Resistive 

of clay minerals selectively allow 
Figure 1 Example of SP and resistivity logs from the Alberta Basin. A shale line is shown 

passage Of cations 'Ompared to on the SP - any deviation from this reflects porous rock. Two resistivity logs are shown - 
anions). The potential is measured in one of medium depth (resistivity) and another (deep induction) which reads farther into the 
millivolts On a relative scale only rock beyond the influence of the drilling mud. The deep induction log shows lower resistivity 
(Fig. 1) because the Eibsolute value in porous zones, probably indicating salt-water saturation. The carbonates are Devonian 
depends on the properties of the Winterburn dolomites overlain by Cretaceous Mannville Group sandstones and shales. The 
drilling mud. In shaly sections, the curved arrows indicate individual facies successions; these can be seen as progressive 
maximum SP response to the right upward deflections in both the SP and resistivity logs. 

! 
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from norma1,'depending on the salinity horizontal distance from the well bore. rated porous rocks have high resis- 
of the drilling mud. The best test of the Resistivities at different depths into tivities, so the log can be used in these 
reliability of the SP log in determining the rock are measured by varying the cases to separate shales from porous 
lithology is to calibrate the log against length of the tool and focusing the sandstones and carbonates. 
cores and cuttings (cuttings are 1 to induced current. Several resistivity and 
3 mm fragments of rock brought to the induction curves are commonly shown Gamma-ray log 
surface during normal drilling by the on the same track (Fig. 1). This log (Fig. 2) measures the natural 
circulating mud) and hence gain expe- Resistivity logs are used for evalua- gamma-ray emission of the various 
rience in a particular area. tion of fluids within formations. They layers penetrated in the well, a prop- 

can also be used for identification of erty related to their content of radio- 
Resistivity log coals (high resistance), thin lime- genic isotopes of potassium, uranium 
This log records the resistance of in- stones in shales (high resistance), and and thorium. These elements (particu- 
terstitial fluids to the flow of an electric bentonites (low resistance), as shown larly potassium) are common in clay 
current, either transmitted directly to in Table 1. In older wells where few minerals and some evaporites. In ter- 
the rock through an electrode, or mag- types of logs were run, the resistivity rigenous clastic successions the log re- 
netically induced deeper into the for- log may be useful for picking tops and flects the "cleanness" (lack of clays) or 
mation from the hole (induction logs; bottoms of formations, and for corre- "shaliness" (high radioactivities on the 
Fig. 1). The term "deep" here refers to lating between wells. Freshwater-satu- API scale, Fig. 2) of the rock, averaged 

over an interval of about 2 m. Because 
Gamma-Ray Sonic 11-3-70-1 1\1\16 of this property, gamma-ray log pat- 
(API Units) Interval Travel Time terns mimic vertical sand-content or 
0 150 - (microsecs/fi.) carbonate-content trends of facies suc- 
150 300 l o o  70 40 cessions. It must be emphasized that 
Caliper (inches) 160 130 Dominant 

loo Lithology 
the gamma-ray reading is not a func- 

16 Comments 
6- tion of grain size or carbonate content, 

Mainly Sandstone only of the proportion of radioactive el- 
ements, which may be related to the 
proportion of shale. For example&y- 

Sandstone 
Four Sequences free sandstones or conglomerates with 

(with conglomerate) 
Capped by Coal. 

any mix of sand and pebble clast sizes 
generally give similar responses, and 

2 known to be 
Sandstone lime mudstone gives the same re- 

(with conglomerate) Regressive Marine- sponse as grainstone. Distinguishing 
between clean (clay-free) lithologies 

3 Cycles from Core such as sandstones, conglomerates, 
dolomites, and limestones is best done 

Shale by calibration of one or more logs to 

.Coal Z4 
cores or cuttings. 

Once the main lithologies are known, 
Shale --- - 

09 - 
Limestone Two Sequences of 

08 - 
and Upwardly Increasing 

Shale 0 0 1  - - 
Carbonate Content r s 

V ) 0 6  - 
5 0 5  

- 

Limestone with 
Shale Interbeds No Trends - 

Cleaner Lower Velocity Sn. Gamma-Ray Deflection Shab 
Line Line 

___) _____) 

More Shaly Higher Velocity Figure 3 Relationship between gamma- 
ray deflection and proportion of shale. A 

Figure 2 Gamma-ray, caliper, and sonic logs from the Alberta Basin. Because of space cutoff half-way between maximum and 
limitations, coaly shales (higher gamma-ray readings) are labelled coals. The lower section minimum values corresponds to about 28 
consists of the lreton and Leduc Formations and the upper section shows regressive per cent shale, and is commonly used as a 
shoreline successions of the Upper Mannville Spirit River Formation. criterion for lithologic mapping. 
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the gamma-ray log can be calibrated to 
lithology by establishing minimum and 
maximum readings corresponding to 
pure carbonate or sandstone versus 
pure shale end members. The concen- 
tration of radioactive elements in shale 
increases with compaction, so the 
shale line should be readjusted if a 
thick section is being studied. The tool 
response is nonlinear (Fig. 3), so a 
cutoff halfway between the shale line 
and sandstone (or other clean lith- 
ology) line has a value of roughly 
30 per cent shale for purposes such 
as lithologic mapping. 

There are three main interpretation 

problems with the gamma-ray log, 1) 
the log response may be affected by 
diagenetic, radioactive clays in pores, 
2) shales rich in illite (high K) are more 
radioactive than those rich in montmo- 
rillonites or chlorites, and 3) arkosic 
sandstones (high K-feldspars) are 
more radioactive than those lacking 
feldspar. Calibration of the log against 
cores or cuttings may be necessary to 
distinguish lithologies in some cases. 

Sonic log 
This log (Fig. 2) measures the velocity 
of sound waves in rock. This velocity 
depends on 1) lithology, 2) amount of 

Figure 4 A gamma-ray cross section in the Upper Mannville Group of Alberta illustrating 
correlation by pattern matching. The correlations have been made using the following cri- 
teria, 1) facies successions do not show abrupt lateral changes in character, 2) facies suc- 
cessions do not show abrupt changes in thickness, 3) facies successions do not show 
seaward (right to left) coarsening, 4) correlated surfaces slope seaward (to the left). 
Coals (black) were identified on sonic logs. These logs are not spaced proportionally to the 
distances between wells. 

interconnected pore space, and 3) 
type of fluid in the pores. The log is 
useful for delineating beds of low-velo- 
city material such as coal (Fig. 2) or 
poorly cemented sandstones, as well 
as high-velocity material such as 
tightly cemented sandstones and car- 
bonates or igneous basement. Sonic 
logs are also important in understand- 
ing and calibrating seismic lines, as 
explained below. 

Porosity logs 
Density and neutron logs can be dis- 
played as estimates of porosities. The 
density tool emits gamma radiation 
which is scattered back to the detector 
in amounts proportional to the electron 
density of the rock. The electron density, 
in most cases, is related to the density of 
the solid material, and the amount and 
density of pore fluids. Density porosity is 
calculated by assuming a density of the 
solid material (2650 kg/m3 for sandstone 
and shale, 271 0 kg/m3 for limestone) and 
fluid (1 146 kg/m3 for salt water). 

The neutron log measures the hy- 
drogen concentration (in water or 
petroleum) in the rock. The tool emits 
neutrons of a known energy level, then 
measures the energy of neutrons re- 
flected from the rock. Because energy 
is transferred most easily to particles of 
similar mass, the hydrogen concentration 
can be estimated. Neutron porosities are 
calculated by assuming that oil or water 
fills the pore spaces. Gas, or water 
bound into clay minerals, give anoma- 
lously low values. 

Caliper log 
This log records the diameter of the hole 
(Fig. 2), and gives an indication of its 
condition and hence the reliability of 
other logs. A very large hole indicates 
that dissolution, caving or falling in of the 
rock wall has occurred, which can lead to 
errors in log responses. This log is partic- 
ularly useful in mixed evaporite succes- 
sions where dissolution has preferentially 
leached out soluble evaporites. A hole 
smaller than the drill bit size may be 
present because the fluid fraction of the 
drilling mud invades permeable zones, 
leaving the solid fraction (mud or filter 
cake) on the inside of the hole. In one 
gas field in the Mannville Group of 
Alberta, very permeable, matrix-free 
conglomerate can be recognized on the 
caliper log where the hole size is smaller 
than the bit size. 



Dipmeter log 
This log is made by a resistivity tool 
with three or four electrodes mounted 
on separate arms with a common 
centre point. The orientation of the tool 
is also continuously recorded. Where 
a dipping bed is encountered, the re- 
sponse to the lithologic change takes 
place at different elevations on each 
arm. The direction and magnitude of 
dip can be calculated from this infor- 
mation. 

The dipmeter measures structural 
dip, but can also detect various types 
of sedimentary dips such as a com- 
paction drape over a reef, a sloping 
mud drape, or even some cross-strati- 
fication. In many cases, it is difficult to 
determine the nature of a dipping 
surface unless a core has been cut. 

CORRELATION OF LOGS 
Correct correlation of stratigraphic 
units is absolutely necessary to make 
reliable cross sections and maps, and 
to conduct regional facies analysis. 
Complex numerical procedures for 
matching and correlation of logs (such 
as a method adapted from gene-typing 

- . - - -  . .. . - 
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techniques; Griffiths and Bakke, 1990) 
may be the primary tools in the future. 
At present, most geologists match log 
patterns by eye (or by tracing and 
overlaying logs), allowing for variations 
in lithologies, thicknesses, and com- 
pleteness of section. Three major cor- 
relation methods will be discussed, 1) 
marker beds, 2) pattern matching, and 
3) slice techniques. 

Marker beds 
The log response ("kick") of a distinc- 
tive bed or series of beds can be used 
as a marker (e.g., Fig. 19 in Chapter 
12) even if the lithology or origin of the 
bed is not known. Distinctive, laterally 
extensive groups of beds commonly 
result from transgressions or regres- 
sions or erosional episodes which re- 
distribute proximal sediment far across 
the basin. Markers that can be 
mapped regionally may therefore be 
related to, or include, important al- 
lostratigraphic surfaces. For example, 
condensed sections (possibly ex- 
pressing maximum flooding surfaces; 
Chapter 1) are perhaps the most 
extensive marker beds, and are ex- 

Figure 5 Gamma-ray cross section correlated by pattern matching which shows facies 
successions sloping seaward and downlapping against a lower surface. Correct pattern 
matching allows identification of allostratigraphic surfaces such as this. D indicates downlap 
and T indicates toplap. The logs are not spaced proportionally to distances between wells. 

tremely useful because they are es- 
sentially time lines. In the Alberta 
Basin, the Fish Scale Horizon is a 
shale rich in organic debris. It can be 
identified over most of the basin by its 
characteristic high-gamma ray, slightly 
high-resistivity, and high-porosity 
values. It is used in many studies of 
the units above and below it (particu- 
larly the Viking Formation), as a hori- 
zontal datum for cross sections. The 
top of the Middle Mannville Bluesky 
Sandstone is also a prominent marker 
in the Mannville Group. The Bluesky is 
a shoreline deposit abruptly overlain 
by marine shales; this contact is a 
bounding discontinuity used to define 
allostratigraphic units. 

In other situations, markers are not 
related to allostratigraphic units. For 
example, volcanogenic bentonites are 
easily recognized on logs (Table,'l), 
providing reliable markers as well as 
time lines. 

Pattern matching 
This technique involves recognition 
and matching of distinctive log patterns 
of any origin. The correlated patterns 
may represent vertical facies succes- 
sions (Fig. 4), superimposed facies 
successions, or unconformity-bounded 
units (Fig. 19 in Chapter 12). The sur- 
faces of the units chosen may be 
transgressive and separate individual 
facies successions (Fig. 4). Alterna- 
tively, surfaces of maximum transgres- 
sion separate composite-transgressive 
from composite-regressive units (to be 
discussed in more detail below). The 
bounding surfaces of the chosen units 
may also be unconformities, such as 
Cardium Formation surface E5 (Fig. 19 
in Chapter 12). 

By matching patterns, correlations 
are made on the basis of log shapes 
over intervals of metres or tens of 
metres, rather than on individual peaks, 
troughs, or markers within the succes- 
sion. Pattern matching may allow cor- 
relation even where lateral variations 
in lithologies, facies, and thicknesses 
of units have occurred (Fig. 4). In diffi- 
cult cases, matching is facilitated by 
tracing one log and overlaying it on an 
adjacent log. The logs can be moved 
up and down until the best overall fit is 
obtained. Constantly changing posi- 
tions of fit may indicate lateral facies 
or thickness changes, and may indi- 
cate synsedimentary tectonism. 
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Pattern matching is extremely useful 
because it can be used to correlate 
facies successions or allostratigraphic 
units as defined from cores or outcrop. It 
therefore facilitates investigation of re- 
gional facies relationships. Examples of 
this are shown in Figure 15 of Chapter 
12, and Figure 16 of Chapter 9. Detailed 
pattern matching of individual facies 
successions may delineate surfaces of 
toplap, downlap or onlap (Fig. 5), and 
can therefore be used to define large- 
scale or composite allostratigraphic 
units. Pattern matching has worked ex- 
tremely well in many studies of shallow- 
marine sediments in the Cretaceous 
Western Interior Seaway of North 
America, largely because of the lateral 
uniformity of these rocks (at least com- 
pared to other facies). 

Certain assumptions about the styles 
of lateral variation of facies must be 
made in pattern matching in order to 
decide between alternative possibilities. 
For example, the cross sections of 
Figures 4 and 5 show that in these 
shoreline-to-shallow-marine clastics, the 
correlated units satisfy a number of con- 
ditions: 1) individual facies successions 
do not show abrupt changes in thick- 
nesses, log patterns, or inferred grain 
size patterns; 2) individual successions 
do not show seaward increases in the 
thicknesses of sandstones; 3) succes- 
sions slope gradually seaward (unless 
synsedimentary or postsedimentary tec- 
tonism has occurred); and 4) abrupt 
lateral changes in facies successions 
imply that an unconformity exists. 
Readers may be able to make different 
correlations through the same wells, de- 
pending in part on the initial assumptions 
made. 

the other methods discussed above. 
The thicknesses of slices should be 

chosen to minimize complications. For 
example, if sandstones in an area 
average 30 m in thickness, the choice of 
slices less than 30 m may not yield inter- 
pretable results. In some cases, trial and 
error is necessary to find the optimum 
solution. 

Slice techniques are most commonly 
applied in nonmarine deposits. Here, 
other techniques do not work well 
because of the lack of continuous beds 
and absence of laterally extensive facies 
successions. By noting the stratigraphic 
position and thickness of each lithologic 
unit with respect to a marker (commonly 
the top of the unit), the data is in a form 
of maximum utility when computerized. 
Thicknesses of slices can be changed 
easily until patterns emerge. Note that 
slice techniques may produce correla- 
tions which cut across depositional units 
or unconformities if they are applied to 
units with sloping depositional surfaces. 
Flach (1984) has used this technique to 
map sandstone-filled channels in the 
nonmarine to estuarine McMurray 
Formation of Alberta. He was able to 
show the locations of the major oil sands 
reservoirs at different stratigraphic levels 
even though precise correlation could 
not be achieved. 

SUBSURFACE MAPS 
Mapping in the subsurface differs little 
from surface work except for the huge 
volume of data which can be collected 

from a large number of wells. Com- 
puterization of data bases and land 
survey systems has progressed to the 
point where automatic map production 
of some attributes is done routinely 
and quickly. 

Subsurface geological maps are 
either compilations of data, or interpre- 
tive summaries. Data compilation maps 
of many different quantities have been 
made, but for stratigraphic and sedi- 
mentological purposes, there are three 
main types, 1) structure maps that 
show the elevation of a surface (the 
example in Fig. 20 of Chapter 12 is 
similar to a structure map), 2) isopach 
maps that show the thickness of a unit 
(Fig. 21 in Chapter 9), and 3) litholog- 
ical maps that show the composition of 
a unit in one of several ways (Fig. 23 in 
Chapter 9). Examples include maps of 
the thickness of carbonate rocks as a 
percentage of the total thickness, maps 
of net sandstone thickness, or maps of 
the ratio of clastic to carbonate thick- 
nesses. Full descriptions of the different 
map types are given by Krumbein and 
Sloss (1963) and Miall (1984). Inter- 
pretive summary maps and block dia- 
grams of such aspects as facies dis- 
tributions, paleogeographies, and sedi- 
ment supply directions are also 
commonly made (Figs. 18, 21, 22 in 
Chapter 12; Figs. 11, 18 in Chapter 9). 
Note that all maps depend absolutely 
on correct correlation of units. If corre- 
lations are wrong, the resulting maps 
will be worthless. 

Slice techniques 
As a method of last resort, when no 
other method yields results, an interval 
can be subdivided by arbitrarily slicing it 
either into units of constant thickness, 
or into units with thicknesses proportional 
to the entire interval (Fig. 6). Slicing an 
interval does not give true correlations; it 
is only a way of splitting a section which 
cannot be subdivided any other way. 
The implicit assumption is made that 
time lines through the interval are essen- 
tially horizontal. Where this assumption 
is 'lice techniques may yield Figure 6 Cross section (gamma-ray logs on left, resistivity logs on right) from the Upper 

which are grossly in It is a Cretaceous Horseshoe Canyon Formation, Alberta. The section between the Battle 
means of last resort, but is necessary in Formation and the basal marker was subdivided into six equal slices, chosen to include but 
some situations which do not yield to not split the major channel sandstones. Simplified from Nurkowski and Rahmani (1984). 
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SUBSURFACE FACIES ANALYSIS 
Without cores, the definition and inter- 
pretation of facies in the subsurface 
are generalized and imprecise. Making 
lithological logs of cores is similar to 
the measurement of outcrop sections, 
the most obvious differences being 
the scale of features which can 
be observed in a limited-diameter 
(commonly 9 cm) core, and the lack of 
oriented sedimentary structures for pa- 
leocurrent analysis. Shales and mud- 
stones, however, are commonly more 
easily studied in cores than in out- 
crops (the trace fauna is particularly 
well displayed in cores, Chapter 4). 
Cores should always be examined 
with the logs present to check for com- 
pleteness of recovery, core-log corre- 
lation, and log responses. Well-log 
cross sections (Fig. 15 in Chapter 12; 
Fig. 19 in Chapter 9) and appropriate 
kinds of maps can extend the interpre- 
tations made from cores, and set them 
into a larger-scale stratigraphic and 
paleogeographic context. 

Log curve shapes 
The shapes of well-log curves have 
long been interpreted in terms of de- 
positional facies because of their 
resemblance to grain size succes- 
sions (e.g., Selley, 1978). Where SP- 
Resistivity or Gamma-Sonic pairs of 
logs are used, the patterns are mir- 
rored, resulting in (among others) bell- 
shaped and funnel-shaped profiles 
(note the funnel in the lower half of 
well 7-10-62-7W5 in Figure 15 of 
Chapter 12). Much published work 
uses a simplistic "pigeon-hole" ap- 
proach to interpretation. An example is 
the classification of bell-shaped 
gamma-ray profiles as fining-upward 
meandering-stream facies succes- 
sions. Problems with this approach will 
be discussed below. 

The most typical vertical patterns 
seen on gamma-ray, SP and resistivity 
logs are shown in Figure 7. It is em- 
phasized in this diagram that no 
pattern is unique to, or diagnostic of, 
any particular depositional environ- 

ment. It follows that interpretation 
based on log curve shape alone is ex- 
tremely imprecise. In those specific 
studies where log patterns have been 
calibrated to well-understood deposi- 
tional facies successions in cores and/ 
or outcrops, the log-pattern method 
can be applied successfully to the in- 
terpretation of correlative uncored 
facies successions. 

The scale of facies successions is 
also a very important criterion con- 
straining the interpretation of curve 
shapes. For example, funnel-shaped 
patterns (Fig. 7) may range from a few 
metres to several hundred metres 
in thickness. These are appropriate 
scales (respectively) for a crevasse 
splay building into an interdistributary 
bay (Fig. 5 in Chapter 9), and a pro- 
grading deltaic succession (Figs. 7, 16 
in Chapter 9). 

Difficulties in interpretation of log 
patterns may result from deviations of 
individual facies successions from the 
general model in Figure 7, possibly in 

Figure 7 The most common idealized log curve shapes which may be interpreted by correlation with many different core examples (See 
other chapters). Where resistivity or sonic logs are shown opposite gamma-ray logs, the patterns are mirrored, resulting in the bell and funnel 
labels. The limitations of this approach to facies analysis, in the absence of other data, is emphasized in the text, and by the multiple possible 
environmental interpretations indicated below each curve. Log curve shapes, in the absence of other data, are not diagnostic of particular 
environments. 
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some cases because of base-level 
changes. Other difficulties result from 
the amalgamation of units. For ex- 
ample, the standard clastic prograding 
shoreline succession (left side of 
Fig. 14 in Chapter 12) generates 
a continuously upward-broadening 
funnel-shaped gamma-ray pattern 
(Fig. 7). Sharp-based sandy shoreline 
facies successions (right half of Fig. 14 
in Chapter 12, also Fig. 15 in Chapter 12) 
may result from small drops in relative 
sea level followed by progradation 
(forced regression, Chapter 12), or 
erosional transgression followed by 
shallow water regressive deposition 
(Chapter 12). In both of these cases, 
the typical funnel-shaped log pattern is 
replaced by a cylindrical or blocky 
profile (Fig. 15 in Chapter 12), probably 
not correctly interpretable from log 
pattern alone. 

Amalgamation of facies successions 
can also alter the standard log profiles 
of Figure 7. Superimposed channel de- 
posits of meandering rivers can gen- 
erate a stacked sandstone body char- 
acterized by a cylindrical log profile. 
Similarly, a transgressive sandstone 
capped by a regressive shoreline sand- 
stone may be characterized by a cylin- 
drical profile and conceal a transgres- 
sive unconformity or ravinement (Chap- 
ter 12). In the Middle Mannville Bluesky 
Formation, shoreline sandstones are in 
some places superimposed directly on 
nonmarine sandstones in the overall 
transgressive succession. These form 
sharp-based, cylindrical log patterns. 
These examples illustrate that simplistic 
labelling of log curve shapes in terms 
of depositional environments, without 
core or outcrop information, should be 
avoided. 

RECOGNITION OF BOUNDING 
DISCONTINUITIES 
Allostratigraphic units are defined by 
their bounding discontinuities (Chap- 
ter 1). Because subsurface data can be 
used to document lateral relationships 
on a large scale, recognition of these 
discontinuities (maximum flooding sur- 
faces, surfaces of marine transgression 
and regressive surfaces of erosion) has 
become extremely important in subsur- 
face investigations. Delineation of these 
discontinuities allows stratigraphic sub- 
division of rocks into large-scale genetic 
packages, with possible implications for 
large-scale facies relationships. 

Condensed sections 
These stratigraphic intervals represent 
periods of very low sedimentation 
rates in marine depositional environ- 
ments as a result of major transgres- 
sions (Fig. 27 in Chapter 13). They 
commonly characterize maximum 
flooding surfaces, and can also be 
present at marine flooding surfaces 
(Chapter 1). Condensed sections in 
clastic rocks are commonly formed as 

a result of cut-off of clastic supply. In 
carbonate successions, the sediment- 
producing environments are drowned. 
Condensed sections may show up lith- 
ologically in carbonate (and some 
clastic) successions as hardgrounds 
with early diagenetic carbonate and 
phosphatic cementation (see Chapter 
4). In other clastic successions, they 
occur as intervals of oolite and lime 
mud sedimentation. In basinal shales 

I-5.75km-5.75km 4- 4 Okm +3.25km +( 

Figure 8 Gamma-ray cross section from the Upper Mannville Group in British Columbia, 
correlated by pattern matching. The correlation lines slope seaward (to the left), outlining cli- 
noform surfaces which tangentially downlap onto transgressive shallow-marine shales. The 
section is hung on the top of the Middle Mannville Bluesky Formation (Datum). The 
maximum flooding surface is the top of the transgressive shale (about 25 m above Datum). 
The sandstones (shaded) were deposited on the original clinoform slope. The logs are not 
spaced proportionally to distances between wells. 



the condensed horizons may be 
organic-rich radioactive shales, or 
pelagic deposits such as chalks or 
chalky shales. Because of these litho- 
logic contrasts with adjacent rocks, as 
well as their wide lateral extent in 
many basins, condensed sections may 
be recognized on logs as marker beds 
with characteristically different well-log 
responses. A good example is the 
Fish Scale Horizon, which is com- 
monly used as a horizontal datum for 
regional cross sections in the Creta- 
ceous of the Alberta Basin. 

Many condensed sections are over- 
lain by downlapping depositional sur- 
faces or clinoforms which may be 
recognized on seismic lines (see 
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Seismic Stratigraphy section below), 
well-log cross sections (Fig. 8), and a 
few large outcrops. Clinoforms are de- 
veloped in response to transgressive 
deepening followed by the re-estab- 
lishment of laterally prograding sedi- 
mentary layers. In Figure 8, regressive 
shelf-to-shoreline clastic facies suc- 
cessions slope seaward creating a 
clinoform, and terminate against, 
or downlap onto the transgressive 
shales and sandstones below. The 
condensed section (and in this case, 
the maximum flooding surface) lies di- 
rectly below the surface of downlap. In 
some nonmarine units, surfaces sim- 
ilar to condensed sections may be 
characterized by thin brackish to 

marine shales and limestones de- 
posited in lagoons and estuaries as a 
result of transgression. 

Unconformities 
Surfaces of erosion or bypass are 
generally identified where underlying 
markers or facies successions are 
truncated (Fig. 19 in Chapter 12), or 
overlying ones show onlapping rela- 
tionships. Well-log cross sections of 
marine rocks commonly allow defini- 
tion of very low-angle, regional uncon- 
formities which may be undetectable 
on the scale of most outcrops. The 
Cardium erosion surface designated 
E5 is a good example (Chapter 12). In 
shoreline to nonmarine deposits, re- 
gional truncations are much more diffi- 
cult to detect because of the absence 
of extensive marker beds or easily cor- 
related facies successions. As shown 
in Figure 5, detailed correlations of 
shoreline facies successions may 
show surfaces of onlap and downlap, 
hence defining minor bounding discon- 
tinuities. 

In other examples, unconformities 
may be inferred in shoreline and non- 
marine sections where locally distinc- 
tive stratigraphic units or successions 
recognizable locally are cut out and re- 
placed by anomalous units. An exam- 
ple is shown in the cross section 
(Fig. 9) from the Lower Cretaceous 
Mannville group of eastern Alberta. 
Here, the gamma-ray logs in wells 11 - 
30-55-1 4W4 and 6-32-55-1 3W4 can be 
correlated in detail by matching coars- 
ening-upward and fining-upward pat- 
terns in these shoreline and nonmarine 
sediments (interpretations from nu- 
merous cores). Sonic and resistivity 
logs (not shown) were also used to 
make the best possible pattern 
matches. The thick sandstones just 
below the datum in wells 7-33, 7-36 
and 6-31 are anomalous deposits 
which locally replace the interbedded 
sandstones and shales. Numerous 
cores and some outcrops show that 
these thick sandstones are fluvial to 
estuarine in origin. Mapping has shown 
that they are linear bodies extending 
for tens of kilometres along the basin, 
but generally less than 5 to 8 km wide. 

Figure 9 Gamma-ray cross section from the Upper Mannville of eastern Alberta. The Reasonable correlations can be made 
regionally correlative log patterns in these fluvio-deltaic deposits (shown at each end) are 
replaced locally by the valley-fill sandstone. Mapping has shown these anomalous gamma- between the sediments on either side 

ray log patterns occur in a linear trend. Detailed pattern matching across the sandstones Of the channel (Fig. and 

implies later incision of valleys into the top of the unit, rather than a contemporaneous 6-32)! probably indicating that layers 
channel. were once continuous, but have subse- 
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Figure 10 The seismic image of an un- 
conformity (or any other surface) depends 
on the acoustic impedance across it. The 
upper diagram shows rock units with their 
sonic velocities (kmlsec). The lower 
diagram shows reflections, with amplitudes 
indicated by the thicknesses. The polarity 
of the reflection (i.e., whether a peak or a 
trough is generated first) depends on the 
impedance change, whether positive or 
negative. Where the polarity is reversed, 
the unconformity is indicated by a wavy 
line. The shaded peak of the reflection ac- 
tually occurs one-half wavelength below 
the unconformity here. 

Figure 11 Well 6-33-14-13\1\14, in 
southern Alberta, showing (right) a 
gamma ray log, (top left) a display of sonic 
log data from the well, seismic data from 
shot points 194 and 196, with the synthetic 
seismogram between them, and (bottom 
left) a seismic line through the well. The 
tops of the Mannville Group (MNVL), 
Middle Mannville Ostracod Zone (OCDZ), 
and Mississippian (MSSP) are marked on 
each. The shot points (SP) are indicated 
above the seismic line. The peak (to the 
right) of each reflection is infilled. Note the 
lack of vertical resolution of the seismic 
data compared to the well log. However, 
the seismic line shows the context of the 
lower Mannville sandstone in a valley cut 
on the subCretaceous unconformity. Note 
the truncations of reflections at the sub- 
Cretaceous unconformity. Modified from a 
well-integrated subsurface geology and 
seismic study by Hopkins etal. (1987). 

6 - 33 - 1 4 -  13W4 

Integrated SP Synthetic SP 
Son~c Log I96 seismogram 194 
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quently been incised by valleys. A 
series of correlative incision events at 
the same stratigraphic level marks an 
unconformity which is undetectable 
where the channels are absent. These 
anomalous sandstone units were 
therefore deposited within valleys cut 
as part of an unconformity that devel- 
oped on fluvial and thin deltaic se- 
quences. The most generally accepted 
interpretation of the series of events in 
this part of the Mannville Group (Fig. 9) 
is: 1) deposition of the interbedded 
fluvial and deltaic sands and shales, 2) 
drop of relative sea level, allowing the 
incision of 30 m-deep fluvial valleys 
through the coastal plain, 3) rise of 
relative sea level (transgression) and 
salt water invasion of the valleys, 
forming linear estuaries, and 4) com- 
plete filling of the valley by transgres- 
sive sediments grading from fluvial to 
estuarine deposits. 

This interpretation illustrates the in- 

tegration of facies analysis performed 
on cores with allostratigraphic analysis 
essentially done on well-log cross sec- 
tions. By itself, core logging could not 
have shown the relationships between 
the estuarine deposits and the older 
deltaic sediments. Equally, allostrati- 
graphic analysis of cross sections 
would not have yielded much informa- 
tion about the nature of the sediments 
and their relationships to sea level. 

SEISMIC REFLECTIONS 
Seismic surveys are conducted to in- 
vestigate subsurface geology by 
sending compressional sound waves 
into the earth and detecting the re- 
flected or refracted energy returning 
to the surface. Shallow (up to sev- 
eral hundreds of metres penetration) 
single-channel systems (one receiver) 
or medium depth (up to 10 km pene- 
tration) multi-channel systems (many 
receivers, with digital data added 

mathematically) record entirely re- 
flected energy. By moving the point of 
origin of the sound waves (the shot 
point) and the detectors, a continuous 
section of any desired length may be 
obtained. Seismic sections are nor- 
mally shot in straight lines. 

A seismic reflection is generated 
where a descending sound wave en- 
counters an interface which reflects 
part of the energy back to the detec- 
tors. The reflectivity of a surface has 
been found to depend on the contrast 
in the density and sound transmission 
velocity of the materials above and 
below it. The product of these quanti- 
ties is the acoustic impedance of the 
medium, and the strength or amplitude 
of a reflection from a surface depends 
on the acoustic impedance contrast or 
ratio, across it. Reflections are gener- 
ated from stratigraphic surfaces such 
as bed contacts or unconformities only 
where a contrast in acoustic imped- 

Figure 12 Seismic section from the Venture area, Scotian Shelf of eastern Canada. The horizontal scale is distance, but the vertical scale is 
two-way travel time (up to 4 seconds), and is nonlinear with respect to depth in metres (the Venture 6-13 well is 5219 m deep). The age data 
and formation picks are from the two wells shown, tied in by synthetic seismograms. In this area, growth faults affect the Upper Jurassic to 
Lower Cretaceous section, but younger rocks are almost undisturbed. Curved arrows indicate units of upward-increasing reflection frequen- 
cies, amplitudes, and continuities. ESB indicates an erosional sequence boundary. 
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ance occurs across them. For exam- 
ple, an unconformity is not directly 
imaged if sandstones of similar ve- 
locity and density are superimposed 
above and below it. However, laterally, 
where the sandstone lies below a 
shale with lower velocity, a reflection is 
generated (Fig. 10). 

A seismic section comprises a 
series of shot points displayed hori- 
zontally, and a series of reflections 
shown at different vertical distances. 
In Figure 11 (lower left), the shot 
points are 25 m apart, and each shot 
point has a seismic trace displayed 
beneath it. By convention, the right 
half of each trace is filled in (black- 
ened), for illustrative purposes. Where 
the trace deflects markedly left or 
right, a reflection from an interface is 
indicated. Reflections are character- 
ized by their amplitude and frequency, 
and by the degree of continuity of 
peaks and troughs from shot point to 
shot point. A seismic section appears 
very much like a geological cross sec- 
tion (Fig. 12), with a series of surfaces 
of contrasting acoustic impedance dis- 
played horizontally, appearing like 
sedimentary bedding. However, a seis- 

SLOPE BASIN 

mic section is not a geological cross 
section. Individual sedimentary units 
are not imaged, regardless of their 
lithology, if there is no impedance con- 
trast at their surfaces. Also, the ver- 
tical dimension of a seismic section is 
not depth, but the two-way travel time 
(down and back) of the sonic wave 
(Figs. 1 1, 12). Because velocities gen- 
erally increase with greater depths, the 
display is nonlinear with respect to 
depth. Depth conversion can be done 
roughly by using interval velocities, 
calculated during data processing, and 

commonly given at the tops of many 
sections. In Figure 11, the 200 m-thick 
Mannville Group is represented by 
about three peaks and troughs. 
Therefore the stratigraphic thickness 
represented by the average reflection 
(peak to peak) is about 67 m. It is 
therefore emphasized that one reflec- 
tion does not represent a single bed, 
but a stratigraphic interval several tens 
to hundreds of metres in thickness. 

In many cases, depths are obtained 
by using synthetic seismograms. Syn- 
thetics are created by assuming or 

1 - Onlap 3 - Downlap 5 - Truncation (unconformity) 

2 - Offlap 4 - Toplap 6 - Clinoforms 

Figure 13 Stratigraphic patterns commonly seen on.seismic lines, at many different 
scales. When combined with biostratigraphic dating, these patterns are the basis for inter- 
pretation of the stratigraphic history of a basin. Similar patterns but generally of a smaller 
scale, may be identified on correctly correlated well-log cross sections. 

RAMP BASIN 

1 - Alluvial conglomerate and sandstones.lacustrine shales 

2 - Non-marine clastic and coal 

2b - Deltaic facles 

3 - Shoreline to regressive shallow marine facies successions 

3b - As above-but with incised non-marine fill 

3c - As above.but growth faulted 

3d - Shoreline deposits-isolated by base-level drop 

4 - Slope shales and interbedded sandstones 

5 - Deep marine clastic fans 

6 - Lagoonal-Shelf carbonates;shale interbeds 

7 - Reef 

8 - Deep marine carbonate apron 

9 - Carbonate slope.mlcrites and megabreccias 

10 - Deep marine pelagic sediments 

Figure 14 Composite diagrams of lateral facie~ relationships shown on seismic data in a slope basin (one with deep water such as a 
passive continental margin), and a ramp basin (one on the craton lacking very deep water). The depositional facies can be generally identified 
by the overall lateral relationships, and by the large-scale features such as the slope, the mounds, and the reefs that can be imaged. 



measuring a characteristic seismic 
wavelet for an area, then mathemati- 
cally combining it with depth, velocity, 
and density data from sonic logs used 
to calculate acoustic impedance con- 
trasts. This procedure models or calcu- 
lates from the sonic log data what the 
seismic response of the rock units 
should be. Visual comparison of ampli- 
tude and frequency patterns on the 
synthetic seismogram can be made 
with the real seismic record to estimate 
depths (from log depths) to reflections 
(Figs. 1 1, 13). Details of synthetic seis- 
mogram construction are given in a 
very understandable and readable 
form by Anstey (1982). A synthetic 
seismogram is a very powerful tool for 
calibrating the seismic response to the 
stratigraphy of an area, because it 
shows which lithologic interval is re- 
sponsible for an individual reflection. 

Single-channel seismic data (typical 

3. SUBSURFACE FACIES ANALYSIS 

of marine geological investigations of 
the upper few hundred metres) are 
recorded directly onto paper by analog 
processes. Multi-channel seismic data 
(collected by the petroleum industry 
for exploration and development) are 
recorded digitally to allow subsequent 
numerical processing by large com- 
puters. Seismic processing consists of 
a complex series of numerical opera- 
tions performed on the raw data. It is 
designed to enhance the reliability 
(reduce multiple internal reflections 
and spurious reflections), sensitivity 
(increase signal to noise ratio) and po- 
sitioning (correct locations of reflec- 
tions from dipping beds) of the data. It 
also allows the data to be displayed in 
an interpretable fashion. 

Reflection amplitude, as mentioned 
above, is a function of acoustic im- 
pedance contrast. It is well enough 
preserved during modern processing 

that the relative strengths of reflections 
can be observed. Reflection frequency 
(time interval between peaks) depends 
on the spacing of reflectors as well 
as processing. Reflection continuity 
depends on the lateral extent of the re- 
flector. Within a data set of relatively 
uniform conditions of acquisition, pro- 
cessing, and display, variations in 
these characteristics may be inter- 
pretable in terms of rock properties 
and sedimentary facies (see Seismic 
Facies section below). 

A typical seismic line through the 
Venture gas field, Scotian Shelf, is 
shown in Figure 12. Individual shot 
points and traces cannot be seen on 
this scale, but the more or less hori- 
zontal dark lines in Figure 12 are re- 
flections like those in the lower left of 
Figure 11. The seismic line has been 
annotated with formation names on 
the left end, and ages on the rightL 

TWT 
sec. 

Venture 8-13 

Figure 15 Upper Cretaceous and Tertiary section from the Venture area, Scotian Shelf. Erosional sequence boundaries (ESB) on seismic 
lines are indicated by truncation or on/ap of reflectors. Clinoforms are indicated by "C .  Many rotational normal faults disrupt the clinoform sets 
at the base of the Banquereau Formation. The high-amplitude reflections in the Wyandot Formation originate from chalk beds which are 
essentially analogous to a condensed section, deposited at the peak of the transgression when clastic input was low. 
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These data are derived from the two 
wells, as tied in with synthetic seismo- 
grams. In this case, seismic facies se- 
quences were defined on variations in 
amplitudes, frequencies, and continu- 
ities of reflections. The growth faults in 
the Jurassic section and the minor 
fractures in the Lower Tertiary were 
delineated by correlating breaks in re- 
flections. Detailed parts of this line will 
be discussed later in the chapter. 

SEISMIC STRATIGRAPHY 
Seismic stratigraphy involves the ap- 
plication of seismic data to the study of 
regional and global sedimentary se- 
quences and their bounding unconfor- 
mities. It grew out of investigations 
performed by the Exxon Production 
Research Company, summarized ini- 
tially in Payton (1977). This publication 
explains many of the fundamentals of 
large-scale stratigraphic analysis (both 
seismic and otherwise) and must be 
understood by anyone attempting this 
kind of work. The interpretations of rel- 
ative sea level changes purely in  
terms of eustacy (Vail et al., 1977) 
have recently been modified by some 
workers, but the basic principles of 
seismic stratigraphy are demonstrated 
in this publication (Payton, 1977). 

Figures 1 1 and 12 emphasize a fun- 
damental condition of seismic stratig- 
raphy, namely that the scale and 
resolution of multichannel seismic 
data are very different from outcrop or 
well-log cross sections. Particularly at 
great depths where velocities are high, 
seismic data are generally incapable 
of resolving stratigraphic features less 
than 50 to 100 m in thickness. These 
differences in scale of resolution are 
emphasized in the example from the 
Mannville Group of Alberta (Fig. 1 I ) ,  
where a gamma-ray log, a synthetic of 
the well, and a seismic line, show the 
differences in degree of vertical reso- 
lution. Recent detailed work using 
well-log cross sections (Figures 5 and 
9) has revealed several unconformities 
within the Upper Mannville alone, but 
these all occur within one seismic se- 
quence (definition in Chapter 1). Many 
recurring stratal patterns are seen on 
seismic lines that are useful for strati- 
graphic subdivision and analysis of 
base-level changes. Figure 13 shows 
many of the more important configura- 
tions and the terminology applied to 
them. These configurations have been 

interpreted to result from eustatic ~ar ia-  some well-log cross sections. 
tion of sea level, although other mech- Seismic reflections are in most 
anisms are now considered possible cases generated where sharp litho- 
(Chapter 1). However their origins are logic contrasts occur between succes- 
interpreted, these configurations are sive stratigraphic units. Lateral grada- 
fundamentally important, large-scale tions of lithology or facies cannot be 
features seen on seismic lines and imaged. Sharp stratigraphic contrasts 
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Figure 16 A core log from the Upper Jurassic-Lower Cretaceous Missisauga Formation, 
Scotian Shelf, showing a regressive shoreface sandstone, followed by a transgressive sand- 
stone. The flooding surface occurs at the top of the oolitic carbonates (just above top of 
core). These transgressive carbonates generate high-amplitude, laterally continuous reflec- 
tions on seismic lines. The patterns of upwardly increasing reflection amplitude, frequency, 
and continuity are shown in Figures 12 (curved arrows) and 17. 
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commonly develop where marine deep marine facies, commonly fol- nuity of reflections). Good examples 
mudstones overlie sandstones as a lowing flooding surfaces. Because of are illustrated and discussed in 
result of marine flooding; seismic re- the lack of resolution of seismic data at Chapter 13. 
flections therefore roughly follow these depths, individual facies successions are 
time surfaces. On many seismic lines not generally imaged. Instead, reflec- Major external morphologies 
(Fig. 14), individual reflections or pack- tions are composite interference effects Seismic data have a relatively low res- 
ages of reflections are composite in- from several successions. Seismic data olution, and reflections generally do 
terference effects generated from can therefore delineate packages of not follow facies boundaries. Con- 
stratal boundaries such as interbeds sediment deposited in a wide range of sequently, only those larger-scale de- 
within facies successions, contacts environments, in a given time interval. positional features with lithologies that 
between facies successions, and well- Bounding discontinuities and con- contrast with the surrounding sedi- 
cemented transgressive condensed densed horizons can commonly be ments can be imaged directly. These 
sections. These reflections follow identified on seismic sections, allowing features include reefs, carbonate bank 
stratal boundaries but cut laterally for allostratigraphic subdivision (albeit edges, delta complexes (Chapter 9), 
through lithologic and facies bound- on a relatively large scale). Because of larger incised valleys, deep water 
aries. They can commonly be traced lithologic contrast with the surrounding slopes, and submarine fan complexes 
from shoreline deposits through shal- rocks, many condensed sections show (Figs. 27-30 in Chapter 13). On some 
low and into deep marine deposits. prominently on seismic records (Fig. 15). sections, the entire depositional spec- 
For example, a reflection may follow They can be also be recognized by the trum from nonmarine to deep marine 
the top of a shoreline sandstone. Far- presence of overlying clinoform sets can be recognized (Fig. 14). 
ther offshore, this surface represents (Fig. 15). Unconformities may or may This kind of large-scale seismic 
the top of a marine coarsening-up- not be directly imaged, depending on facies analysis may be as simple as 
ward succession, capped only by the acoustic impedance contrast across visual examination of reflection mor- 
interbedded siltstones and shales. The them. Angular unconformities can be phologies (as in the examples cited 
interface between the top of the coars- traced by joining truncation points (Figs. above), or may involve mathematical 
ening-upward succession and the suc- 10, 15) of underlying (erosion) or over- modelling of reflection patterns gener- 
ceeding shale is sharp, so that an lying (onlap) reflections. ated from idealized morphologies and 
impedance contrast results which lithologies of different depositional 
follows the depositional surface. This SEISMIC FACIES ANALYSIS features. 
surface is essentially a time line. No re- Facies concepts can be applied to 
flection is generated at the laterally gra- seismic lines by analyzing portions Internal seismic attributes 
dational contact between the shoreface with differing aspects. Seismic aspects On a more detailed scale, seismic 
sandstone and offshore siltstone. This include the major external morpholo- facies can be based on internal reflec- 
property is a fundamental characteristic gies of seismic features (e.g., the lens- tion characteristics - the amplitude, 
of seismic reflections (Vail et a/., shaped valley fill, lower left in Figure frequency, and continuity of reflec- 
1977), which may therefore extend 1 I) ,  or the internal reflection attributes tions. For example, high-amplitude 
along time surfaces from continental to (amplitudes, frequencies and conti- discontinuous reflections indicate the 

"0' 

Figure 17 A small section of seismic line with a synthetic made from a well at its end, from the Scotian Shelf. Note the amplitude patterns 
an the synthetic which correspond to those on the line. The high-amplitude reflections are generated by beds of oolitic limestones deposited 
during transgressions over the shallow-marine sandstones and shales. " 0  indicates one very laterally extensive limestone called the 0 
Marker. "C" indicates small clinoform sets which are laterally discontinuous, but which mark the bases of the units. 
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complex stacking of thalweg sand- TWT 

stones and overbank mudstones in 
large submarine fan valleys (Fig. 29 in 
Chapter 13). Similar seismic facies 
occur in nonmarine fluvial deposits, 
with numerous variable-amplitude, 
discontinuous reflections related to 
the presence of high-reflectivity coals 
and discontinuous shales in overbank 
areas, cut out by sandstone-filled 
channels. This seismic character 
differs from the much more contin- 
uous, more constant amplitude reflec- 
tions generated from shoreline and 
shallow-marine clastics (Fig. 12), and 
from continuous basin floor turbidites 
(Fig. 31E in Chapter 13). Highly con- 
tinuous, high-amplitude reflections 
from interbedded shelf shales and 
limestones are easily separable in 
many examples from chaotic, almost 
reflection-free reef seismic facies. 
Some generalizations about clastic 
seismic facies have been discussed 
by Sangree and Widmier (1977) and 
Roksandic (1978), and carbonate 
seismic facies by Bubb and Hatlelid 
(1 977) and Sarg (1 988). 

Where uniform seismic data collec- 
tion, processing, and display have oc- 
curred, simple qualitative calibration of 
reflection characteristics to core and 
well-log data from a specific area can 
also be made. This calibration proce- 
dure is analogous to the calibration 
and interpretation of SP or gamma-ray 
log patterns but is probably even more 
risky because of the lack of resolution 
of individual successions on the 
seismic scale. 

Figure 18 A seismic line with core and 
well-log control from the Upper Cretaceous 
Logan Canyon Formation, Scotian Shelf. 
The core suggests interbedded open 
marine (from rnicropaleontology) and estu- 
arine deposits, with erosion and generation 
of intraclasts and coal clasts. The alterna- 
tion of open marine and estuarine deposits 
is interpreted to result from short-period 
base-level drops which cut erosion sur- 
faces on the shelf (see Chapter 11). The 
seismic line shows a complete lack of 
seismic-reflection patterns (compare to 
Figures 12 and 17). The core is equivalent 
to the section imaged between 1.9 and 2.0 
seconds. . 

COHASSET A-52 LOGAN CANYON FM 
m 

Shallow Marine 
Shale with sandy and silty lam.-moderate 
bioturbation, oyster fragments 

-f Limy bed -oyster fragments 
Sst - fine gnd, pelecypod and oyster fragments. ' ' Zoophycus. Planolites, Chondrites 

Sst-fine gnd with shale interbeds, burrowed, 
15 some low angle laminations, 

Teichichnus, Planolites Palaeophycus 

Estuarine- 
Non Marine 

Shallow Marine 

. 
. 

. i Sst - fine-medium gnd, no visible structures. . . zone of coal clasts 

. . a ,  

Shale - silty interbeds, 
graded with hummocky 
cross-strat., gastropods. 1 concretions 

Limestone - some 
glauconitic sandstone 
Limestone - oolitic. 
gastropods 
Mixed shale and sst-oyster 
fragments, bioturbated 

Sonic 
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Calibration of well logs, cores and shoreline clastic facies successions, 
seismic responses: Scotian Shelf with apparent transgressive shelf de- 
This calibration has been carried out posits as shown by many cores and 
on two intervals of shallow-marine sed- logs (Fig. 17) from Venture gas field. 
iments on the Scotian Shelf of eastern The transgressive units commonly are 
Canada. The Upper Jurassic to Lower capped by oolitic carbonate beds on 
Cretaceous Missisauga Formation the flooding surfaces that generate 
(Fig. 16) consists mainly of stacked strong seismic reflections. These sur- 
coarsening-upward shallow marine to faces are in many examples overlain 

SHELF BASIN 

RAMP BASIN 

a Non-marine and littoral 
MFS - Maximum flooding surface LST 

Marine shales 
LST - Lowstand 

Fluvial-estuarine valley fill 

Deep sea fan deposits HST - Highstand 

Figure 19 Generalized diagram of systems tracts in unconformity-bounded sequences in 
shelf and ramp basins. MFS is the maximum flooding surface. 

Coal Shoreface sandstone Shallow marine shale 

Figure 20 Diagram illustrating four progradational facies successions stacked in an overall 
retrogradational or transgressive pattern. The stacking pattern is important in determining 
the systems tract. 

MARINE SHALE 0 MARGINAL MARINE 
SANDSTONE ) NON-MARINE 

Figure 21 Stratigraphy of the Mannville Group of the Alberta Basin from a proximal area 
(SE) to a distal one (NW). The lower part of the succession (up to the MFS, maximum 
flooding surface) consists of a transgressive systems tract, and the upper part is a highstand 
systems tract. The shale clinoforms are shown in Figure 8. Depositional environments from 
outcrop and subsurface work are shown. 

by small clinoform sets (C in Fig. 17) of 
the basal, slightly deeper-water shelf 
deposits above. The patterns of 
upward-increasing reflection ampli- 
tudes, continuities, and frequencies 
can be used to interpret the same style 
of sedimentation in uncored areas. 

The shaly Albian to Cenomanian 
Logan Canyon Formation shows com- 
pletely different shallow-marine facies 
in cores (Figs. 12, 18). The sharp- 
based sandstones do not appear to be 
parts of regressive coarsening-upward 
successions; they are more randomly 
interbedded. On the basis of their sedi- 
mentary and biogenic structures in 
cores, they can be interpreted as estu- 
arine or even nonmarine deposits inter- 
calated within the marine shales. 
Although well control is not adequate to 
map incised valleys, it is believed that 
the basal surfaces of the sandstones 
represent erosional events resulting 
from short-term base-level drops. 

The seismic response of this 
shallow-marine facies (Fig. 18) is 
completely different from that of the 
Missisauga interval (Fig. 12) dis- 
cussed above. Amplitudes and times 
of arrival (depths) of individual reflec- 
tions vary laterally in an irregular 
fashion across the interval. No vertical 
patterns of reflection amplitudes or 
frequencies can be documented. 
Some sloping reflections with apparent 
onlaps exist (Fig. 18) which could be 
interpreted as delineating erosion sur- 
faces, but resolution of these is poor. 
Small (less than 50 m high), laterally 
restricted clinoforms and minor growth 
faults also occur in places (Fig. 18). 
The overall aspect of the seismic re- 
sponse of this interval is an absence 
of patterns of any seismic attributes, 
either vertically or horizontally. The 
discontinuous reflections have variable 
amplitudes which are not organized 
into any larger-scale patterns; this is 
due to lateral variation in the amount 
of sandstone, minor growth faults, and 
absence of major transgressive or 
condensed horizons. This seismic 
facies should be contrasted with the 
packages of upwardly increasing re- 
flection amplitudes, frequencies and 
continuities shown in Figure 17. 

LARGE-SCALE FACIES 
RELATIONSHIPS 
Subsurface work has contributed a 
great deal in recent years to knowl- 
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edge of large-scale f a c i e ~  relation- 
ships. It has particularly helped in un- 
derstanding the way in which facies 
successions relate to one another and 
to the different types of bounding 
surfaces. This section presents, in 
the most abbreviated form possible, a 
few of the most general conclusions 
achieved by subsurface study of these 
large-scale relationships. 

Large-scale facies associations can 
be grouped into depositional sys- 
tems tracts, depending on relation- 
ships to allostratigraphic bounding dis- 
continuities, positions in the basin with 
respect to other systems tracts, and 
whether they have overall prograda- 
tional or retrogradational patterns 
(Fig. 19). Depositional systems tracts 
are associated with specific bounding 
discontinuities. For example, a trans- 
gressive systems tract is capped by a 
maximum flooding surface or con- 
densed section (Fig. 19), whereas a 
highstand systems tract is capped by 
an unconformity (Fig. 19). The facies 
associations or systems tracts are 
normally composed of several vertical 
facies successions (Fig. 20). Individ- 
ual successions do not necessarily 
show the same trend. The associa- 
tions of bounding discontinuities 
systems tracts have been reviewed by 
Posamentier and Vail (1988). These 
authors interpret the organization of 
depositional systems and erosional 
discontinuities almost entirely in terms 
of eustatic sea level variation. How- 
ever, other interpretations can be 
made in terms of tectonic subsidence 
and variations in the rate of sedimen- 
tation. An example of this is shown in 
Figure 21, from the Lower Cretaceous 
Mannville Group of Alberta. The Lower 
to Middle Mannville (below MFS 
in Fig. 21) comprises a lowstand 
to transgressive systems tract made 
up of individual progradational facies 
successions. The thin shale directly 
above the Bluesky Sandstone con- 
tains the maximum flooding surface, 
as shown by regional cross sections. 
The Upper Mannville is a strongly 
progradational highstand depositional 
systems tract. The stratigraphy of this 
clastic wedge has been interpreted as 
the result of variations in tectonic sub- 
sidence and sediment supply rates 
from the Cordillera to the foreland 
basin, rather than eustatic variations in 
sea level. The Mannville systems 

tracts occur in the same arrangement 
as shown in Figure 19, but the inter- 
pretation may differ from that of 
Posamentier and Vail (1988). 

Large-scale subsurface analysis in 
terms of systems tracts has also led to 
a greater understanding of relationships 
between siliciclastic and carbonate 
sediments in many areas. Figure 22 
shows a cross section of one side of a 
basin rimmed by carbonate banks and 
reefs. The basin centre facies was de- 
posited beyond the bank edge, and 
consists dominantly of sandstones and 
shales. The relationships beheen  
these systems tracts imply that clas- 
tics were supplied from the land and 
transported across the carbonate 
shelf, probably in incised valleys 
during periods of relative sea level fall. 
At the slope break, they were de- 
posited as deltas, shorelines, or deep 
sea fans, depending on the local basin 
depth compared to sea level. During 
subsequent transgressions, some 
shelves were covered by thin qiliciclas- 
tics but others completely lack this 
facies. Rapid production of carbonate 
sediments during the relative rising 
sea level phase allowed aggradation - 
and progradation of the carbonate 
complex (Chapter 18). This kind of al- 
ternating highstand-lowstand deposi- 
tion of carbonates and clastics has 
been termed reciprocal sedimen- 
tation. Most well-established examples 
have been imaged on seismic lines, 
but well-log cross sections and rare 
outcrops also show these relation- 
ships. 

CONCLUSIONS 
Large-scale subsurface facies analysis, 
combined with allostratigraphy and/or 
sequence stratigraphy, is now one of the 
most dynamic fields of research in sedi- 
mentary geology. Comparison of this 
volume with previous editions of Facies 
Models shows the increase in under- 
standing of sedimentary systems and 
the extent of the contribution of subsur- 
face work. While many ideas about indi- 
vidual facies have not changed markedly 
in the last ten years, ideas of facies rela- 
tionships and the nature and signifi- 
cance of the bounding surfaces between 
them have been revolutionized. 
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INTRODUCTION 
Trace fossils contribute a unique blend 
of sedimentological and paleontolog- 
ical information about depositional en- 
vironments. They record the behaviour 
of active, in situ organisms to a much 
greater extent than body fossils. Ich- 
nology, the study of trace fossils, is 
therefore concerned with the behav- 
ioral record of benthic organisms, as 
dictated or modified by environmental 
constraints. 

Biogenic structures appear in many 
forms (Frey and Pemberton, 1985), but 
this chapter is concerned mainly with 
tracks, trails, burrows, and borings. In 
order to define the facies implications 
of these biogenic structures, it is first 
necessary to discuss their behavioral 
(ethological) significance. The two 
main objectives of the chapter are 1) to 
describe and interpret nine associa- 
tions of trace fossils (ichnofacies), and 
2) to show how these ichnofacies can 
be used in stratigraphic reconstruc- 
tions, and in defining allostratigraphic 
bounding discontinuities. 

FACTORS INFLUENCING THE 
CLASSIFICATION OF TRACE 
FOSSILS 
Special classification schemes have 
been developed for trace fossils, be- 
cause they represent behaviour rather 
than actual body remains. Historically, 
trace fossils have been classified in de- 
scriptive, preservational, taxonomic, 
and ethological terms. Of these, the 
ethological scheme is by far the most 
important, because the behavioral 
record of benthic organisms is dictated 
and modified not only by genetic pre- 
adaptations, but also by prevailing envi- 
ronmental parameters. 

Ekdale et a/. (1984) recognized 
seven basic categories of behaviour; 
resting traces (cubichnia), locomotion 
traces (repichnia), dwelling structures 
(domichnia), grazing traces (paschnia), 
feeding burrows (fodinichnia), farming 
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systems (agrichnia), and escape traces 
(fugichnia). Ekdale (1985) added pre- 
dation traces (praedichnia), and Frey 
et a/. (1987) emphasized the impor- 
tance of equilibria (fugichnia) to all 
other behavioral patterns (Fig. 1). 

These fundamental behavioral pat- 
terns are genetically controlled, but are 
not phylogenetically restricted. The 
basic ethological categories have 
mostly persisted throughout the Pha- 
nerozoic. Individual tracemakers have 
evolved, but basic benthic behaviour 
essentially has not. For example, de- 
posit feeders are preadapted to low- 
energy environments where deposited 
foodstuffs are most abundant; they do 
not fare well in turbulent water settings. 
The opposite is true for suspension 
feeders. Similarly, locomotion traces 
can be preserved only in fine-grained, 
low-energy quiescent environments 
such as lagoons. This ability to discern 
behavioral trends of benthic organisms 
represented in the rock record greatly 
facilitates environmental interpretations. 

THE ICHNOFACIES CONCEPT 
Just as various physical sedimentary 
structures can be grouped together to 
define facies (Chapter I ) ,  so individual 
ichnofossils can be grouped into ich- 
nofacies. Experience has shown that 
there is a limited number of groups or 
associations of ichnofossils. This 
grouping, developed by Adolf Seilacher 
(1 967) in the 1950s and 1960% was 
originally based on the concept that 
many of the parameters controlling the 
distribution of tracemakers tend to 
change progressively with increased 
water depth (Fig. 2). 

Because of the geological value of 
this bathymetric relationship (Fig. 2), 
the ichnofacies sequence devised by 
Seilacher soon came to be regarded 
almost exclusively (albeit erroneously) 
as a relative paleobathometer. Today 
the ichnofacies remain valuable in envi- 
ronmental reconstructions, but paleo- 
bathymetry is only one aspect of the 
modern ichnofacies concept (Frey et 
al., 1990). 

Agrlchnla Praedlchnia ,A Pseudlchnla [Ix- - .- 
/ 

Figure 1 Behavioral classification of trace fossils. With environmental fluctuation, virtually 
all traces are intergradational with the fugichnia - escape or equilibrium structures. 
Extended stress may lead to death throes and the taphichnia, some of which might be 
confused with inorganic structures resembling trace fossils, the pseudichnia. Adapted from 
Frey et a/. (1 987). 
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The ichnofacies concept is closely 
related to the concept of ichnocoe- 
noses. An ichnocoenose (sometimes 
spelled ichnocoenosis) is an associa- 
tion of contemporaneous, environmen- 
tally related traces, somewhat analo- 
gous to a community of organisms. An 
ichnofacies is the preserved record of 
that ichnocoenose (Frey and Pem- 
berton, 1985, p. 90-94, their table 2). 
Seilacher's ichnofacies, therefore, are 
merely distinctive, recurrent, archetypal 
associations of traces. 

In practice the term ichnocoenose 
has been applied in different ways by 
different workers (Bromley, 1990, p. 
181 -1 82). The concept clearly applies 
not only to traces in modern settings 
but also to their ancient counterparts 

in the rock record (Radwanski and 
Roniewicz, 1970; Frey and Pemberton, 
1987). Modern ichnocoenoses (Dorjes 
and Hertweck, 1975) are studied as a 
basis for the interpretation of fossil 
equivalents. 

lchnofacies and reconstructed ichno- 
coenoses are part of the total aspect of 
the rock. Isolated bored shells or clasts, 
for example, do not in themselves con- 
stitute the Trypanites ichnofacies. 
Rather, they must conform to Walther's 
Law where there should be some sem- 
blance of stratification, lateral conti- 
nuity, and vertical succession. It follows 
that interpretations of ichnofaunas are 
improved substantially when the traces 
are studied in the context of the host 
rocks, the physical sedimentary struc- 

tures, and the stratigraphic position 
within an overall facies succession. 

RECURRING ARCHETYPAL 
ICHNOFACIES 
Nine recurring ichnofacies have been 
recognized, each named for a repre- 
sentative ichnogenus, namely Scoy- 
enia, Glossifungites, Trypanites, Tere- 
do l i tes ,  Psi lonichnus,  Skol i thos,  
Cruziana, Zoophycos, and Nereites. 
These ichnofacies (Fig. 2) reflect 
adaptations of tracemaking organisms 
to environmental factors such as sub- 
strate consistency, food supply, hydro- 
dynamic energy, and salinity and 
oxygen levels (Frey and Pemberton, 
1984; Frey et al., 1990). 

Figure 2 Recurring marine ichnofacies, placed in a representative, but not exclusive, suite of environmental gradients. Local physical, chem- 
ical, and biological factors ultimately determine which traces occur at which sites. Typical trace fossils include 1) Caulostrepsis, 2) Entobia, 
3) echinoid borings, unnamed, 4) Trypanites, 5,6) Gastrochaenolites or related ichnogenera, 7) Diplocraterion, 8) Psilonichnus, 9) Skolithos, 
10) Diplocraterion, 1 1) Thalassinoides, 12) Arenicolites, 13) Ophiomorpha, 14) PhycodeB, 15) Rhizocorallium, 16) Teichichnus, 
17) Crossopodia, 18) Asteriacites, 19) Zoophycos, 20) Lorenzinia, 21 ) Zoophycos, 22) Paleodictyon, 23) Taphrhelminthopsis, 
24) Helminthoida, 25) Spirorhaphe, 26) Cosmorhaphe. Modified from Crimes (1975); Frey and Seilacher (1980). Bathymetric terms are from 
Ager (1963), mainly from the Treatise on Marine Ecology and Paleoecology. Not to scale. 



ORGANIZATION OF 
THE DESCRIPTIVE PART OF 
THIS CHAPTER 
Nonmarine ichnofacies are described 
first, but most (other than the Scoyenia 
assemblage) are in need of further 
study. Marine softground ichnofacies 
are described under two subheadings, 
nearshore marine and coastal (Psilo- 
nichnus, Skolithos, Cruziana), and 
open marine and deep marine (Zoo- 
phycos and Nereites). Substrate- 
controlled ichnofacies, associated with 
firmgrounds (Glossifungites), wood- 

Figure 3 Characteristic types of biogenic 
structures in nonmarine environments. A) 
Structures typical of modern and ancient soil 
zones; 1) bee burrows, 2) wasp burrows, 3) 
beetle burrows, 4) vertebrats burrows, and 
5) insect bite traces in leaves. B) Structures 
representative of the Scoyenia ichnofacies, 
which typifies the shore zone of ephemeral 
lakes and the overbank of rivers; 1) 
Scoyenia, 2) Ancorichnus, 3) Cruziana, and 
4) Skolithos. C) Structures typical of shallow 
lacustrine settings; 1) oligochaete burrows 
(e.g., Tubifex), 2) sphaerid and unionid 
bivalve burrows, and 3) chironomid larvae 
burrows. Modified after Ekdale eta/. (1984). 
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grounds (Teredolites), and hardgrounds 
(Trypanites), are described on the basis 
of substrate type and consistency. 

Most of these ichnofacies form in soft 
to fairly soft substrates. Representative 
occurrences are described below. 
However, members of particular ichno- 
facies can appear in other settings, de- 
pending on the correct set of charac- 
teristic environmental parameters. For 
example, from the standpoint of the 
ethological requirements of the trace- 
making organisms, certain intertidal 
back-barrier environments are not all 
that different from certain subtidal fore- 
barrier environments. They may contain 
virtually identical suites of trace fossils. 

NONMARINE ICHNOFACIES 
Scoyenia ichnofacies, and 
the ichnology of 
nonmarine environments 
At present, the only recognized named 
ichnofacies for nonmarine environ- 
ments is the Scoyenia ichnofacies (Fig. 
36). Frey et a/. (1 984) concluded that 
the Scoyenia ichnofacies remains a 
valid concept within appropriate limits 
and is suggestive of deposition in the 
shore zone of ephemeral lakes and 
along the overbank of sluggish rivers. 
Other distinctive assemblages charac- 
terizing nonmarine aquatic environ- 
ments remain unnamed, because of a 
paucity of ancient examples. For in- 
stance, modern lacustrine environ- 
ments are characterized by traces 
generated by oligochaete annelids, am- 
phipod crustaceans, sphaerid and 
unionid bivalves, and insect larvae 
(most notably midge larvae or chirono- 
mids; Fig. 3C). Unfortunately, ancient 
examples have not been widely docu- 
mented. 

The nonmarine realm includes both 
terrestrial and aquatic environments. 
Contrary to popular misconception, the 
Scoyenia ichnofacies is only one of 
many nonmarine ichnofacies (Frey et 
a/., 1984; Bromley and Asgaard, 1991 ; 
Gierlowski-Kordesch, 1991 ). Although 
the ichnological record of most nonma- 
rine environments is indeed meagre, in 
some cases distinct suites of trace 
fossils are present that may prove 
useful as diagnostic tools in paleoenvi- 
ronmental interpretation. Useful sum- 
maries of nonmarine ichnology, from 
both practical and philosophical points 
of view, were given by Ekdale et al. 
(1984), Miller (1984), Maples and 

Archer (1 989), Bromley (1 990), and 
Bromley and Asgaard (1 991). 

Prospects for the recognition of addi- 
tional archetypal nonmarine ichnofacies 
remain encouraging. For example, 
Ekdale et a/. (1984) and Frey and 
Pemberton (1987) noted that distinct 
suites of trace fossils characterize 
aeolian dunes and fluvial, paleosol, and 
lake environments, among others. The 
envirgnments and deposits essentially 
devoid of water include eolian settings 
(Chapter 8) and paleosols. Most eolian 
deposits have a meagre trace fossil 
record, but reptile and mammal track- 
ways, scorpionid, millepede, and 
isopod trails, and a variety of other non- 
descript surface trails and burrows 
made by dune-dwelling invertebrates 
can be present, as described by 
Ahlbrandt et a/. (1 978). They concluded 
that modern eolian deposits are domi- 
nated by only three distinctive types of 
biogenic structures (Fig. 4), 1) vertical 
unlined shafts constructed by numerous 
insects (e.g., sand wasps, crickets, bee- 
tle larvae) and arachnids, 2) horizontal 
meniscate burrows produced by crane 
fly larvae, and 3) footprints attributed to 
various reptiles, mammals, and inverte- 
brates that commonly crawl or walk 
across the dunes. 

Paleosols also have a meagre trace 
fossil record (Fig. 3A) which includes 1) 
invertebrate burrows that tend to be 
dominated by the larval cells of dung 
beetles (Retallack, 1984), 2) vertical 
unlined shafts possibly created by small 
insects and arachnids, 3) indentations 
on fossil plant leaves interpreted as 
insect bite traces or leaf mines, 4) ver- 
tebrate structures, including tracks, 
burrows, and coprolites from a variety 
of mammals and reptiles, and 5) rhi- 
zoliths representing the traces of roots. 

.Other nonmarine deposits are formed 
in running water (rivers, streams, wave- 
swept beaches) and standing water 
(ponds, pools and deep lakes) environ- 
ments. The ichnofossils of these envi- 
ronments were summarized recently 
by Ekdale et al. (1984), Frey et al. 
(1 984), Miller (1 984), Gray (1 988), 
Pollard (1 988), Maples and Archer 
(1989), Bromley (1990), and Bromley 
and Asgaard (1 991). 

Even though sediments of modern 
nonmarine environments are subjected 
to intense bioturbation, most ancient 
examples are characterized by a 
sparse ichnofossil assemblage. This 



50 PEMBERTON, MACEACHERN, FREY 

difference is probably due to numerous 
evolutionary and taphonomic factors, 
including 1) the fact that most organism 
groups originated in marine environ- 
ments, 2) subsequently, representa- 
tives of some groups adapted to 
brackish and freshwater conditions, 3) 
diverse Tertiary nonmarine ichnofossil 
suites are related to the evolution of an- 
giosperms (seed-bearing plants) in the 
Late Cretaceous, 4) angiosperm devel- 
opment led to an evolutionary explosion 
in the insects, 5) with the increase in 
insects came a corresponding increase 
in terrestrial and nonmarine crus- 
taceans, and 6) most biogenic struc- 
tures generated by nonmarine organ- 
isms are surficial and therefore 
ephemeral. These trends are reflected 
in examples documented from the 
Cretaceous-Tertiary of the Western 
lnterior of North America (Table 1). 
Such trends must be considered when 
evaluating the use of trace fossils in de- 
lineating marine to nonmarine transi- 
tions. Pre-Cretaceous occurrences, for 
instance, may not bear close resem- 
blance to later ones and must be evalu- 
ated with care. 

The trace fossils are characterized by 
1) small horizontal, lined, backfilled 
feeding burrows, 2) curved to tortuous 
unlined feeding burrows, 3) sinuous 
crawling traces, 4) vertical cylindrical to 
irregular shafts, and 5) tracks and trails. 
The invertebrates are mostly deposit 
feeders or predators, whereas the ver- 
tebrates are predators, herbivores or 
grovellers. Invertebrate diversity is very 
low, yet some traces may be abundant. 

GENERAL CHARACTERISTICS OF 
MARINE CLASTIC SOFTGROUND 
ICHNOFACIES 
Softground ichnofacies tend to be dif- 
ferentiated one from another by vari- 
ables that typically are depth related. 
The Zoophycos and Nereites assem- 
blages are more characteristic of deep 
water environments, whereas the 
Psilonichnus, Skolithos, and Cruziana 
ichnofacies are represented in near- 
shore marine or coastal environments. 
For example, in the Cretaceous of the 
Western lnterior of North America, the 
interdeltaic marine shoreface can be 
zoned ichnologically (Fig. 5). This 
zonation is based on the way in which 
relative energy levels influence the 
distribution of food resources. 

Recent summaries of the ichnology of 

marine shoreface environments have 
been presented by Saunders and 
Pemberton (1986), Frey and Pemberton 
(1987), Frey and Howard (1990), and 
Bromley (1 990). Details of the effect of 
storms on the distrbution of trace fossils 
in shoreface settings were given by 
Pemberton and Frey (1984), Vossler 
and Pemberton (1988a), and Frey 
(1990). The ichnological distinction be- 
tween river-dominated delta-front envi- 
ronments and the interdeltaic shore- 
face was summarized recently by 
Moslow and Pemberton (1 988). 

The Zoophycos and especially the 
Nereites ichnofacies tend to charac- 
terize deep water environments, in- 
cluding outer shelf, slope, and bathyal 
to abyssal settings (Fig. 2), as dis- 
cussed by Crimes et a/. (1 981), Ekdale 

et a/ .  (1 984), McCann and Pickerill 
(1 988), Pickerill and Harland (1 988), 
and Crimes and Crossley (1991). 

NEARSHORE MARINE AND 
COASTAL ICHNOFACIES 
Marginal marine environments, in- 
cluding the intertidal zone, shallow 
lagoons, estuaries, and delta plat- 
forms, characteristically display steep 
salinity gradients resulting from varia- 
tions in 1) amounts of freshwater input 
from rivers and runoff from land, 2) 
rainfall, 3) evaporation, 4) tidal range 
and salinity content in adjacent open- 
ocean coastal waters, 5) morphology 
of the coastal area, and 6) differences 
in wind direction and velocity (Dorjes 
and Howard, 1975). Such salinity fluc- 
tuations (combined with corresponding 

Table 1 Evolution of nonmarine trace fossil suites from the Early Cretaceous to Tertiary; 
examples are from Western lnterior Basin. 

AGE Early Cretaceous Late Cretaceous Tertiary 

TYPES OF Skolithos, Planolites, Celliforma, Edapichnium, 
TRACE FOSSILS planolites Conichnus, Scaphichnium, 

Lockeia, Macanopsis, Ichnogyrus, 
lmbrichnus Planolites, 
Thalassinoides, Taenidium, 
?Palaeophycus, ?Ophiomorpha, 
Skolithos, Skolithos, Pallichnus 
Psammichnites 

PROBABLE worms, insects worms, insects, worms, oligochaetes, 
PRODUCERS bivalves, bivalves, spiders, 

crustaceans insects, beetles, bees, 
wasps, crustaceans, 
crabs, mammals 

Crane Iiy larva burrow. I lber beelk larva ~~w Sand wasp Crane Iiy Urva burrow, II 

- 

Figure 4 Schematic representation of characteristic organism traces in modern eolianites. 
Modified after Ahlbrandt et a/. (1 978) and Ekdale et al. (1 984). 
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changes in temperature, turbulence, 
oxygen content, etc.) result in a physio- 
logically stressful environment for nu- 
merous organism groups. 

It is commonly held that most inver- 
tebrates originated in marine environ- 
ments (Whitfield, 1976) and represen- 
tatives of some groups subsequently 
adapted to brackish and freshwater 
conditions. The physiological mecha- 
nisms involved in the adaptive process 
centre on the capability of the organ- 
isms to control osmotic flooding (osmo- 
regulation) and the ionic concentration 
of body fluids (ionic regulation) due to 
lower salt concentrations (Croghan, 
1983). The extent to which these adap- 
tations occur in different organism 
groups is highly variable and thus their 

SHOREFACE MODEL 

Psilonichnus I &&shore 1 lchnofacies 

Skolithos 
lchnofacies 

Lower 

Transltbn 
- Minimum 

wave base 
Cruziana 
lchnofacies 

1 m%e i 1 t ii 
Maximum 

' Many tube dwellers are passive wave base 
carnivores rather than suspension feeders. 

Figure 5 ldealised shoreface model for 
ichnofacies, based mainly on facies obser- 
vations in the Cretaceous interior Seaway. 
For organism behaviour or feeding strategy, 
dashed intervals reflect a presence, 
whereas solid lines indicate a dominance. 
Deposit-feeding strategies are character- 
istic of lower offshore to lower shoreface 
settings; associated grazing and foraging 
tracemakers typical of lower offshore set- 
tings mostly supplant the suspension 
feeders and passive carnivores of shallower 
settings, reflecting increased water depths 
and decreased energy levels, among other 
parameters (Frey eta/., 1990). 

distribution in relation to salinity gradi- 
ents shows marked differences. There- 
fore, based on physiological criteria, 
freshwater and fully saline faunas con- 
stitute somewhat stable end members. 
The freshwater fauna is impoverished 
and is dominated by relatively few 
groups, most notably branchiopods 
(freshwater crustaceans) and insects 
(Croghan, 1983). By sharp contrast, the 
brackish water fauna is characterized 
by opportunistic euryhaline (tolerant to 
wide ranges of salinities) species and 
consists of numerous elements, in- 
cluding 1) a freshwater component con- 
sisting of euryhaline species restricted 
to low salinity, 2) a marine component 
comprising euryhaline species, 3) a 
brackish component consisting of 
species that penetrate neither fresh nor 
fully saline waters, and 4) a migratory 
component comprising species that 
spend only a portion of their life cycles 
in brackish water (Perkins, 1974). 

Investigations on modern brackish 
water environments indicate that al- 
though their biotic component is highly 
variable, the following generalizations 
may have significant ecological and pa- 
leoecological ramifications. l )  Brackish 
waters are generally reduced in  
species numbers with respect to both 
freshwater and fully saline water 
(Dorjes and Howard, 1975). 2) 
Whereas the number of freshwater 
species decreases rapidly even with 
slight increases in salinity, the reduc- 
tion of marine species is more gradual. 
Therefore, the brackish water fauna 
can be considered more as an impov- 
erished marine assemblage than a true 
mixture of freshwater and marine ele- 
ments. 3) With reduced salinities, the 
marine macrofauna decreases more 
rapidly than the microfauna (Remane 
and Schieper, 1971). 4) lnfaunal organ- 
isms are more abundant in low-salinity 
waters than are epifaunal organisms 
(Sanders et a/., 1965). 5) With de- 
creasing salinity, the reduction of 
species in groups forming a calcareous 
skeleton is greater than in their coun- 
terparts lacking such a skeleton 
(Remane and Schlieper, 1971). 6) 
Many marine organisms undergo a 
size reduction when subjected to less 
saline water (Milne, 1940). 7) There is 
a distinct shift in the bathymetric range 
of marine organisms when subjected to 
salinity reductions (Remane and 
Schieper, 1971). Thus the influence of 

salinity gradients can hardly be di- 
vorced from the ichnocoenose concept 
as suggested'by Bromley and Asgaard 
(1991). 

Such trends reflect a stressful envi- 
ronment, and successful colonization 
depends (aside from physiological con- 
straints) on the ability of the organisms 
to develop an effective adaptive stra- 
tegy. Sediments of estuaries and other 
brackish water environments are effec- 
tive at dampening the influence of 
salinity fluctuations within the substrate 
(Sanders et a/., 1965). Therefore, the 
deep infaunal habitat serves as a 
refuge to buffer the organism against 
rapid and extreme salinity variations. 
As a result, burrowing organisms are 
able to penetrate a greater distance up 
an estuary than epifaunal (animals 
living on the substrate surface) organ- 
isms, which are subjected to fluctuating 
salinities of the overlying water column 
(Alexander et a/., 1935). 

Although an unfortunate paucity of 
studies deals specifically with biogenic 
structures in modern brackish water en- 
vironments, work by Howard and Frey 
(1973) on estuaries of the Georgia 
coast indicates that 1) the diversity and 
abundance of biogenic structures in- 
creases seaward, 2) distinct biogenic 
structures and bioturbate textures are 
also more diverse and abundant along 
the margins of the estuaries than in the 
deeper channels, 3) distinct burrows 
and dwelling tubes characterize most 
muds whereas sandy muds or muddy 
sands may exhibit both distinct burrows 
and various types of bioturbate tex- 
tures, and 4) coarser sediments tend to 
lack biogenic sedimentary structures. In 
addition, they also recognized that the 
entire suite of estuarine biogenic struc- 
tures generally consists of both vertical 
and horizontal burrows or burrow 
systems and thus does not fall conve- 
niently into any of Seilacher's (1967) 
universal ichnofacies. Instead, the as- 
semblage tends to be composed of a 
mixture of structures typical of both the 
Skolithos and Cruziana ichnofacies. 
This assemblage is characterized by 
burrows that, if preserved, would 
consist of Skolithos, Monocraterion, 
Thalassinoides, Ophiomorpha, Pla- 
nolites, and Palaeophycus (Howard 
and Frey, 1973). Burrows typical of 
freshwater deposits (i.e., Scoyenia 
and insect perturbations) were not ob- 
served. Similarly, although sediments 
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and physical sedimentary structures in 
tidal stream bars are very similar to 
those in terrestrial bars, biogenic struc- 
tures in the two are very different (Frey 
and Pemberton, 1984). 

Although brackish marginal-marine 
environments are widespread in the 
modern realm, relatively few have been 
documented from the rock record. 
Notable exceptions, in which the authors 
mention ichnofossils, include parts of the 
following units; the Devonian-Missis- 
sippian Price Formation of the central 
Appalachians (Bjerstedt, 1987), the 
Middle Jurassic Great Estuarine Group 
(Hudson, 1980), the Upper Jurassic of 
Portugal (Fursich, 1981), the Lower 
Cretaceous Wealden Group of Great 
Britain (Stewart, 1981), the Lower 
Cretaceous Fall River Formation of 
Wyoming (Campbell and Oaks, 1973), 
the Grand Rapids Formation of Alberta 
(Beynon eta/., 1988), the McMurray 
Formation of Alberta (Pemberton et a/., 
1982), various members in the Mannville 
Group of Alberta (Wightman et a/., 
1987), the Upper Cretaceous Fox Hills 
Formation of Wyoming (Land, 1972), 
and the Eocene Bagshot Beds of 
southern England (Goldring ef a/., 1978). 
All these units contain well-developed 
suites of biogenic structures which, in 

most instances, have been used as evi- 
dence of at least some saline influence. 
The general assemblage reflects inher- 
ently fluctuating environmental parame- 
ters and is characterized by 1) low 
diversity, 2) forms typically found in 
marine environments, 3) structures con- 
structed by trophic generalists, 4) suites 
that are commonly dominated by a 
single ichnogenus (Fig. 6), and 5) ver- 
tical and horizontal ichnofossils that are 
common to both the Skolithos and 
Cruziana ichnofacies (Fig. 7). 

Psilonichnus ichnofacies 
The Psilonichnus ichnofacies (Fig. 8) 
represents a mixture of marine, quasi- 
marine, and nonmarine conditions. Typ- 
ical environments include the backshore 
of the beach, dunes, washover fans, and 
supratidal flats. Frey and Pemberton 
(1 987) noted that such environments are 
subject to extreme variations in energy 
levels, sediment types, and physical and 
biogenic sedimentary structures. The 
environments may also be strongly af- 
fected by torrential rains and storm 
surges. Marine processes generally 
dominate during spring tides and storms, 
whereas eolian processes predominate 
during neap tides and nonstorm periods. 

Because of their topographic position 

Figure 6 Brackish water trace fossil ichnocoenoses are commonly characterized by 
rnonospecific associations. A) Teichichnus-dominated association from offshore. Thebaud 
core. 8) Gyrolithes-dominated association from the Waseca Formation (core A10-34-47- 
23W3, 489.5 rn) of the GoldenCake Field, Saskatch- - - 

few such substrates are available to 
benthic marine animals. The only persis- 
tent, notable exceptions are amphibious 
crabs of the family Ocypodidae (ghost 
crabs), which include both scavengers 
and surficial deposit feeders. These 
animals typically excavate J-, Y-, or U- 
shaped dwelling burrows, some with 
bulbous basal cells, referable to the 
trace fossil Psilonichnus (Fig. 8). Other 
biogenic structures are generated by es- 
sentially terrestrial organisms and 
include 1) the vertical shafts of insects 
and spiders, 2) the horizontal tunnels 
formed by the crawling and foraging of 

Figure 7 Association of trace fossils that 1 
are typically found in both marine and 
brackish water environments. 1) Skolithos, 
2) Planolites, 3) Palaeophycus, 4) Teich- 
ichnus, 5) Chondrites, 6) Rosselia, 7) Gy- 
rolithes. Modified after Wightrnan et a/. 
(1 987). 



4. TRACE FOSSILS 53 

insects and tetrapods, and 3) the 
ephemeral tracks, trails, and fecal pel- 
lets of insects, reptiles, birds, and 
mammals; these are mostly predators 
or herbivores. The Psilonichnus ichno- 
facies includes plant-root penetrations. 
The types of plants able to exploit 
these substrates range from intertidal 
halophytes (plants tolerant of saltwater) 
on the distal margins of some washover 
fans, to maritime or terrestrial grasses, 
weeds, vines, shrubs, bushes, and 
trees on dunes. 

To the extent that ocypodid crab 
burrows may appear in the uppermost 
foreshore or the upper part of estuarine 
point bars, the Psilonichnus ichnofacies 
may slightly overlap the Skolithos ichno- 
facies; nevertheless, the boundary be- 
tween these two ichnofacies is normally 
distinct. Because of its potentially large 
numbers of terrestrial traces, however, 
the Psilonichnus ichnofacies may be 
broadly intergradational not only with 
the Scoyenia ichnofacies but also with 
several other, as yet unnamed nonma- 
rine ichnocoenoses. 

The naming of the Psilonichnus ich- 
nofacies has caused some problems. It 
was founded on fossil examples (Frey 
and Pemberton, 1987, p. 336) but the 
modern ichnocoenoses were empha- 
sized to show the richness that one 
might reasonably expect to have existed 
for various ancient ichnofaunas. This 
follows one of the major tenets of ich- 
nofacies reconstruction, namely that 
the namebearer need not be present in 
every occurrence of the ichnofacies. 
Thus just as Cruziana is rare in post- 
Paleozoic occurrences of the Cruziana 
ichnofacies, Psilonichnus may well be 
absent in pre-Mesozoic occurrences of 
the Psilonichnus ichnofacies. 

Skolithos ichnofacies 
The Skolithos ichnofacies (Fig. 9) is in- 
dicative of relatively high levels of wave 
or current energy, and typically is de- 
veloped in slightly muddy to clean, 
well-sorted, loose or shifting particulate 
substrates, Increasing energy levels 
enhance physical reworking, thus oblit- 
erating the biogenic structures and pre- 
serving physical sedimentary struc- 
tures. Abrupt changes in rates of deposi- 
tion, erosion, and physical reworking of 
sediments are frequent. Such conditions 
commonly occur on the foreshore and 
shoreface of beaches, bars, and spits, 
but the same conditions sometimes 
occur on estuarine point bars, tidal deltas 
and submarine fans. As dictated by fun- 
damental relationships between water 
agitation, sediment transport and animal 
distribution, most tracemakers found 
here are suspension feeders. Substrates 
serve mainly as an anchoring medium. 
The organisms typically construct deeply 
penetrating, more or less permanent 
domiciles (Fig. 9). Depth of burrowing in 
the intertidal zone is controlled in part by 
tidal range and height of the low water 
table. During low tide, moist sediments at 
depth help buffer the organisms against 
desiccation and salinity or temperature 
shock, and also help provide respiratory 
water. In both intertidal and high-energy 
subtidal settings, deep burrowing is one 
means of escaping the instability of the 
ever-shifting substrate surface. 

The trace fossils are characterized by 
1) predominantly vertical, cylindrical or U- 
shaped burrows, 2) protrusive and retru- 

sive spreiten in some U-burrows, which 
develop in response to substrate aggra- 
dation or degradation, 3) few horizontal 
structures, 4) few structures produced by 
mobile organisms, 5) low diversity, al- 
though individual forms may be abun- 
dant, 6) mostly dwelling burrows 
constructed, by suspension feeders or 
passive carnivores, and 7) vertebrate 
traces, particularly in low-energy inter- 
tidal settings. 

The Skolithos ichnofacies ordinarily 
grades landward into supratidal or ter- 
restrial zones and seaward into the 
Cruziana ichnofacies. The landward 
boundary tends to be more abrupt than 
the seaward boundary. With reduced 
energy, it may also grade into intertidal 
or shallow subtidal extensions of the 
Cruziana ichnofacies. Mixed Skolithos- 
Cruziana associations are common in 
both recent (Howard and Frey, 1973) 
and ancient settings. 

Finally, the Skolithos ichnofacies may 
appear in slightly to substantially deeper 
water deposits wherever energy levels, 
food supplies, and hydrographic and 
substrate characteristics are suitable 
(Crimes et a/., 1981). Potential examples 
include submarine canyons, deep sea 
fans; and bathyal slopes swept by strong 
contour currents. Therefore, as empha- 
sized previously, paleobathymetric inter- 
pretations cannot be based solely on 
checklists of trace fossil names. Eval- 
uation of associated physical sedimen- 
tary structures, stratigraphic position, and 
other evidence is essential, even in 
normal beach-to-offshore sequences. 

w 
Skolithos lchnofacies Not to scale 

Figure 8 Trace fossil association charac- 
teristic of the Psilonichnus ichnofacies. 1) Figure 9 Trace fossil association characteristic of the Skolithos ichnofacies. After Frey and 
Psilonichnus, 2) Macanopsis. Pemberton (1 984). 1) Ophiomorpha, 2) Diplocraterion, 3) Skolithos, 4) Moncraterion. 
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Cruziana ichnofacies 
The Cruziana ichnofacies (Fig. 10) is 
most characteristic of subtidal, poorly 
sorted and unconsolidated substrates. 
Conditions typically range from mod- 
erate energy levels in shallow waters 
below fairweather wave base but 
above storm wave base, to low energy 
levels in deeper, quieter waters. The 
ichnofacies is also found in the littoral 
to sublittoral parts of some estuaries, 
bays, lagoons and tidal flats. Sediment 
deposition is negligible to appreciable, 
but is not necessarily rapid. Sediment 
textures and bedding styles exhibit 
considerable diversity. They include 1) 
thinly bedded, well-sorted silts and 
sands, 2) discrete mud and shell lay- 
ers, 3) interbedded muddy and clean 
silts and sands, and 4) extremely 
poorly sorted beds derived from any of 
the above through intense bioturbation. 

With reduced but not negligible 
energy levels, food supplies consist of 
both suspended and deposited com- 
ponents. Either fraction may predomi- 
nate locally, or the two may be inter- 
mixed. Characteristic organisms there- 
fore include both suspension and 
deposit feeders, as well as mobile car- 
nivores and scavengers. Because of 
lowered energy and abrupt shifts in 
temperature and salinity levels, bur- 
rows tend to be constructed horizon- 
tally rather than vertically, although 
scattered vertical or steeply inclined 
burrows occur. Profusions of burrows 
may be present at stable, low-energy 
sites. Trails of epibenthic (living on the 
seafloor) and endobenthic (living within 
the substrate) foragers also may be 
common and reflect the abundance, di- 
versity, and accessibility of food. 

In shallow waters, periodic scour by 
storm waves, and renewed deposition 
after the storm may incorporate storm 
layers within a sequence of otherwise 
low-energy deposits (Pemberton and 
Frey, 1984). Development of hum- 
mocky cross stratification may involve 
the introduction of new sediment as 
well as the reworking of previously de- 
posited sediment. Any of these condi- 
tions may yield burrow truncations and 
escape structures. Increased energy 
and allied parameters thus represent a 
temporary excursion of Skolithos-type 
conditions into a Cruziana-type set- 
ting. However, this overall bedding 
style differs from that of the main 
Skolithos ichnofacies, in which stratifi- 

cation features, substrate scour, bur- 
row truncations, and escape structures 
are contained entirely within sequences 
of high-energy deposits. Furthermore, 
the storm layers eventually are over- 
printed with Cruziana-type traces. ' 

The trace fossils are characterized 
by 1) a mixed association of vertical, 
inclined, and horizontal structures, 2) 
presence of traces constructed by mo- 
bile organisms, 3) generally high diver- 
sity and abundance, and 4) mostly 
feeding and grazing structures con- 
structed by deposit feeders, except 
where crawling traces are predominant 
(as in some Paleozoic nearshore set- 
tings). Inclined U-burrows mostly have 
protrusive spreiten indicating feeding 
swaths (soft-sediment Rhizocorallium), 
and forms of Ophiomorpha and 
Thalassinoides have irregularly inclined 
to horizontal components. 

OPEN MARINE AND 
DEEP MARINE ICHNOFACIES 
Zoophycos ichnofacies 
Of all recurrent marine ichnofacies, 
this assemblage is most debated and 
least understood. The ichnogenus 
Zoophycos has an extremely broad 
paleobathymetric range, hence its 
designation as namebearer for a sup- 

posedly depth-related ichnofacies has 
long been controversial. In popular 
bathymetric schemes, the Zoophycos 
ichnofacies (Fig. 11) typically is por- 
trayed as an intermediary between the 
Cruziana and Nereites ichnofacies, at 
a position corresponding more or less 
to the continental slope. More specifi- 
cally, the original designation placed it 
in areas below storm wave base but 
free of turbidity currents, within the 
broad depositional gradient that 
defines the outer shelf-to-slope transi- 
tion (Seilacher, 1967). 

As re-evaluated recently (Frey and 
Seilacher, 1980), one of the major envi- 
ronmental controls represented by the 
ichnofacies is lowered oxygen levels 
associated with abundant organic ma- 
terial in quiet water settings. To some 
extent, these conditions do occur in the 
broad area across the shelf-slope 
break, and hence the popularized 
bathymetric placement of the ichnofa- 
cies (Fig. 2) is suitable. However, such 
reducing conditions replete with a domi- 
nance of Zoophycos, are perhaps even 
better known in shallower water, epeiric 
deposits (Marintsch and Finks, 1982). 

Considering the above characteris- 
tics of the ichnofacies, together with 
the widespread distribution of indivi- 

Cruziana lchnofacies Not to scale 

Figure 10 Trace fossil association characteristic of the Cruziana ichnofacies. After Frey 
and Pemberton (1984). 1) Asteriacites, 2) Cruziana, 3) Rhizocorallium, 4) Aulichnites, 5) 
Thalassinoides, 6 )  Chondrites, 7) Teichichnus, 8) Arenicolites, 9) Rossella, 10) Planolites. 



dual specimens of Zoophycos in both 
shallow- and deep-water deposits (Frey 
et a/. ,  1990), we speculate that the 
Zoophycos animal was broadly adap- 
ted in most ecologic respects. It toler- 
ated not only a considerable range of 
water depths but also numerous sub- 
strate types, variable food resources, 
and different energy and oxygen levels. 
Its traces therefore appear in the 
Cruziana through Nereites ichnofacies 
(Crimes et a/., 1981). Indeed, its toler- 
ance may be its most distinguishing en- 
vironmental characteristic. The animal 
was able to compete successfully with 
diverse tracemakers under the condi- 
tions associated with the Cruziana and 
Nereites ichnofacies, but few other 
animals were able to compete with it 
under the restricted conditions outlined 
above. 

Because of its singular prominence in 
many restricted settings, the associa- 
tion seems to warrant its own ichnofa- 
cies designation. Conversely, the less 
restrictive the environment at a given 
site, the less distinctive the ichnofacies 
as a separate entity. In numerous 
places, the ichnofacies is hard to recog- 
nize in the transition from the Cruziana 
to the Nereites ichnofacies, especially 
on unstable ancient slopes originally 
subjected to turbidity flows or contour 
currents. 

The exact environmental implica- 
tions of the Zoophycos ichnofacies 
and its variants have not yet been de- 
termined. The most important factors 
in the distribution of the animal, in ad- 
dition to its own opportunism, evidently 
include water depth, depth of bur- 
rowing, sediment cohesiveness, and 
interstitial or bottom-water oxygen 
levels. Stressed quiet water environ- 
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ments, particularly those exhibiting 
anoxia, seem to be the primary com- 
mon denominator, even though the 
animal itself was cosmopolitan. 

The ichnofacies may also occur in 
restricted intracoastal settings, particu- 
larly in Paleozoic sequences. The 
ichnogenus Zoophycos possibly repre- 
sents greater paleobathymetry in 
Mesozoic and Cenozoic deposits than 
in Paleozoic deposits (Frey and Pem- 
berton, 1984, p. 201 -202). The charac- 
ter of the Zoophycos ichnofacies may 
therefore vary from one part of the 
stratigraphic column to the next. 

The trace fossils are characterized 
by 1) low diversity, though individual 
traces may be abundant, 2) simple to 
moderately complex, efficiently exe- 
cuted grazing and feeding structures 
produced by deposit feeders, and 3) 
horizontal to gently inclined spreiten 
structures distributed in delicate 
sheets, ribbons, lobes or spirals (flat- 
tened forms of Zoophycos or, in pelitic 
sediments, Phycosiphon). 

Nereites ichnofacies 
The Nereites ichnofacies occurs in 
bathyal to abyssal quiet but oxygenated 
waters, commonly influenced by tur- 
bidity currents. Thus the bathymetric 
implications of the Nereites ichnofacies 
(Fig. 12) are less equivocal than those 
of any other recurrent ichnofacies. 
Although numerous trace fossils other- 
wise typical of shallow water deposits 
occasionally range into deep sea de- 
posits, the reverse is not ordinarily true. 
The depth- and energy-related vari- 
ables seem to be more important influ- 
ences than turbidity current deposition 
(Crimes et a/., 1981). For example, the 
trace assemblage persists today on 

distal abyssal plains essentially beyond 
reach of turbidity currents but is absent 
among well-developed, shallow water 
turbidite sequences. 

Nevertheless, most Nereites associa- 
tions studied to date occur in turbidites, 
probably because the stratigraphic 
record of deep water deposits is mainly 
from subsiding basins rather than the 
broad abyssal plain. 

Animals exploiting lower bathyal to 
abyssal environments have two major 
concerns, 1) scarcity of food, relative to 
more abundant supplies in shallower 
settings, and 2) periodic disruption by 
strong downcanyon bottom currents or 
actual sediment-gravity flows. Over 
long spans of geologic time, the overall 
community ultimately developed two 
component parts; preturbidite and 
post-turbidite. The preturbidite resident 
association is characteristic of quiet, 
normal conditions and is dominant 
wherever the substrate is free of the in- 
fluence of turbidity currents. It tends 
to be overwhelmed or eliminated by 
severe erosion or turbulence, however, 
and is replaced by the post-turbidite 
association immediately after a tur- 
bidity current. Later, as conditions re- 
vert to a normal, low-energy setting, 
the preturbidite association gradually 
re-establishes itself. Preturbidite 
animals thus comprise a stable, persis- 
tent community well adapted to quiet 
conditions, derived mainly from original 
early-Paleozoic colonizers of the deep- 
sea floor. In contrast, post-turbidite 
animals represent a more oppor- 
tunistic, less stable community better 
adapted to turbidite colonization, 
derived mainly from subsequent evolu- 
tionary immigrants from shallower 
waters (Frey and Seilacher, 1980). 

Zoophycos lchnofacies 
Not to scale 

Figure 11 Trace fossil association characteristic of the Zoophycos ichnofacies. After Frey and Pernberton (1984). 1) Phycosiphon, 
2) Zoophycos, 3) Spirophyton. 
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In addition to pre- and post-turbidite 
associations, numerous turbidites dis- 
play ichnologic gradients down deposi- 
tional dips (Crimes et a/., 1981). Where 
strong bottom currents issue from sub- 
marine canyons or flow along fan chan- 
nels, components of the Skolithos 
ichnofacies may be present. Otherwise, 
proximal parts of turbidites may be char- 
acterized by rosetted or radiating traces, 
and the gently meandering forms of 
Scolicia. Medial parts may be indicated 
by spiralled or tightly meandering traces 
(Figs. 12-1, 12-6 and 12-7). Distal parts 
are typified by patterned networks (Figs. 
12-2, 12-4, and 12-5) although other 
traces are generally present. Zoophycos 
is common locally in various settings, but 
it tends to be multilobed and in places is 
more complex than in the Zoophycos 
ichnofacies. 

Finally, the Nereites ichnofacies has 
been recognized in cores of ancient, un- 
consolidated, well-bedded fine sedi- 
ments, including distal turbidites and 
pelagic rhythmites of the present ocean 
basins. However, the association, if pre- 
sent, tends not to be preserved on great 
expanses of abyssal plain, where sedi- 
mentation and bioturbation are more or 
less constant rather than episodic. 

The trace fossils are characterized 
by 1) high diversity but low abundance, 
2) complex horizontal grazing traces 
and patterned feedingldwelling struc- 
tures reflecting highly organized effi- 
cient behaviour, 3) spreite are typically 
nearly planar, although Zoophycos 
forms are spiralled, multilobed and 
complex, 4) numerous crawling and/or 
grazing traces and sinuous fecal cast- 
ings (Helrninthoida, Cosrnorhaphe) that 
are mostly intrastratal, 5) structures 
produced by deposit feeders and scav- 
engers, and 6) possible structures as- 
sociated with trapping or farming 
microbes within essentially permanent 
open domiciles (Paleodictyon, Mega- 
grapton; Ekdale et a/., 1984). 

As presently understood, the Nereites 
ichnofacies is restricted primarily to tur- 
bidite successions. Sediments on the 
basin plains beyond the influence of tur- 
bidity currents are mostly characterized 
by bioturbate textures rather than dis- 
crete traces (Frey and Wheatcroft, 1989). 

SUBSTRATE-CONTROLLED 
ICHNOFACIES 
The ichnofacies described above are 
characteristic of soft substrates, in non- 

marine, marginal marine and open 
marine, and deep marine settings. How- 
ever, there are three ichnofacies related 
to firm, hard and woody substrates. 

Glossifungites ichnofacies 
The Glossifungites ichnofacies is envi- 
ronmentally wide ranging, but only de- 
velops in f i n  unlithified substrates such 
as dewatered muds. Dewatering results 
from burial and the substrates are made 
available to tracemakers if exhumed by 
later erosion (Pemberton and Frey, 
1985). Exhumation can occur in shallow 
water environments as a result of coas- 
tal erosion, or as a result of submarine 
channels cutting through previously de- 
posited sediments. Such horizons com- 
monly form important bounding 
discontinuities (Chapter 1). 

The traces are characterized by 1) 
vertical, cylindrical, U- or tear-shaped 
pseudo-borings, or sparsely to densely 
branching dwelling burrows, or mixtures 
of borings and burrows, 2) protrusive 
spreiten in some burrows that develop 
mostly through anidal growth (fan- 
shaped Rhizocorallium and Diplocra- 
terion [formerly Glossifungites]), 3) 
animals that leave the burrow to feed 
(e.g., crabs), as well as suspension 
feeders, 4) low diversity, yet individual 
structures may be abundant. Glossi- 
fungites excavations tend to avoid ob- 

structions within the substrate, demon- 
strating a preference for firm, rather 
than hard, substrates. 

Trypanites lchnofacies 
This is also a specialized ichnofacies 
that characterizes fully lithified marine 
substrates such as hardgrounds, reefs, 
rocky coasts, beachrock, and omission 
surfaces. The ichnofacies may develop 
even on igneous substrates (Fischer, 
1981), and the collective volume of bio- 
eroded sediments may be substantial. 
(Torunski, 1 979). 

The traces are characterized by 1) 
cylindrical to vase-, tear- or U-shaped 
to irregular domiciles of organisms 
living within the borings, 2) borings ori- 
ented perpendicular to the substrate, or 
consisting of shallow anastomosing 
systems of borings (sponges, bry- 
ozoans), 3) borings excavated by sus- 
pension feeders or passive carni- 
vores, 4) raspings and gnawings of 
algal grazers and similar organisms 
(mainly chitons, limpets and echi- 
noids), 5) moderately low diversity, al- 
though borings and scrapings of 
individual ichnogenera may be abun- 
dant. In contrast to the Glossifungites 
ichnofacies, the walls of the borings 
cut through hard parts of the substrate 
(larger grains, shells) rather than 
skirting around them. 

Nereites lchnofacies 
Not to scale 

Figure 12 Trace fossil association characteristic of the Nereites ichnofacies. After Frey 
and Pemberton (1984). 1) Spirorhaphe, 2) Uroheiminthoida, 3) Lorenzinia, 4) Megagrapton, 
5) Paleodictyon, 6) Nereites, 7) Cosmorhaphe. 



Teredolites ichnofacies 
The Teredolites ichnofacies consists 
of a characteristic assemblage of bor- 
ings in woody (xylic) substrates. These 
differ from lithic substrates in three 
main ways (Bromley et al., 1984); 1) 
they may be flexible instead of rigid, 2) 
they are composed of combustible 
material instead of mineral matter, and 
3) they are readily biodegradable. 
Woodgrounds may appear in fresh- 
water settings such as logjams in 
fluvial cutoffs, and freshwater ichno- 
coenoses consist principally of isopod 
and allied borings. Because wood sub- 
strates can be moved by currents, it is 
important to determine whether the 
borings are autochthonous (Arua, 
1989) or allochthonous (Dewey and 
Keady, 1987). Only the autochthonous 
forms are true members of the 
Teredolites ichnofacies. These assem- 
blages may also be important in 
defining sequence and parasequence 
boundaries. 

The traces are characterized by 1) 
sparse to profuse clavate (club-shaped) 
borings, 2) dense excavations, but 
without interpenetrating borings, 3) 
walls ornamented with the texture of 
the host substrate (e.g., tree ring im- 
pressions), 4) stumpy to elongate sub- 
cylindrical, subparallel excavations in 
marine or marginal marine settings, 5) 
shallower, sparse to profuse nonclavate 
etchings (isopod borings) in freshwater 
settings. 

EVALUATION OF 
THE NINE RECURRING 
ICHNOFACIES MODELS 
These archetypal models, particularly 
the marine ones, have proven to be 
valuable in characterizing general envi- 
ronmental conditions. In many cases, 
physical sedimentary structures cannot 
be used to distinguish environments - 
for example, the structures of fluvial 
point bars may be very similar to those 
of estuarine point bars. However, the 
two settings can easily be distin- 
guished because the biogenic sedi- 
mentary structures are very different. 

Perhaps the most misunderstood 
aspect of these recurrent ichnofacies 
is  their use in  paleobathymetry. 
Although some workers have been 
complacent regarding this aspect of 
environmental reconstruction (as dis- 
cussed by Frey et a/., 1990), other ich- 
nologists have long and persistently 
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emphasized that local sets of environ- 
mental factors are most important in 
controlling the distribution of trace- 
makers, whether or not these parame- 
ters occur at specific water depths. For 
instance, many estuarine point bars 
exhibit a high-energy, channelward 
side typified by a Skolithos association 
and a low-energy bankward side 
typified by a Cruziana association 
(Howard and Frey, 1985). The respec- 
tive associations occur in close prox- 
imity, at the same stratigraphic or 
bathymetric level. 

However, many environmental pa- 
rameters do tend to change progres- 
sively with water depth and distance 
from shore (e.g., grain size, energy lev- 
els, suspended food, water turbidity), 
and these gradients effect corre- 
sponding changes in the distribution of 
physical and biogenic sedimentary 
structures (Fig. 2). To that extent, trace 
fossil associations are indeed useful in 
paleobathymetry. 

The long temporal duration of most 
kinds of trace fossils is very impor- 
tant. These basic benthic behavioral 
patterns are more nearly like stable 
ecologic niches than individualistic 
records of particular animal species 
(Frey and Seilacher, 1980, p. 202- 
203). As long as the functional niche 
remains advantageous under given 
environmental conditions, many dif- 
ferent animal species, over long inter- 
vals of geological time, may be 
expected to exploit it. Their preserved 
traces are strikingly similar and have 
equivalent significance. Hence, al- 
though we conveniently and infor- 
mally speak of the "Skolithos animal" 
as the architect for a particular kind of 
dwelling structure, numerous different 
animal species actually were involved 
(i.e., many biological species construct 
the same type of burrow). The 
longevity of recurrent ichnofacies 
thereby exceeds the longevity of re- 
current biofacies by a considerable 
margin. Such ichnofacies are more 
useful as archetypal models not only 
for environmental interpretation but 
also for comparisons of depositional 
environments of widely differing ages. 

These recurrent ichnofacies have 
been designated as archetypal facies 
models, with which particular local ich- 
nofacies can be compared. The arche- 
types are intended to supplement, not 
supplant, local ichnofacies designa- 

tions, some of which are quite distinc- 
tive; corresponding ichnofaunas may 
be restricted (Serna, 1986), intergrada- 
tional (Marintsch and Finks, 1982), or 
diverse (Dam, 1990). 

The idealized ichnofacies succession 
(Fig. 2) works well in most "normal" situ- 
ations (Frey and Pemberton, 1984, their 
fig. 5), including salinity gradients 
(Bromley and Asgaard, 1991). How- 
ever, nearshore assemblages can be 
found in offshore sediments, and vice 
versa, if the particular sediments accu- 
mulated under conditions preferred by 
the tracemaking organisms. The basic 
controls are not physical constraints 
such as water depth, distance from 
shore, or some particular tectonic or 
physiographic setting. Rather, they 
involve substrate consistency, hydraulic 
energy, rates of deposition, turbidity, 
oxygen and salinity levels, toxic sub- 
stances, the quality and quantity of 
available food, and the ecologic or ich- 
nologic prowess of tracemakers them- 
selves (Vossler and Pemberton, 1988a). 

Finally, the models should not be di- 
vorced from associated patterns of bio- 
turbation. Numerous local ichnofacies, 
particularly those representing low- 
energy conditions and slow rates of de- 
position, are set in a totally bioturbated 
texture (Fig. 13). Several generations of 
burrows may be discernible via their 
cross-cutting relationships, showing that 
the same volume of sediment passed 
repeatedly through various styles of re- 
working. In environmental recon- 
struction, such ichnologic fabrics may 
be equally as important as the indi- 
vidual, named trace fossils (Pemberton 
and Frey, 1984; Howard and Frey, 
1984). 

PALEOENVIRONMENTAL 
SIGNIFICANCE OF ICHNOFOSSILS 
The application of ichnology to paleo- 
environmental analysis goes far beyond 
the mere establishment of general re- 
curring ichnofacies. For instance, 
shallow water coastal marine environ- 
ments (Chapters 9, 10, 1 1, 12) consist 
of many smaller sedimentological 
regimes characterized by large fluctua- 
tions in many physical and chemical 
parameters. In order to comprehend 
fully the depositional history of such 
regimes, it is necessary to have reliable 
means of differentiating subtle changes 
in these physical and chemical parame- 
ters. Physical sedimentary structures 
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definitely help, but biogenic sedimen- 
tary structures can better delineate eco- 
logical parameters such as oxy- 
genation, salinity, and energy levels. An 
example is given by Dijrjes and 
Hertweck (1975), who subdivided the 
coastal zone into three major environ- 
ments, based primarily on the position 
of mean high water, mean low water, 
and wave base. Their faunistic investi- 
gations also confirmed the importance 
of minimum and maximum wave base 
as distinct boundaries separating 
animal communities (Fig. 5). 

ICHNOLOGIC APPLICATIONS 
TO ALLOSTRATIGRAPHY 
Allostratigraphy (Chapter 1) is based 
on the recognition of units that can be 
defined by their bounding discontinu- 
ities. Many discontinuities are marked 
by major lithological changes (Figs. 2 
and 8 in Chapter I ) ,  but other equally 
important discontinuities may have a 
very subtle expression. It is here that 
trace fossils and trace fossil suites 
(along with all other available sedi- 
mentological, stratigraphic and paleon- 

Figure 13 Complex bioturbate textures in 
chalk. Textures progress from obscure 
background mottling to increasingly sharp, 

tological information) can be em- 
ployed effectively, both to aid in the 
recognition of various types of discon- 
tinuities and to assist in their genetic 
interpretation. 

RECOGNITION AND 
INTERPRETATION OF 
DISCONTINUITIES USING 
ICHNOLOGY 
It is a commonly held belief that 
sharp breaks in the vertical strati- 
graphic record may signify fundamental 
changes in the depositional environ- 
ment and initiation of new cycles of 
sedimentation. However, many facies 
contacts are sharp, despite the super- 
posed facies being at least somewhat 
genetically related. The emplacement 
of sandy storm beds in the offshore 
transition zone, for example, yields 
abrupt basal contacts with the fair- 
weather silty shales, but clearly reflects 
a penecontemporaneous relationship. 
Despite an erosional relationship, the 
absence of a significant temporal break 
indicates that such contacts probably 
do not have allostratigraphic signifi- 
cance. 

In contrast, gradational facies con- 
tacts are generally regarded to imply a 
more gradual shift in depositional con- 
ditions. Nonetheless, intense bur- 
rowing, for example, can destroy 
erosion surfaces through biogenic ho- 
mogenization, making the contact 

between two superposed facies 
appear to be gradational. The pres- 
ence of dispersed pebbles or rip-up 
clasts may be the only preserved evi- 
dence of such a surface, and such evi- 
dence must be sought carefully when 
logging core or measuring outcrop 
sections. The action of organisms 
within the substrate may serve to 
either enhance or obscure breaks in 
the stratigraphic succession. In this 
chapter, we are primarily concerned 
with the ichnological characteristics 
which serve to enhance the recogni- 
tion and interpretation of discontinu- 
ities. 

lchnology may be employed to 
resolve breaks in the section in two 
main ways. The first is by recognition 
of substrate-controlled ichnofacies, 
which mark time gaps between the 
original deposition of a unit (with or 
without softground burrowing) and later 
superimposition of a postdepositional 
trace assemblage. The second is 
through careful analysis of vertical ichno- 
logic successions analogous to facies 
successions (Chapter 1). Vertical 
changes in ichnological character which 
may reflect fundamental changes in de- 
positional setting include changes in 1) 
interpreted organism behaviour (e.g., 

i 
feeding strategy, dwelling style), 2) trace 
fossil diversity, reflecting environmental i 
stresses such as decreased salinity, in- 
creased water turbidity, and reduced 

well-preserved burrows. Cross cutting rela- 
tions within these chalks reveal as many as Figure 14 Trace fossil association characteristic of the Glossifungites ichnofacies. 
7 tiers of traces. Demopolis Chalk, Upper 1) Thalassinoides or Spongeliornorpha, 2) Gastrochaenolites or related ichnogenera, 
Cretaceous, Alabama. Scale bar 1 cm. 3) Skolithos or Trypanites-like structures, 4) Diplocraterion, 5) Psilonichnus, 6)  Arenicolites, 
Adapted from Frey and Bromley l(985.) 7) Rhizocoralliurn. Modified from Frey and Pemberton (1984). 



oxygenation, and 3) ichnofossil abun- 
dance. Integrating the data derived from 
substrate-controlled ichnofacies with 
data from vertical ichnologic successions 
provides a powerful tool for the recogni- 
tion and interpretation of discontinuities. 

Discontinuities 
All breaks in the stratigraphic record are 
important but may not have allostrati- 
graphic importance. Allostratigraphic 
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boundaries typically correspond to fun- 
damental shifts in the depositional 
systems, related to allocyclic controls. 
Such bounding discontinuities are re- 
gional in extent and correspond to sig- 
nificant temporal breaks, aspects that 
require careful stratigraphic, sedimento- 
logical, biostratigraphic, paleomagnetic, 
andlor radiometric analysis. 

Three major types of discontinuity 
commonly regarded to have allostrati- 

Trypanites lchnofacies Not to scale 

Figure 15 Trace fossil association characteristic of the Trypanites ichnofacies. 1) echinoid 
grooves, unnamed, 2) Rogeralla, 3) Entobia, 4) Trypanites, 5) Gastrochaenolites, 
6) Trypanites, 7 )  polychaete boring, unnamed. Adapted from Frey and Pemberton (1 984). 

Figure 16 Trace fossil association characteristic of the Teredolites ichnofacies. Adapted 
from Bromley et a/. (1 984). 

graphic significance will be consid- 
ered, 1) erosional discontinuities, 2) 
nondepositional hiatuses, and 3) de- 
positional discontinuities. The ero- 
sional discontinuities include lowstand 
incised valleys, incised submarine 
canyons, regressive surfaces of erosion 
(forced regressions, Chapter 12), trans- 
gressive surfaces of erosion (ravine- 
ment surfaces), and coplanar surfaces 
of lowstand erosion and transgressive 
ravinement (E/T surfaces in the 
Cardium Formation, Plint et al., 1986). 
Nondepositional hiatuses correspond 
to diastems or nonsequences. They 
reflect cessation of deposition, with 
minimal or no erosion; they may be 
manifest by submarine firmgrounds or 
hardgrounds. Depositional discontinu- 
ities are unusually thin intervals of 
slow but continuous accumulation. 
They include condensed sections, 
which are thin deposits reflecting long 
spans of time, such that underlying 
facies successions are fundamentally 
unrelated to overlying successions. 
Marine flooding surfaces can also 
be depositional discontinuities, in as 
much as they represent abrupt deep- 
ening with minimal or no development 
of intermediate facies due to insuf- 
ficient time for "normal" environmental 
response to the changing conditions. It 
is emphasized that both condensed 
sections and marine flooding surfaces 
form important stratigraphic discontinu- 
ities, despite the fact that there has 
been no actual removal of strata nor 
cessation of deposition. 

Substrate-controlled ichnofacies 
Three substrate-controlled ichnofacies 
have been established (Ekdale et al., 
1984), Glossifungites (firmground, Figs. 
14, 17A, B), Trypanites (hardground, 
Figs. 15, 17C), and Teredolites (wood- 
ground, Figs. 16, 17D; Table 2). In 
clastic settings, most of these trace as- 
semblages are associated with erosion- 
ally exhumed (dewatered and com- 
pacted or cemented) substrates and 
therefore correspond to erosional dis- 
continuities. Woodgrounds consist of 
xylic clasts or interwoven mats of vege- 
tation, forming resilient substrates that 
are not necessarily erosionally ex- 
humed. In carbonate settings, firm- 
ground or hardground surfaces may 
occur at the sediment-water interface, 
due either to erosional exhumation or 
nondepositional breaks with associ- 
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ated submarine cementation (Bromley, 
1975). Depositional breaks, in particular 
condensed sections, may also be 
semilithified or lithified (Loutit et al., 
1988), presumably at the upper 
contact. A condensed section may be 
colonized without erosion, and the 
upper surface may subsequently form a 
downlap surface (Chapter 1). In gen- 
eral, however, the recognition of sub- 
strate-controlled ichnofacies may be 
regarded as equivalent to the recogni- 
tion of discontinuities in the strati- 
graphic record. 

Although certain insect and animal 
burrows in the terrestrial realm may be 
properly regarded as firmground suites 
(Fursich and Mayr, 1981) or more rarely, 
hardground suites, they have a low 
preservation potential and constitute a 
relatively minor component in the geo- 

logical record of such associations. The 
overwhelming majority of these firm- 
ground assemblage faunas form in 
marine or marginal-marine settings. A 
discontinuity may be generated in either 
subaerial or submarine settings, but col- 
onization of the surface may be re- 
garded as marine influenced, particularly 
in pre-Tertiary rocks. This has important 
implications regarding the genetic inter- 
pretation of the discontinuity. 

The substrate-controlled ichno- 
coenose typically cross cuts a pre-ex- 
isting softground suite. It therefore 
reflects conditions postdating both 
initial deposition of the unit and its 
subsequent erosion (Fig. 17). The 
suite also corresponds to a hiatus 
between the erosion event (which 
exhumes the substrate) and deposi- 
tion of the overlying unit. During this 

time gap, the substrate is colonized by 
organisms. By studying 1) the soft- 
ground ichnofacies (contemporaneous 
with deposition of the unit), 2) the ich- 
nofacies associated with the exhumed 
substrate, and 3) the ichnofacies of the 
overlying unit, it is possible to make 
some interpretation regarding the origin 
of the surface and the allocyclic or auto- 
cyclic mechanisms responsible. 

EROSIONAL DISCONTINUITIES 
There are numerous examples in the 
ancient record of ichnologically demar- 
cated erosional discontinuities (Table 
2), many of which have allostratigraphic 
significance. These discontinuities in- 
clude lowstand unconformities, trans- 
gressive surfaces o f  erosion, and 
amalgamated lowstand erosion and 
transgressive surfaces. 

Figure 17 Substrate-controlled ichnofacies. A) Glossifungites ichnofacies consisting of Skolithos and ?Arenicolites/Diplocraterion pene- 
trating a sideritized shale. The firmground suite cross-cuts offshore shales containing Helminthopsis, Terebellina, Planolites, and Chondrites. 
Pebbly fill has been piped down from the overlying conglomerate. Albian Viking Formation, Gilby A Field, Alberta. B) Glossifungites ichnofa- 
cies consisting of Rhizocorallium excavated into offshore shales and cross cutting a resident softground suite of Helminthopsis, Planolites, 
Terebellina, Chondrites, and Zoophycos. The firmground suite marks the base of an incised valley fill. Albian Viking Formation, Willesden 
Green Field, Alberta. C) Trypanites ichnofacies consisting of Trypanites weisei from the SilurianIDevonian disconformity (Bois BlancIBertie 

-+-rn Ontario. D) Teredolites ichnofacies consisting of borings into slightly coalified wood. The medium to coarse sand fill is - , n  -n, Wabasca area, Alberta. 
--_.__ -- __ 

2_____.- 



Lowstand unconformities 
Subaerial exposure and/or erosion pro- 
duced during a lowstand of relative sea 
level permits the widespread develop- 
ment of dewatered and firm or ce- 
mented substrates. Such surfaces may 
initially be mantled by a thin veneer of 
nonmarine deposits, although their pre- 
servational potential is low. In any case, 
unless the exhumed surface is exposed 
to marine or marginal marine conditions 
prior to final burial, it will not become 
colonized by tracemakers of the 
Glossifungites, Trypanites or Teredo- 
lites ichnofacies. 

In the exceptional case of subma- 
rine canyons, the erosional disconti- 
nuity lies within a marine setting at the 
time of its development, and coloniza- 
tion of the walls and floor has a much 
higher probability than those in terres- 
trial valleys. Outcrops of the Lower 
Miocene Nihotupu and Tirikohua for- 
mations in Northland, New Zealand, 
contain a noteworthy substrate-con- 
trolled trace fossil association 
(Hayward, 1976; Fig. 18; Table 2). The 
underlying Nihotupu Formation con- 
sists of largely unburrowed mud- 
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stones, sandstones and subaqueous 
mass flow conglomerates (all of vol- 
canic origin), together with submarine 
piles of pillow lavas. lchnofossils are 
rare, but solitary burrows and bur- 
rowed horizons, including Thalas- 
sinoides, Planolites, and Scalarituba, 
occur locally. Sediments of the Niho- 
tupu Formation are interpreted to have 
been deposited as turbidites at bathyal 
water depths (based on faunal con- 
tent) within an interarc basin on the 
lower eastern flanks of the west 
Northland volcanic arc. 

The contact with the overlying 
Tirikohua Formation is sharp and ero- 
sional, and exhibits visible relief. The 
exhumed substrate contains a Glossi- 
fungites assemblage of burrows, con- 
sisting of Skolithos (called Tigillites by 
the original author), Rhizocorallium, 
and ? Thalassinoides. Mechanical bor- 
i n g ~  are absent, indicating that the 
surface was not lithified at the time of 
colonization. Steep trench walls with 
small overhangs demonstrate that un- 
derlying sediments were stiff and semi- 
consolidated at the time of coloniza- 
tion by tracemakers of the Glossi- 

.......................................................................................... ........................................................................................... ......................................................................................... .~.~.~.~.~.~.~.~.~.~.~.~.~.~ ............................................................ ......................................................................................... .......................................................................................... ......... ...................................................................... ........ ......... . , , , , , , , Sk0/ithOS .......................................................................................................................................... ......... ......................................... .. ........ ................................................................................. 

.................................................................. ................ . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . .  
......................................................................... . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Skolithos 

--. -- -- 1 
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Figure 18 Submarine canyon wall ichnocoenose at Tirikohua Point, New Zealand. The 
Miocene Nihotupu Formation consists of volcanogenic clastics deposited as turbidites in 
bathyal water depths in an inner-arc basin. A submarine canyon is incised into these sedi- 
ments as a result elf a relative fall in sea level and is marked by a substrate-controlled ichno- 
coenose. The presence of the Glossifungites ichnofacies, as well as the steep trench walls 
having small overhangs, attest to semiconsolidated underlying sediments at the time of colo- 
nization. The Tirikohua Formation corresponds to canyon floor deposits and neritic sediment 
gravity flows, which filled the submarine canyon during an ensuing transgression. Modified 
after Hayward (1 976). 

fungites suite (Fig. 18). The overlying 
Tirikohua Formation consists of fairly 
coarse-grained volcaniclastics (sand- 
stones and conglomerates), deposited 
as canyon floor and neritic sediment 
gravity flows, similar to proximal tur- 
bidites. The sediments contain a sparse 
trace suite consisting of Planolites, 
Scalarituba, Skolithos, Thalassinoides, 
and escape traces. Hayward (1976) in- 
terpreted the erosional discontinuity as 
a submarine canyon, excavated into 
bathyal to neritic interarc sediment 
gravity flow deposits due to tectonic 
uplift of the basin margin (e.g., relative 
lowering of sea level). Colonization of 
the canyon walls by the firmground 
tracemakers preceded eventual burial 
by canyon floor and neritic turbidite de- 
posits of the Tirikohua Formation, 
probably corresponding to late stage 
relative sea level lowstand or early 
transgressive fill of the submarine 
canyon. 

Within terrestrial incised valleys, 
colonization of the discontinuity may 
occur during lowstand conditions at the 
seaward (estuarine) end of the valley. 
In this case, the distribution of sub- 
strate-controlled ichnofacies can be 
used to map the maximum marine limit 
within the valley. Alternatively, coloniza- 
tion of the valley walls and floor may 
not occur until an ensuing transgressive 
event. Under these conditions, initial 
lowstand deposits are removed during 
the transgression, exposing the uncon- 
formity to marginal marine conditions. 
Transgressively related estuarine de- 
posits are ultimately laid down on the 
substrate-controlled trace suite as the 
valley fills. Whether a substrate-con- 
trolled trace fossil suite at the base of a 
valley fill represents the marginal- 
marine portion of the valley during low- 
stand or later transgressively related fill 
is a problem to be resolved through 
stratigraphic, sedimentological, and pa- 
leontologic analysis. 

Lowstand unconformities - 
examples from the 
Viking Formation 
The Lower Cretaceous (Albian) Viking 
Formation of Alberta contains an 
excellent example of subaerial erosion 
(valley incision) and subsequent estu- 
arine colonization. The subsurface 
Crystal field (Figs. 19, 20) consists of a 
linear sandstone body up to 30 m thick, 
generally interpreted to be some form 



62 PEMBERTON, MACEACHERN, FREY 

Table 2 lchnologically Demarcated Erosional Discontinuity Surfaces. The table outlines outcrop and subsurface examples of substrate-controlled 
ichnofacies and the interpreted allostratigraphic significance of the demarcated discontinuity. Most omission suite traces are referable to the 
Glossifungites ichnofacies, but some are referable to the Trypanites or Teredolites ichnofacies. WCSB refers to the Western Canada Sedimentary 
Basin. 

ACE I LOCATION IF OR MAT ION^ PRE-EROSION TRACE SUITEIEROSION SURFACE TRACE SUITE 
I I I I 

Ordovician 

................. 
Sil-Dev 

unconformity 

................. 
Jurassic 

(Pliensbachian 

................. 
Cretaceous 
(L. Albian) 

.................. 
Cretacwus 
(U. Albian) 

Cretaceous 
(U. Albian) 

I Cretaceous 
(U. Albian) 

Cretaceous 
(U. Albian) 

.................. 
Cretaceous 

(Cenomanian) 

Michigan 
Basin 
U.S.A. 

S. Ontario 
Canada 

East 
Greenland 

................ 
WCSB 
NE B.C. 

Glenwood Fm 
(subsurface) 

.................. 
Bertiemois 
Blanc Fm 
contact 

(outcrap) 
................... 

Kap Stewart/ 
Neill Klinter 
Fm contact 
(outcrop) 

................... 
Gethind 

Bluesky Fm 
contact 

(subsurface) 

................. 
WCSB 

J o f h  Field 
Alberta 

................ 
WCSB 

Kaybob Field 
Alberta 

................. 
Viking Fm 
(subsurface) 

................. 
Viking Fm 
(subsurface) 

Cretacwus 
(Turonian) 

.......................................... 
Bertie Fm dolomites with 
Thalassinoides. 

Dark, phosphatic silt-bearing 
shale; no visible trace fossils. 

Karsted surface bored by tracemakers of 
the Trypanires assemblage, consisting of 
Trypanites weisei & Garirochaenolites. 

Glossifwrgites assemblage consisting of 
robust Thalassinoides. 

I Unburrowed and rooted deltaplain 
sandstones and coals. 

WCSB Viking Fm Intensely burrowed muddy Glossifungites assemblage consisting of 
Crystal Field (subsurface) sandstone with Helminthopsis, Diplocraterion shafts. 

Alberta Terebellina, Chondrites, Planolites 
Asterosoma & rare Zoophycos. 

......................................................................................... 
Glossifungites assemblage consisting of 
abundant Diplocraterion parallelum. 
Pebble lag is present. 

Unburrowed, finely laminated and 
rooted mudstones and coals 
(Gething Fm). 

(subsurface) Terebellina, Asterosoma & dispersed pebbles. 
Planolites. 

........................................................................................... 
Glossifungites assemblage consisting of 
Skolithos and Thalassinoides with 
associated pebble lag. 

Cretaceous 
(Maastrichtian 

WCSB Dunvegan Fm 
Jayar Field (subsurface) 

Alberta 

.................. 
cretaceous- 

Tertiary 
contact 

................. 

........................................ 
Silty shales & distal storm sands 
with Planolites, Hehinthopsis, 
Chondrites, Terebellina, rare 
Zoophycos, Asterosoma & 
Rhizocorallium. 
........................................ 
Intensely burrowed sandy shale 
with Teichichnus, Helminthopsis, 
Planolites, Zoophycos, Chondrites 
Asterosoma,Terebellina & rare 
Rosselia & Rhizocorallium. 

Largely unbumwed and locally 
rooted mudstones in shallow water 
(lacustrine?) and deltaplain settings 

................................................. 
Glossifungites assemblage consisting of 
Skolithos, ?Arenicolites/Diplocraterion 
and Thalassinoides with associated 
pebble lag. 

Glossifungites assemblage consisting of 
Thalassinoides systems. 

Pembina Fie1 
Alberta 

,, 

Drumheller 
Alberta wcsB I 

.................................................. 
Glossifungites assemblage consisting of 
Thalarsinoides and Skolithos with 
associated rip-up clasts and pebbles. 

................... L ................................................ 8 

Cardium Fm 
(subsurface) 

Horseshoe 
Canyon Fm 

(outcrop) 

1 Tertiarv I ~ i r i l c ~ h u ~ ~ ~  1 - -Nhotupu 1 I Largely unburrowed thin bedded ] ~ l o ~ m i ~ y g i t ~ s  i ~ ~ ~ ~ - ~ ~ e d  
----LA_ A _L ..-_ 

Silty shales with Helminthopsis, 
Planolites, Chondrites, Terebellina 
and rare Zoophycos, reflecting a 
distal Cruziana ichnofacies. 

........................................................................................................... 

Alabama 
U.S.A. 

Glossifungites ichnofacies consisting of 
Thalassinoides. 

Unburrowed and rooted shales and 
coals formed within a backbanier 
setting. 

Teredolites assemblage consisting of 
abundant Diplocraterion parallelurn 
subtending into a backbamer coal. 

........................................................................................................................... 
Prarie Bluff1 Burrowed (ichnogenera not 1 Clayton Fm disclosed) fossiliferous chalk 

(cf Frey and Bromley, 1985). 
............................................................................................................................ 

Vertical Thalassinoides paradoxicus & 
Spongeliomorpha system of the 
Glossifungites assemblage. 
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Table 2 cont'd. 

POST-EROSION TRACE SUITE 

Inttnsely burrowed coarsening-upward cycle 
of sandstone & shale with a shallow water 
suite of Teichichnus, Asterosoma, Planolites, 
small Terebellina & rare Chondrites. 

Oriskany sandstone of the Bois Blanc Fm is 
unburrowed. 

Poorly-sorted, medium to very coarse, massive 
to cross-bedded sandstone with Diplocraterion, 
Ophiomorpha, Gyrochorte, Monocraterion & 
Rhizocoralliwn. 

Bar margin: intensely burrowed shaly sands 
with Rosselia, Helminthopsist Asterosoma, 
Pdaeophycur. Teichichnus, Planolites & 
Terebellina. Brackish pro-delta: interbedded 
sands & shales with Teichichnus, Planolites & 
Palaeophycus. 

Sparsely burrowed, cross-bedded pebbly and 
coarse sandstone with ripup clasts. Mud 
drapes contain Planolites. 

Trough and low angle parallel laminated 
sandstone containing Arenicolites, Skolithos, 
Ophiomorpha, Teichichnus, Palaeophycus, 
Helminthopsis, Chondrites, Rosselia, 
Planolites, Terebellina and Asterosomo, 
reflecting a middle shoreface setting. 

Sandstones, interbedded sands and shales, and 
shales with Teichichnus, Ophiomorpha, 
Palaeophycus, Diplocraterion, Terebellina, 
Planolites, Skolithos, Asterosoma & Rosselia. 

Pebbly shale. intensely burrowed, with 
Helminrhopsis, Zoophycos and Chondrites, 
grading into less burrowed sandstone & shale 
with Asterosoma, Planolites and Chondrites. 

Medium grained sandstones, intensely 
burrowed, with Ophiomorpha (transgressive 
sheet sand), passing into marine shales with 
Zoophycos, Planolites and Chondrites. 

Largely unbunowed conglomerate, overlain by 
marine shale with dispersed pebbles; shales 
contain Helrninthopsis, Planolites, Chondrites, 
Terebellina and Zoophycos. 

Low angle parallel laminated (HCS and SCS) 
sandstone with Ophiomorpha, Rhizocordlim, 
Teichichnus, Conichnus, Skolithos & Rosselia 
in a storm-dominated lower shoreface setting. 

Sandy glauwnitic marls with reworked 
Cretaceous fossils, thoroughly burrowed; 
nplete with Thalassinoides suevicus. 

Coarse-grained volcanogenic sandstone 
(Tirikohua Fm) similar to proximal turbidites; 
sparse suite of Skolithos, Planolites, 
Scalarituba, Thalassinoides and escape traces. 

INTERPRETATION OF SURFACE 

Lower facies reflects a condensed section (R. Dott Jr., G. Nadon and 
D. Rodrigues de Miranda, pers. comm., 1991). possibly with submarine 
cementation. A shallowing event, probably accompanied by erosion 
(rip-up clasts within burrow fill) may indicate lowered relative sea level. 

................................................................................................................................................ 
Bede Fm reflects final stages of marine regression. Diswnformity at top 
represents shallowing and subaerial exposure. Transgression permitted 
wlonisation and boring of ElfT surface, followed by Oriskany sandstone 
deposition (Pemberton et al., 1980). 

................................................................................................................................................ 
The contact is intcrpxcted as a transgressive omission surface 
flravinement), separating Sinemurian deltaplain deposits from overlying 
barred shoreline sediments (Dam, 1990). 

............................................................................................................................................... 
Subaerial exposure and progradation of coal-bearing deltaplain sediments, 
followed by transgressive ravinement (amalgamated E/r surface). 
Colonisation of the erosion surface preceded main transgressive lag 
deposition. Overlying facies reflect prograding bar margin or brackish 
water pro-delta deposits of the next progradational cycle (Oppelt. 1988). 

................................................................................................................................................ 
Erosion surface cut into offshore deposits during lowstand of relative sea 
level, sharply overlain by middle or lower shoreface sandstones. Reflects 
basinward shift of lowstand shoreface or final shoreface position due to 
transgressive shoreface retreat (Downing and Walker, 1988). 

................................................................................................................................................ 
Surface is an erosional unwnforrnity (generated by lowstand of relative 
sea level) incised into underlying offshorelinner shelf deposits. 
Roximally. an abmpt basinward shift of the shoreline ( " f o d  
regression") resulted in deposition of directly overlying middle shoreface 
deposits. Distally, shoreface progradation produced a coarsening-upward 
lower to middle shoreface cycle. 

................................................................................................................................................ 
The surface is interpreted to reflect an incised valley. generated during a .  
lowstand of relative sea level. The surface is incised into underlying shelf 
to lower shoreface deposits. Overlying valley fill is part of an estuarine 
tidal-channel complex (Reinson et d . ,  1988). ................................................................................................................................................ 
The surface is interpreted to reflect transgressive ravinement associated 
with continued (stepwise?) Colorado Sea advance. Underlying 
transgressively reworked deposits reflect slightly more proximal 
conditions than the immediately overlying sediments. ................................................................................................................................................ 
Deltaplain facies capped by subaerial exposure surface, reflecting a 
lowstand of relative sea level. Transgressive surface of erosion was cut, 
and reworking of underlying facies produced an overlying transgressive 
sheet sand, passing into marine shale (Bhattacharya and Walker. 1991). ................................................................................................................................................ 
'Ihe surface may reflect erosion due to a lowstand of relative sea level 
followed by shoreface progradation (Plint et al.. 1988) or nwinement 
(initial transgression) followed by stillstand shoreface progradation. 
capped by shales of aresumed transgression (cf .  Walker. 1990). ............................................................................................................................................... 
The erosion surface is interpreted to reflect transgressive ravinement, 
separating backbanier deposits from overlying prograding storm- 
dominated shoreface deposits (Saunders and Pemberton, 1986). 

................................................................................................................................................ 
Prarie Bluff Chalk was subaerially exposed and locally incised by valleys 
during a lowstand of relative sea level. Subsequent transgression with 
ravinement permitted colonisation of the J2/T surface (Savrda, 1991). 

................................................................................................................................................ 
The surface reflects submarine canyon incision into deep water clastics in 
response to tectonic uplift of an inter-arc basin margin. Canyon walls are 
intensely burrowed by the Glossificngites suite. The surface is overlain by 
canyon floor sediment gravity flow deposits (Hayward, 1976). 
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LITHOLOG SYMBOLS 

LITHOLOGIC ACCESSORIES ICHNOLOGIC SYMBOLS 

...... ...... Sand Laminae k k root traces Zoophycos 
---- --- Shale or Mud Laminae &I Diplocraterion & Rhizocorallium - Carbonaceous Mud Laminae U Arenicolites Rosselia - Coal Laminae 1 Skolithos & Jhalassinddes 

----- Carbonaceous Detritus 8 Ophiomorpha Cylindrichnus - - 0 0 Pebbles or Granules 
fl 

PJ Macaronichnus &B Chondrites 

--I. RipUp Clasts SS escape trace * Asterosoma 

v d  Wood Fragment A Jerebellina - Planolites 

GI Glauconite W Bergauena a Palaeophycus 

Sid Siderite 0 Teichichnus 9 Conichnus 

~ t k  Lithic U Glossifungites U\n Helminthopsis 

Py Pyrite lchnofacies 

SEDIMENTARY STRUCTURES 

Y/ Trough Cross-Bedding =sz Low Angle Curvilinear Lamination 

/// Planar Tabular Cross Bedding @ Biohrrbated (Mottled) 

6 Combined Flow Ripples m Syneresis Cracks 

A Oscillation Ripples Coarsening Upwards 

5 Low Angle Planar Lamination i Fining Upwards 

LITHOLOGY 

0 Sandstone Sandy Shale 
shat sanktone Interbedded Sandstone - - - - - 
Shale 

and 
Conglomerate 

..- -.. Silty Shale --- IT I)(] ~ o s t  ~ o r e  

BURROWABUNDANCE 

BEDDING CONTACTS Abundant 

- Sharp, Flat common 

*sssssSs Bioturbated ---- Uncommon 
Uncertain sparse 

...... Y M I I ~  Gradational ..,. - Scoured, Undulatory 0 Absent 

Figure 19 Symbols used in strip logs of Figures 20, 22 and 25. 

Figure 20 Strip log of a cored interval of the Viking Formation (Albian) in the Crystal Field, 
south-central Alberta (symbols explained in Fig. 19). Facies interpretations are listed on the 
right-hand side of the log; key surfaces are marked on the left. The section shows an incised 
valley, excavated into offshore deposits during a relative lowstand of sea level. The incision 
surface is marked by a Glossifungites assemblage consisting of Diplocraterion. The valley fill 
is a heterolithic succession of sandstones, interbedded sandstones and shales, and shales 
deposited in estuarine to marine settings during a relative rise in sea level. The valley fill is 
capped by a transgressive lag, suggesting ravinement, followed by shelfal deposition of 
shales. 
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of estuary filling (Reinson et al., 1988). 
Beneath the basal incision of the 
valley, the older silty shales contain a 
diverse softground Cruziana suite of 
abundant Terebellina, Chondrites, 
Planolites, Helrninthopsis, Asterosorna, 
and rare Zoophycos (Fig. 21A). At the 
erosional truncation, a large number of 
sharp-walled, unlined Diplocraterion 
shafts, constituting the Glossifungites 
assemblage (Fig. 21B), extend down- 
ward into the underlying facies and 
cross cut the original softground suite. 
Elsewhere, the Glossifungites suite 
consists of firmground Gastrochae- 
nolites. The overlying estuary-fill facies 
consists of a heterolithic association of 
sandstones and shales. A low-diversity 
suite of Skolithos and Planolites (Fig. 
21C) with associated syneresis cracks 
occurs near the base, and reflects 
brackish water conditions. This associa- 
tion passes into more fully marine 
suites, consisting of Ophiornorpha, 
Teichichnus, small Rosselia, Astero- 
soma, Diplocraterion, Skolithos, 
Planolites, Palaeophycus, and escape 

traces. The erosion surface is inter- 
preted as an incised valley, excavated 
into underlying lower to upper offshore 
deposits during a relative lowering of 
sea level. The overlying heterolithic 
facies succession was interpreted by 
Reinson et a/. (1988) as multistage 
tidal channel-fill within a larger estu- 
arine channel-bay complex, which ac- 
cumulated in response to an ensuing 
period of transgression. 

The base of a similar incised valley 
in the Viking Formation at Willesden 
Green field is also marked by a 
Glossifungites assemblage locally 
consisting of Rhizocoralliurn (Fig. 
17B), Diplocraterion and Thalas- 
sinoides. 

The Viking Kaybob field in central 
Alberta (Fig. 22) produces hydrocar- 
bons from a coarsening-upward, NW- 
SE-trending sandstone body. The 
sandstone overlies an extensive ero- 
sion surface incised into thoroughly 
burrowed silty to sandy shales con- 
taining a diverse Cruziana assem- 
blage of Teichichnus, Helrninthopsis, 

Asterosorna, Terebellina, Planolites, 
Zoophycos, Chondrites, rare Rosselia, 
and Rhizocoralliurn. The mixture of 
grazing and deposit-feeding traces 
suggests offshore shallow-marine de- 
position. Cores in proximal positions 
(Fig. 22) show the underlying sandier- 
upward offshore facies succession 
abruptly truncated by the erosional 
discontinuity. The discontinuity is 
marked by a Glossifungites assem- 
blage consisting of robust Skolithos 
and Thalassinoides, passively filled 
with medium to coarse sand which in- 
filtrated the burrows from the overlying 
facies. The overlying sandstone is 
medium grained and contains low- 
angle parallel lamination and rarer os- 
cillation ripples. The trace fossil suite 
mainly consists of structures made by 
deposit feeders, suspension feeders, 
and passive carnivores with less abun- 
dant grazing traces, and is manifest by 
Skolithos, Ophiornorpha, Bergaueria, 
Palaeophycus, Teichichnus, Aster- 
osorna, Rosselia, Planolites, Tere- 
bellina, Helrninthopsis, and Chon- 

Figure 21 Pre-erosion (A), erosion (B), and posterosion (C) trace fossil suites, Albian Viking Formation, Crystal Field, Alberta. 
A) Pre-erosion softground suite representing a distal Cruziana assemblage in intensely burrowed offshore, to lower shoreface silty to sandy 
shales. Traces include Helrninthopsis, Planolites, Thalassinoides, Terebellina, Teichichnus, Rhizocorallium, and rare Arenicolites, Skolithos, 
and Palaeophycus. B) Erosion suite, consisting of a Glossifungites assemblage of sharp walled, unlined, mud filled Diplocraterion shafts, 
cross cutting a distal Cruziana suite. Contact between the sandstone at the top of the photograph and the sandy shale corresponds to the 
base of the incised valley fill. C) posterosion suite consists of a low-diversity assemblage of sparse Planolites and rare Skolithos. Traces are 
developed in wavy bedded oscillation and combined flow ripple laminated fine sandstones and dark shale drapes. Suite reflects a stressed 
(brackish?) environment. 
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drites. This sharp-based sandstone is 
interpreted to reflect a storm-domi- 
nated lower- to middle-shoreface 
setting. 

Farther seaward to the northeast, the 
same erosion surface lacks a Glossi- 
fungites suite, but is marked by dis- 
persed pebbles and medium- to 
coarse-sand grains. The erosion 
surface is overlain by a gradually coars- 
ening upward succession of intensely 
burrowed silty and sandy shales con- 
taining a diverse Cruziana suite of 
abundant Asterosoma, Terebellina, 
Planolites, Zoophycos, Chondrites, and 
Helminthopsis; up ward, Teichichnus, 
Rosselia, Rhizocorallium, Skolithos, 
and Arenicolites are more common, re- 
flecting offshore to lower shoreface 
progradation. Finally, the sandy shales 
grade upward into intensely burrowed 
shaly sandstones containing Skolithos, 
Arenicolites, Cylindrichnus, Palaeo- 
phycus, Asterosoma, Terebellina, 
Chondrites, Planolites, and Helmin- 
thopsis, reflecting lower- to middle- 
shoreface conditions. 

The discontinuity is interpreted to be 
a regressive surface of erosion, formed 
as a result of a lowering of relative sea 
level and incision into the underlying off- 
shore shales. In proximal areas, the 
erosion surface is abruptly overlain by 
incised lower- to middle-shoreface de- 
posits. In more basinal settings, the dis- 
continuity is overlain by distal equiv- 
alents of the incised shoreface, which 
prograded basinward and generated a 
more gradual coarsening-upward suc- 
cession. This relationship defines a 
forced regression (Chapter 12; Plint, 
1988; Posamentier and Vail, 1988). 

Transgressive surfaces of erosion 
Transgressive surfaces of erosion 
(ravinement surfaces) afford the most 
elegant mode of developing wide- 
spread substrate-controlled ichnofa- 
cies. This is principally because the 
exhumed surfaces are generated 
within a marine or marginal marine en- 
vironment, favouring colonization by 
organisms as the surface is cut, and 
prior to significant deposition of over- 
lying sediment. 

Transgressive surfaces of 
erosion - example from the 
Viking Formation 
The Viking Formation can be used 
again, this time providing excellent ex- 

amples of transgressive surfaces of 
erosion. Several such surfaces occur 
near the top of the formation. In the 
Kaybob field, the lowstand incised 
shoreface setting discussed previously 
(Fig. 22) is overlain by pebbly shales 
with thin gritty sands, containing a 
trace suite of Terebellina, Helmin- 
thopsis, Planolites, Teichichnus, 
Chondrites, and Zoophycos. This style 
of sedimentation is interrupted by 
Glossifungites assemblages (Sko- 
lithos, Arenicolites, Diplocraterion, and 
Thalassinoides) that occur at "hidden" 
bed junctions, associated with periods 
of erosion (ravinement) and stillstand. 
These deposits are overlain by indis- 
tinctly burrowed marine shales having 
thin silty sand stringers and rare 
Planolites. 

The incised shoreface succession 
(Fig. 22) is interpreted to reflect basin- 
ward progradation, following the 
forced regression. This was termi- 
nated by a relative rise in sea level, 
when associated ravinement stripped 
off the upper shoreface and coastal 
plain facies. Periodic stillstands during 
the overall transgression permitted de- 
position of the pebbly shale facies, 
while resumed transgression gener- 
ated erosional discontinuities marked 
by Glossifungites suites (Fig. 23). 
Continued transgression of the Col- 
orado sea resulted in deposition of 
distal offshore to shelfal shales. 
Similar facies successions occur in 
other parts of the Viking Formation 
(e.g. Joarcam field, Power, 1988; 
Joffre field, Downing and Walker, 
1 988). 

Amalgamated lowstand erosion 
and transgressive surfaces 
Amalgamated (or coplanar) lowstand 
erosion and transgressive surfaces 
are commonly colonized by substrate- 
controlled tracemakers. Erosion during 
lowstand typically produces wide- 
spread firmground, hardground, and 
woodground surfaces. The following 
transgressive event tends to remove 
much of the lowstand deposits and 
exposes the discontinuity to marine or 
marginal marine conditions (Chapter 
12). Organisms then colonize the re- 
exhumed flooded surface. Savrda 
(1991) noted that the lowstand uncon- 
formity at the Cretaceous-Tertiary 
contact in Alabama contained a sub- 
strate-controlled ichnofacies only 

where an overlying transgressive sur- 
face of erosion was amalgamated with 
it. Localities where valley fill deposits 
separate the unconformity from the 

Union Kaybob 
11 -35-61-20~5 

Figure 22 Strip log of a cored interval of 
the Viking Formation (Albian) in the 
Kaybob Field in central Alberta (symbols 
explained in Fig. 19). Facies interpret- 
ations are shown on the right -hand side of 
the log; key surfaces are marked on the 
left. The lower half of the section shows 
lower- to middle-shoreface deposits 
abruptly attenuating offshore sandy shale 
deposits. The erosional discontinuity is 
marked by a Glossifungites assemblage 
consisting of Skolithos. The shoreface is 
interpreted to be a result of "forced regres- 
sion", due to a relative lowering of sea 
level. The lowstand shoreface is truncated 
by sandy and pebbly shales containing nu- 
merous Glossifungites assemblages de- 
veloped at hidden bed junctions. The 
overlying assemblage reflects transgres- 
sive deposition resulting from ravinementl 
stillstand cycles, ultimately being capped by 
shelf deposits produced during maximum 
marine flooding. 
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ravinement surface lack Glossifungites 
suites (see Table 2) and suggest the 
fill may have been fluvial. 

The Turonian Cardium Formation of 
the Pembina field, central Alberta (Fig. 
16 in Chapter 12), contains a series of 
shorefaces associated with transgres- 
sive surfaces of erosion (Walker and 
Eyles, 1991). Below erosion surface 
E5 (Chapter 12), silty shales contain a 
diverse trace assemblage, including 
Planolites, Chondrites, Helminthopsis, 
Terebellina, Asterosoma, and rare 
Zoophycos. This suite reflects a distal 
Cruziana ichnofacies, suggesting off- 
shore to shelfal accumulation. The 
erosion surface (E5) cut into this facies 
is marked by a Glossifungites assem- 
blage consisting of robust Thalas- 
sinoides that penetrate into the un- 
derlying silty shales. The burrows are 
passively filled with pebbles and sand 
from overlying structureless conglomer- 
ates (Vossler and Pemberton, 1988b). 
The conglomerates grade upward into 
overlying marine shelfal shales that 
contain Helminthopsis, Planolites, 

Figure 23 Robust, unlined, coarse sand- 
filled Arenicolites shaft excavated into a 
silty to sandy shale. The firmground suite 
cross cuts a Planolites, Helminthopsis, 
Asterosoma, Chondrites, and Terebellina 
softground assemblage. The Glossifungites 
suite corresponds to a transgressive 
ravinement surface followed by stillstand 
progradation of coarser clastics. Albian 
Viking Formation, Kaybob S. Field, Alberta. 

Chondrites, Terebellina, and Zoo- 
phycos. The erosional discontinuity is 
interpreted to have initially formed 
during lowstand of relative sea level, 
but was extensively modified during 
transgression. In places, the conglom- 
erates rest on a surface of initial trans- 
gression (E5) and are erosively trun- 
cated during a resumption of trans- 
gression (T5; see Figs. 15 and 17 in 
Chapter 12). In other places, the T5 
surface cuts down to become coplanar 
with E5 (Fig. 17 in Chapter 12). Col- 
onization of the surface by the omis- 
sion suite tracemakers corresponds to 
a hiatus in deposition between initial 
transgression (forming E5) and shore- 
face progradation associated with a 
period of stillstand. The stillstand 
shoreface was ultimately drowned 
during resumed transgression (T5), 
marked by the capping marine shelfal 
shales. The transgression/stillstand 
shoreface model has also been 
applied to the Viking Formation of the 
Joffre field (Table 2; Downing and 
Walker, 1988). 

Another example of bioturbation at 
an amalgamated lowstand/transgres- 
sive surface is in the Bertie and Bois 
Blanc formations of southern Ontario. 
The contact between them corre- 
sponds to the SilurianIDevonian un- 
conformity (Pemberton et a/., 1980). 
Dolomites of the Bertie Formation con- 
tain softground Thalassinoides sys- 
tems and reflect the final stages of 
transgression in the Silurian. The 
SilurianIDevonian unconformity was 
initiated during a period of extreme 
shallowing and subaerial exposure, 
which produced a karsted surface. 
Subsequent transgression is indicated 
by colonization of the karsted hard- 
ground by boring organisms and de- 
velopment of a Trypanites ichnofacies 
(Fig. 17C), manifest by abundant Try- 
panites weisei and Gastrochaenolites. 
Sediment of the overlying unburrowed 
Oriskany sandstone of the Bois Blanc 
Formation was deposited as a wide- 
spread sheet which subsequently suf- 
fered localised removal. The surface 
corresponds to an amalgamated low- 
stand erosion and transgressive ravine- 
ment (EIT) surface. 

Nondepositional hiatuses 
(diastems or nonsequences) 
Nondepositional hiatuses are com- 
monly formed in carbonate settings 

where cessation of deposition results in 
synsedimentary lithification of the sea- 
floor and development of hardgrounds. 
These hardground surfaces are colo- 
nized rapidly by marine organisms. The 
absence of significant deposition of 
sediment related to hardground forma- 
tion strongly favours the colonization of 
such surfaces, and unbored hard- 
grounds are more the exception than 
the rule. 

In Upper Cretaceous chalks of north- 
western Europe, nonerosional (nonde- 
positional) omission surfaces are 
abundant through much of the succes- 
sion (Bromley, 1975), particularly in 
some of the Cenomanian grey chalks 
of southern England (Kennedy, 1967). 
In the Upper Cretaceous (Campanian- 
Maastrichtian boundary) white chalks 
of Kronsmoor, Schlesswig-Holstein, 
Germany, many of the more obvious 
omission surfaces have been termed 
"pseudo-hardgrounds" (Bromley, 1975). 
Three main trace fossil associations 
typically occur in such settings; pre- 
omission, omission, and post-omission 
suites. The pre-omission suite consists 
of Thalassinoides, Chondrites, and 
Zoophycos; the traces have a pale 
blue fill because of disseminated pyrite. 
The omission suite corresponds to the 
Glossifungites ichnofacies, and con- 
sists of a monospecific assemblage of 
Thalassinoides. These are distinguished 
by a grey, clayey chalk fill from the 
overlying unit and a faintly ferruginous 
coating on the burrow walls because of 
exposure to seawater during the period 
of nondeposition. The post-omission 
suite occupies the overlying unit and 
consists of Thalassinoides, Chondrites, 
and Zoophycos, which are virtually 
identical to the pre-omission suite. This 
last suite penetrates the discontinuity 
surface through re-excavation of the 
omission suite burrow fill. Bromley 
(1 975) interpreted this reburrowing to 
be a function of low nutrient content of 
the underlying chalk rather than of sub- 
strate hardness. The lack of new ichno- 
fossil forms introduced in the omission 
suite and post-omission suite strongly 
suggests that negligible change oc- 
curred in the depositional setting before 
or after development of the omission 
surface (Bromley, 1975). 

Where synsedimentary lithification 
occurs at the seafloor, omission suites 
are separated into prelithification 
burrows and postlithification borings 
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(Bromley, 1975). Prelithification suites 
may include both softground suites and 
firmground suites. Recognition of a 
bored (rather than burrowed) sedimen- 
tary surface is unequivocal evidence of 
sediment omission (erosional or non- 
depositional) and the presence of a 
hardground (Bromley, 1975). 

Depositional Discontinuities 
Condensed Sections 
Condensed sections were deposited 
over a long span of time, but are thin 
because of slow rates of hemipelagic 
or pelagic sedimentation. They are 
typically most extensive during periods 
of maximum transgression (Loutit ef 
a/,, 1988), when the basin is starved of 
terrigenous material (Van Wagoner et 
a/., 1990), and form maximum flooding 
surfaces. Recognition of condensed 
sections is important, both from a strat- 
igraphic and facies analysis point of 
view. Such thin deposits may easily be 
missed during biostratigraphic ana- 
lysis, if sampling is not conducted care- 
fully. Missing the condensed section 
would result in the interpretation of an 
apparent time gap in the biostrati- 
graphic record. This in turn would imply 
a major unconformity even though sed- 
imentation was actually continuous 
(Van Wagoner eta/., 1990). 

Condensed sections tend to contain 
abundant and diverse deep water 
faunas, whereas over- and underlying 
deposits, particularly those accumulated 
in fluvial, estuarine, and shallow-marine 
settings, tend to be nonfossiliferous or 
only slightly fossiliferous. If faunas are 
collected from successive condensed 
sections, in several discrete sequences 
(in the sequence stratigraphy sense), 
the sedimentologist might erroneously 
conclude that continuous deep water 
conditions prevailed across that interval, 
and could misinterpret the intervening 
nonfossiliferous sandstones as being 
deep water in origin (Van Wagoner et 
a/., 1990). 

Several condensed sections have 
been described from the rock record 
(Legget, 1980; Jenkyns, 1980; Leckie et 
a/., 1990), and Loutit et a/. (1988) sum- 

content and overall stressful condi- 
tions for benthic organisms. Six se- 
lected condensed sections from 
epeiric settings show a general adher- 
ence to conditions of higher total 
organic carbon, reduced oxygen val- 
ues, low concentrations of benthic 
foraminifera, and minimal or no bur- 
rowing (Fig. 24). The relationships of 
low oxygen, preservation of organic 
carbon, and biologically lethal seafloor 
conditions have been discussed by 
numerous authors (Byers and Larson, 
1979; Jenkyns, 1980; Legget, 1980; 
Savrda and Bottjer, 1987). Savrda and 
Bottjer (1987) noted that ichnofaunas 
are generally more indicative of both 
magnitudes of, and rates of change in, 
oxygen levels than are macrobenthic 
body fossil suites. Bromley and Ekdale 
(1984) found that with decreasing oxy- 
genation at the seafloor, Planolites, 
Thalassinoides, and Zoophycos pro- 
gressively disappear before Chon- 
drites does, suggesting that the Chon- 
drites tracemaker may have been 
capable of surviving conditions of 
anoxia. Savrda and Bottjer (1 987) also 
found that burrow sizes decrease with 
increasing depth and decreasing 
oxygen levels. 

In a study of the Monterey Formation 
(Miocene) of California and the Nio- 
brara Formation (Cretaceous) of Colo- 

rado, Savrda and Bottjer (1987) indi- 
cated that oxygen-related ichno- 
coenoses could be defined, and used 
to distinguish units of more uniform or 
less uniform bottom-water oxygena- 
tion. One possible means of recog- 
nising condensed sections char- 
acterised by dysaerobic or anaerobic 
conditions may be by the presence of a 
suspiciously unburrowed or only 
slightly burrowed dark carbonaceous 
shale lying between more intensely 
burrowed marine deposits. 

Condensed sections overlying trans- 
gressive lags, and coinciding with 
maximum flooding, are shown in 
Figure 25. This core is from the Lower 
Cretaceous (Albian) Bluesky Form- 
ation of the Knopcik Field, west-central 
Alberta. Near the base of the core, 
foreshore and upper shoreface sand- 
stones containing Macaronichnus, are 
erosionally truncated and overlain by a 
conglomerate and pebbly shale, inter- 
preted to reflect transgressive ravine- 
ment. The overlying shale is black, 
slightly fissile, pyritic, and glauconitic, 
and is conspicuously unburrowed. It is 
interpreted as a condensed section, 
deposited during maximum flooding. 
The condensed section grades up- 
ward into offshore silty shales and 
sandy shales burrowed with a diverse 
Cruziana ichnofacies, consisting of 
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Figure 25 Strip log of a cored interval of the Bluesky Formation (Lower Albian) in the 
Knopcik Field in west-central Alberta (symbols explained in Fig. 19). Facies interpretations 
are given on the right-hand side of the log; key surfaces are marked on the left. The basal 
section shows an upper shoreface sandstone transgressed with ravinement, overlain by a 
condensed section. A second offshore to shoreface progradational cycle is developed (near 
top of section) and is also erosively transgressed, capped by a transgressive sand sheet and 
followed by a second condensed section. 

Terebellina, Planolites, Chondrites, 
Helminthopsis, Zoophycos, small 
Rosselia, Palaeophycus, Teichichnus, 
Asterosoma, and rare Skolithos. This 
passes into storm-dominated lower- to 
middle-shoreface sandstones, re- 
flecting shoreface progradation. To- 
wards the top of the core (Fig. 25), a 
ravinement surface is overlain by in- 
tensely but indistinctly burrowed, 
pebbly medium to coarse sandstone 
interpreted as a transgressive sand 
sheet. It is abruptly overlain by dark, 
slightly fissile, pyritic silty shale con- 
taining sparse Planolites and Chon- 
drites, interpreted as another con- 
densed section. 

SUMMARY 
In the second edition of Facies Models 
(Frey and Pemberton, ISM), we showed 
that recurrent ichnofacies are not only 
valuable environmental indicators but 
also archetypal facies models. The 
same holds true today (Frey et al., 
1990). However, in 1984, trace fossils 
had little or no place in refined genetic 
stratigraphic applications. This is cer- 
tainly not true today; trace fossils are 
very important both in defining 
bounding discontinuities of various 
types, and in contributing to their inter- 
pretation. The particular tracemakers 
colonizing the discontinuities, and the 
intensity of burrowing or boring, are in- 
dependent of the genesis and regional 
extent of the surface itself, except in sit- 
uations where there is an environmental 
gradient (e.g., freshwaterlbrackish- 
waterlmarine). The allostratigraphic sig- 
nificance of any given discontinuity is a 
problem that can be resolved only 
through the integration of sedimentolog- 
ical, stratigraphic, ichnological, and pa- 
leontological techniques. 
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Bob Frey passed away on January 1, 
1992. He will be long remembered for 
his classic work that helped lay the 
foundation for modern ichnology. We  
dedicate this paper in his honour. 
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INTRODUCTION 
An understanding of glacial deposi- 
tional systems and models has many 
important applications. First, glacial de- 
posits contain data that can be used to 
unravel the long, but intermittent, re- 
cord of global change and glaciation 
during geological time (Fig. 1, and see 
Chapter 2). Second, glacial deposits 
are fundamental to studies of environ- 
mental geology in heavily urbanized 
mid-latitude areas of North America and 
Europe. The investigation of geo-engi- 
neering characteristics, hydrogeological 
regimes and contaminant migration in 
glacial sediments is currently a major 
stimulus of glacial sedimentological re- 
search. It is akin to the stimulus of hy- 
drocarbon reservoir studies on aspects 
of clastic and carbonate sedimentology 
in the 1950s. A third and closely related 

aspect of glacial studies is their applica- 
tion to economic geology. This involves 
exploration for mineral deposits hosted 
in glacial sediments and rocks (placers; 
Eyles, 1990), and the use of glacial sed- 
iments in the search for mineral de- 
posits on glaciated shields (drift 
prospecting; DiLabio and Coker, ,1989). 
Glacial strata have traditionally been 
ignored by petroleum geologists, but 
Late Paleozoic glaciated basins contain 
significant reserves of oil and gas in 
Australia, Argentina, Brazil, Bolivia, 
northern Saudi Arabia, Jordan and 
Oman (Levell et a/., 1988; Franca and 
Potter, 1991). 

In many people's minds, glacial 
sedimentary facies are still uniquely 
characterized by tills (or if lithified, 
tillites). These are unsorted mixtures 
of all available sizes, from boulders to 

clay, deposited directly by glaciers 
and ice sheets. However, sediments 
having the same outcrop appearance 
(hence the same aspect, or facies) 
can be deposited in a wide range of 
glacial and nonglacial environments 
(Fig. 2). The term diamict (if lithified, 
diamictite) should therefore be used as 
a descriptive, nongenetic term for such 
poorly sorted facies regardless of 
origin. Only those diamict(ite)s known 
to be deposited directly by glacier ice 
can be identified as true till(ite)s. A 
central problem in stratigraphic studies 
is therefore to determine whether spe- 
cific diamict(ite) facies are glacial or 
nonglacial in origin. There are many 
examples in the literature where sedi- 
ments originally described as tills and 
tillites have been shown to have a 
nonglacial origin. Diamict(ite)s are 

- Figure 1 Earth's glacial record. Black bars depict glacial strata where ages are constrained by radiometric dating. Cretaceous ice caps may 
have existed in the interior of Antarctica and northern Siberia. Data compiled principally from Hambrey and Harland (1981). Representative 
references: (1) Miall (1985), (2) Eisbacher (1985), Eyles, C.H. (1988), Nystuen (1985), (3) Vaslet (1990), (4) Crowell and Frakes (1975), Visser 
(1 983, 1989), Levell et a/. (1 988), Franca and Potter (1 991), (5) Frakes and Francis (1 988), (6) Martinson eta/. (1 987), Andrews (1 987). 
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merely a common facies type and are 
produced in a range of sedimentary en- 
vironments and climates. It is com- 
monly impossible to deduce the origin 
of a diamict(ite) from a single small out- 
crop. It is always important to examine 
the related facies in conformable strati- 
graphic context above and below the 
diamict (Chapter I ) ,  in order to assess 
the evidence for its depositional envi- 
ronment by reference to associated 
$nn;-r Thie nnnrn-nh ic hncarl nn thn 
lablrja. I I IIJ u p p ~  VLIUI I I* UUDGU VI I LI I= 

premise that diamict prOducedr Figure 2 Diamict(ite) facies. A) Clast-rich massive diarnict produced by ice-rafting and 
sediment gravity settling of suspended fines in a glaciomarine environment. Late Cenozoic Yakataga Fm., 

will tend to be intimately associated Alaska. B) clast-poor massive diamict produced by ice-rafting and settling of suspended 
with other gravity-emplaced diagnostic fines in an ice-contact glaciolacustrine setting. Note thin silt wisps above ice-axe. Late 
facies such as turbidites (see later in Wisconsin Sunnybrook diamict, Scarborough Bluffs, Ontario. 
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Figure 3 Depositional environments and typical vertical profiles of facies deposited during a single phase of glacier advance and retreat in 
various glacioterrestrial and glaciomarine environments. 



this chapter, and in  Chapter 13). 
Facies associations vary in different 
depositional environments, as does the 
geometry or three-dimensional shape 
of the deposit. The best interpretations 
therefore require detailed vertical pro- 
files of the deposits, along with infor- 
mation on lateral variability and 
depositional geometry (architecture) 
beyond the local outcrop. 

Commonly, glacial facies are inti- 
mately associated with the deposits of 
many other environments, particularly 
rivers, lakes, continental shelves, and 
slopes. In most cases, the role of the 
glacier has been to deliver large vol- 
umes of sediment to a marine or lacus- 
trine basin, where primary glacial 
sediments are then reworked by 
nonglacial sedimentary processes. 
However, sedimentary products (fac- 
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ies) found within different glacial and 
glacially influenced environments can 
be identified, and occur in distinct 
facies associations (families of related 
facies). Glacial depositional systems 
can be recognized as distinct three-di- 
mensional assemblages of process- 
related facies that record major paleo- 
geomorphic basin elements. The spa- 
tial and chronological linkage of these 
depositional systems identifies two dis- 
tinctive systems tracts, glacioterrestrial 
and glaciomarine (Fig. 3). 

THE GLACIOTERRESTRIAL 
SYSTEMS TRACT 
Glaciation of continental interiors 
creates a variety of glacioterrestrial 
depositional environments which can 
be grouped into four depositional sys- 
tems; subglacial, supraglacial, glacio- 

ARCTIC OCEAN 

PACIFIC OCEAN 

SEDIMENT CWER 

lacustrine and glaciofluvial (Fig. 3). 
Substrate relief and tectonic setting 
play a fundamental role in the deposi- 
tion and preservation of terrestrial gla- 
cial sediments in these environments. 
Extensive Quaternary glacial deposits 
of cratonic continental interiors (Figs. 4 
and 5)  record the growth of large ice 
sheets but are relatively poorly pre- 
served in the Earth's glacial record. 
On the other hand, reworked conti- 
nental glacial deposits are a very 
common stratigraphic component of 
orogenic belts. They record the growth 
of cordilleran ice masses and preser- 
vation of glacial sediments in tectoni- 
cally active basins. The bulk of gla- 
cially derived sediment is preserved in 
the ocean basins (Fig. 4; Bell and 
Laine, 1985). Cold climate (periglacial) 
processes also'affect terrestrial glacial 
deposits beyond the ice margin, 
causing extensive deformation of sedi- 
ments, and influencing the deposition 
of fluvial and eolian facies. 

LOW-RELIEF 
GLACIOTERRESTRIAL SElTlNGS 
Glaciation of low-relief, continental in- 
teriors results in crudely concentric 
belts of different glaciated terrains that 
reflect the growth and shrinkage of large 
ice sheets. This is well shown by the 
distribution of Pleistocene glacial de- 
posits in North America (Figs. 4, 5). 
Several depositional systems can be 
recognized (Fig. 3). 

Subglacial depositional systems 
Conditions at the base of large ice 
sheets vary widely in response to dif- 
ferent ice temperatures and velocities. 
Wet-based ice (Figs. 6A, B) occurs 
where conditions are close to the pres- 
sure melting point, and the ice slides 
over the substrate. In dry-based condi- 
tions (Fig. 6A) the ice remains frozen 

, to the bed and moves mostly by in- 
ternal deformation. Subglacially de- 

I posited diamict facies occur principally 
I below wet-based ice (Figs. 6C, D). En- , glacial debris is transported within a 
1 thin (1 m) basal layer that consists of 
I irregular layers of ice and debris. In- 

tense abrasion occurs both between 
particles in the base of the layer, and 
between these particles and the sub- 

Figure 4 Schematic distribution of sediments resulting from Quaternary glaciation of northern strate. Clasts or masses of debris that 
North America. Note widespread distribution of thick, glacially derived marine sediment in collide with the bed may become 
ocean basins; these sediments are preferentially presewed in the Earth's glacial record. lodged against the substrate as a result 
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of pressure-melting and release from 
the ice base. The process is akin to 
smearing peanut butter across a piece 
of toast. A characteristic glacially 
faceted clast shape (bullets, Fig. 7) 
evolves as a result of overlying dirty 
ice moving over the lodged clast. Con- 
tinued lodgement produces lenticular 
beds of dense, overconsolidated dia- 
mict termed lodgement till (Figs. 8, 9, 
10). Long axes of the clasts have a 
strongly preferred alignment parallel to 
ice flow. Measurement of long axis ori- 
entation for a few bullet clasts gives a 
rapid indication of ice flow direction. 

Lodgement tills lie on marked local 
and regional unconformities, and tend 
to have regional sheet-like geometries 
(Figs. 8, 9). Total thicknesses rarely 
exceed 50 m. Strongly lenticular till 
units occur locally within the sheet-like 

forms. They have cross cutting and 
overlapping relationships as a result of 
intermittent erosion of the substrate in 
response to change in ice velocities. 
Changes in ice flow direction and the in- 
troduction of differing debris lithologies 
can result.in a stack of several lodge- 
ment tills, superimposed during a 
single glaciation (Fig. 8). Each till unit 
contains clasts and matrix from con- 
trasting bedrock sources. This empha- 
sizes the need for care in interpreting 
ice advancelretreat cycles from mul- 
tiple-till stratigraphies. 

Gravel-filled channels resulting from 
subglacial stream drainage are also 
integral components of the subglacial 
stratigraphy (Fig. 8; Eyles et al., 1982). 
Channels have a planar upper surface 
truncated by overlying diamict. They 
are oriented subparallel to ice flow di- 

rection and are genetically related to 
esker ridges (Fig. 8). Therefore, the 
presence of glaciofluvial facies within 
lodgement-till complexes does not 
necessarily indicate glacier retreat. 

Sediments and poorly lithified rocks 
below lodgement-till successions are 
commonly observed to be extensively 
deformed as a result of subglacial tec- 
tonism (Fig. 11; Croot, 1988). This is 
akin to spreading peanut butter on very 
soft bread. These glaciotectonized sub- 
strates are particularly common over 
large areas of the Prairie Provinces in 
western Canada, and consist of weak 
mud rocks and poorly lithified sand- 
stones (Sauer et al., 1990). 

Eskers record transient water flow 
below the ice sheet. They infill tunnel 
networks that may be cut either into 
the bed or up into the overlying ice 

Glaciolacustrine 

Figure 5 Schematic distribution of Quaternaly glacioterrestrial sediments in northern North America. Glaciolacustrine sediments obscure 
large areas. 
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base. Such tunnel fill eskers are ex- 
-reat as steep-sided 

, ridqes that record the internal plumbing 
system of the ice sheet (Fig. 12): 
Internally, the eskers contain cross- 
bedded sand and gravel facies with re- 
stricted variance in paleocurrent 
directions. A beaded form is typical of 
eskers deposited as overlapping sub- 
aqueous fans in water ponded against 
the retreating ice front. Beaded eskers 

1 

show rapid d o w n s t r e a m ~ ~ o n s  info 
fine-grained glaciolacustrine facies. 

Other bedforms exposed by the 
retreat of wet-based, sliding glaciers 
are streamlined drumlins, which form 
part of extensive swarms (Fig. 13). 
Their formation is not well understood, 
but most inferred mechanisms invoke 

Internal deformation 

either incremental lodgement around 
subglacial obstacles such as rock 
highs, or erosion of sediment over-run 
by the ice sheet. Studies of drumlins at 
modern ice margins, and geophysical 
investigations in Antarctica (Alley et 
al., 1987), show that subglacial sedi- 
ments can be pervasively deformed 
below rapidly flowing ice (Fig. 6D). In 
this case, sliding along the icelsub- 

. strate interface is less important than 
movement resulting from internal de- 
formation of the substrate. These beds 
are composed of diamicts (deforma- 
tion till; Fig. 14) and formed by the me- 
chanical mixing and homogenization 
of eroded sediments, as in a concrete 
mixer. Indeed, the glacier base can be 
regarded as a giant shear zone, with 

deformation till being equivalent to fault 
gouge and drumlins as large-scale 
slickensides. The thickness of the de- 
forming layer below large Quaternary 
ice sheets is not yet established, but 
could have reached several tens of 
metres. The deformability of sediments 
overridden by the ice sheet is dictated 
by their geotechnical and hydrogeo- 
logical properties. Spatial variation in 
the shear-strength of subglacial sub- 
strate sediments gives rise to streams 
of deforming diamict separated by 
areas of the bed that are resistant to 
deformation (Fig. 15). Erosion around 
these more resistant portions of the 
bed results in streamlined residual 
drumlins. Detailed subsurface investi- 
gations show that many drumlins origi- 
nate by erosion of pre-existing sedi- 
ment, with deformation till resting 
unconformably on a resistant core of 
overridden proglacial sediments (Fig. 
15; Boyce and Eyles, 1991). Other 
models of drumlin genesis involve the 
release of catastrophic subglacial sheet 
floods (Shaw and Sharpe, 1987) but 
this hypothesis has yet to be ade- 
quately tested by studies of the internal 

Figure 7 Glacially-shaped clasts. A) 
Figure 6 A) Top, movement of dry-based (polar) glacier by internal deformation. Glacier is exposed in front of a modern glacier 
frozen to the bed; bottom, in contrast wet-based glaciers move by internal deformation and (Athabasca Glacier, Alberta). B) weathering 
basal sliding. Horizontal arrows indicate relative amounts of ice movement. B) Movement of out from a late Proterozoic tillite (Tauodeni 
wet-based glacier on bedrock substrate. C) "Stiff-bed" model for accretion of till sheets below Basin, Mauretania). 
wet-based ice (see Fig. 8). Accretion occurs by incremental smearing of englacial debris an clasts (to left.bothflhah,., 
against substrate (lodgement till). D) "Soft-bed" model where till is produced below wet- point up-qlacier: also nate-truncated-auk 
based ice by subglacial shearing of overridden sediments (deformation till; see Fig. 14). - and striae. 
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structure and facies of the drumlins. 
The important criteria for identifying 

continental glacial facies are 1) the 
presence of underlying regionally ex- 
tensive unconformities and 2) the re- 
stricted regional thickness of individual 
subglacially deposited diamict(ite) 
units. This thickness is generally less 
than 50 m, and is commonly much less. 
By contrast with the subglacial environ- 
ment, diamict(ite) thicknesses in glacio- 
lacustrine and glaciomarine environ- 
ments are much greater (see below). 
The second criterion of restricted 
regional thickness applies regardless of 
the relative importance of lodgement 
(stiff-bed) and deformation (deforming 
bed) below the ice sheets (Fig. 6) and 
regardless of the precise origin of sub- 
glacial bedforms. The presence or 
absence of subglacial bedforms (drum- 
lins, eskers and glaciotectonic struc- 
tures), subaerial outwash and other 
cold climate facies, provides further 

contextual criteria for the identification 
of subglacially deposited till(ite)s. 

Supraglacial depositional system 
The thin, outer margin of an ice sheet 
commonly stagnates, leaving broad 
zones of hummocky topography un- 
derlain by highly variable sediments 
with complex geometries. During the 
last glaciation, stagnant ice extended 
over many thousands of square kilo- 
metres in North America (Figs. 4, 5). 
Strong compression between active ice 
upglacier and the dam of stagnant 
marginal ice results in complex folding 
and thickening of the basal debris layer 
(Fig. 16). This debris may be slowly 
melted out in situ to form basal melt-out 
till. The melt-out till, together with other 
diamict facies released on the ice 
surface, is associated with a distinct 
hummocky topography that records 
complex disintegration of the ice mar- 

gin (Fig. 17D, E; Shaw, 1979; Lawson, 
1982; Kasizcki, 1987; Paul and Eyles, 
1990). If the thin outer margin of the ice 
sheet becomes frozen to the substrate, 
large bedrock slabs may be detached 
and glaciotectonized. This is because 
ice movement is accomplished not by 
basal sliding, but by deformation of un- 
derlying substrate sediments. 

An inactive or retreating margin of 
this type becomes buried under a 
drape of diamict formed by the melt-out 
of englacial debris on the ice surface 
(Figs. 16, 17A, B, C). This drape is 
very unstable and is moved by sedi- 
ment gravity flows into kettle basins 
generated by the local melt of buried 
ice (Boulton, 1972; Fig. 17b, c). Kettle 
fills are subsequently preserved as 
hummocks when adjacent ice cores, 
under a thinner sediment cover, melt- 
down more rapidly to produce topo- 
graphic lows (relief-inversion). Typical 
vertical profiles through hummocks 

Vertical joint sets oriented 
sub-parallel to ice flow 

Erosive base to  diarnict units 

Outwash stream 

THIN, SHEET-LIKE REGIONAL GEOMETRY OVER MAJOR 
UNCONFORMITIES. LENTICULAR LOCAL GEOMETRY 

Shear surfaces WITH CROSS-CUTTING DIAMICT UNITS AND LINEAR 
CHANNEL FILLS. 

Variable sediments in 

Sheared-out bedrock 

Shaped, oriented clast 

X' 

X' 

Figure 8 Depositional environment, stratigraphy andxn_eralized pu ___ --- 
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Figure 9 Low relief till plain being exposed by retreat of an Icelandic glacier; lines parallel to 
ice margin are annual push ridges. Section in centre of photograph is 8 m high. 

Day, luurillullluallallu, cllylallu. 

Figure 11 (left) Folded rafts of Creta- 
ceous Chalk in glaciotectonized glacioma- 
rine deposits of N.E. Norfolk, England. Ice 
movement was from right to left. Sea wall 
in front of section is 2 m high. 

Figure 12 (lower left) Sinuous esker 
ridge (8m high) exposed by retreat of 
Icelandic ice margin 1 km distant. 

Figure 13 Drumlin swarm and flutes in 
Saskatchewan produced by ice sheet 
flowing toward top right. Note en echelon ar- 
rangement of drumlins suggesting erosional 
streamlining of pre-existing sediment (see 
Fig. 15). Scale bar (centre-right) is 2 km. 



show uppermost successions of resed- 
imented massive, graded and stratified 
diamicts (Fig. 16). Supraglacial dia- 
micts resedimented as debris flows are 
generally conformable, have clast im- 
brication parallel to flow, clasts that 
project from the tops of beds, rafts and 
fragments of pre-existing sediments, 
channelized cross sectional form, 

Figure 14 Deformation till. A) 
Deformation till recently exposed at the 
margin of Saskatchewan Glacier, Alberta. 
Note "chaotic" appearance and lack of any 
clast fabric. Largest clast shown is approxi- 
mately 15 cm diameter. B) 10 m thick ex- 
posure of Halton Till at Toronto, Ontario, 
deposited during the Late Wisconsin 
glaciation (about 25-1 5,000 years ago). Till 
rests erosively on sands. C) Sheared-out 
lens of chalk in clay-rich deformation till; 
Late Wisconsin deposits of the east 
Yorkshire coast, England. 
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lenticular downslope-thickening geo- 
metry, an absence of relief on upper 
bed surfaces and a tendency to fill to- 
pographic lows. Massive and crudely 
bedded diamict facies predominate; 
the crudely bedded facies result from 
successive superimposition of thin 
massive flows. These diamict facies 
are interbedded with glaciofluvial and 
lacustrine facies. They overlie basal 
melt-out till (Fig. 16), which may drape 
over bedrock rafts that were present in 
the former ice base. Glaciotectonized 
(ice thrust) bedrock and incorporated 
substrate sediments can be an impor- 
tant component of the sedimentary 
succession (Fig. 16). Under certain 
conditions, englacial structures such as 
folded basal debris successions 
survive basal melt-out in the form of 
ridge-like bedforms oriented transverse 
to former ice flow direction (Shaw, 
1979). 

Glaciolacustrine 
depositional system 
Glaciolacustrine ponding results from 
overdeepening by glacial erosion, 
glacial disruption of former drainage 
systems, and the release of large vol- 
umes of meltwater. Basins vary from 
narrow alpine types in areas of high 
relief (see below), to large continental- 
scale lakes akin to interior seaways. 
These large lakes are ponded in iso- 
statically depressed continental inte- 
riors evacuated by ice sheets (Fig. 5). 
Lake Agassiz is the most famous ex- 
ample, extending over an area of 
about 1,000,000 km2 of North America 
(Teller and Clayton, 1983). A simple 
distinction between ice-contact and 
non ice-contact lake bodies can be 
made (Fig. 18). One of the most cha- 
racteristic glaciolacustrine facies con- 
sists of varves, which are annually 
produced couplets of contrasting grain 
sizes resulting from different condi- 
tions of sedimentation in winter and 
summer. A varve typically comprises a 
couplet of a coarser summer layer 
(sand and/or silt) and a finer winter 
layer (clay). Proximal equivalents may 
include varved gravels, but these are 
difficult to recognize. The classic mod- 
el of varve formation in non ice-contact 
glacial lakes emphasizes a strongly 
seasonal regime driven by summer 
supraglacial melting across the ice 
margin. Significant supraglacial melt is 

Figure 15 Erosional model of drumlin for- 
mation; drumlins are cut by erosional 
streams of subglacially-deforming till (see 
Fig. 6D). Top diagram shows Y-shaped 
area of coarse-grained proglacial outwash 
associated with finer-grained sediments in 
front of an advancing ice margin. When ice 
overrides the area, the coarser-grained 
sediments, which are relatively resistant to 
deformation, become streamlined and 
broken up into drumlin forms (middle dia- 
grams). Arrowed lines are sediment flow 
lines. Bottom diagram shows cross section 
through resultant drumlins which have a 
sandy core (stippled), overlie fine-grained 
sediments (dashes) and are draped with a 
thin veneer of deformation till (triangles). 
After Boulton (1987), and Boyce and Eyles 
(1991). 



suppressed in winter. Under this 
regime sedimentation is dominated by 
the growth of fan-delta lobes. In  
summer, sediment laden, higher den- 
sity meltwaters move down these 
lobes as density underflows. A distinct 
succession of sandy lithofacies is de- 
posited in each summer melt season 
(Fig. 19) and records the start, increase 
and ultimate decline of density under- 
flow activity (Ashley, 1975). The suc- 
cession is bounded top and bottom by 
a winter clay layer deposited from sus- 
pension (Figs. 19, 20A, B). The 
summer sandy layers thin distally into 
silts with isolated starved ripples and 
rare ripple-drift cross lamination. The 
base of the coarser layer is commonly 
sharp, and the layer may be graded 
(Figs. 19, 200). It may contain multiple 
laminations representing deposition by 
a single pulsating or intermittent den- 
sity underflow. There may also be a 
minor contribution of pelagic material 
from interflows or overflow plumes of 
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suspended sediment. The dark clay 
unit (winter layer) may show normal 
grading indicating deposition of sus- 
pended sediment under the ice cover 
of a closed lake. Clay layer thick- 
nesses are generally uniform across 
the basin but may contain massive or 
cross-stratified sands and laminated 
silts which record the winter drawdown 
of lake levels and delta foreslope 
slumping (Fig. 19; Shaw, 1977). Bur- 
rowing and trace fossils are commonly 
present in the summer layer but not the 
winter clay. 

Unfortunately, the term varve (or 
varvite) continues to be used as a 
routine descriptive term for sediments 
that are better termed rhythmically 
laminated (rhythmites), or laminated 
sediments (laminites). The real signifi- 
cance of many varved successions as 
indicators of seasonally controlled sed- 
imentation remains to be assessed rig- 
orously. Many of the layers described 
as varves comprise single or multiple- 

graded units of silt and clay with divi- 
sions C, D and E of the Bouma se- 
quence for turbidites (Fig. 3 in Chapter 
13). These may have been deposited 
by discrete-event turbidity currents with 
no evident seasonal control. In pre- 
Quaternary successions varvites are 
used to infer glaciolacustrine (i.e., con- 
tinental) environments and seasonality 
of climate. These inferences may be 
incorrect if the layers are discrete- 
event turbidites of marine origin (or 
even tidally formed laminites, see 
Chapter 11). However, thin-bedded 
turbidites may also be interbedded 
with seasonally controlled layers so 
the identification of varved succes- 
sions and varvites requires detailed 
field study (e.g., Ashley, 1975). 

A seasonal, varved, depositional 
regime is characteristic of non ice- 
contact lakes in low-relief basins where 
sedimentation is driven solely by sea- 
.sonal surface melting of the ice sheet. 
In high-relief lake basins in mountain 

X-SECTION THROUGH A TYPICAL TROUGH-FILL 
PRESERVED AS A HUMMOCK 

Figure 16 Depositional environment, stratigraphy and generalized vertical profile for supraglacial deposits at margin of stagnant, debris-rich, 
ice margin (see Fig. 17). (1) debris flows, (2) melt-out till, (3) outwash, (4) deformed substrate, (5) lodgement till (see Fig. 8) or deformation till 
(see Fig. 14). 
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1. Ico contact 

GLACIAL LAKES 
zones, seasonality is easily suppressed 
because resedimentation processes 
operate year round (see below). Sedi- 
mentological modelling of ice-contact 
glacial lakes is frustrated by the logistic 
difficulty of working on modern 
proglacial lakes, and the small size of 
modern lake basins compared to 
Pleistocene and older examples. 

Extensive Pleistocene glaciolacus- 
trine deposits exposed around the 
modern Great Lakes in North America 
are of considerable significance to the 
study of sedimentation in large, ice- 
contact lakes in low-relief settings 
(Figs. 21, 22). The deposits consist 
predominantly of stacked successions 
of diamicts and variably bedded sands 
(Eyles and Eyles, 1983). Diamicts are 
fine grained and have a blanket-like 

Figure 18 Contrasting depositional conditions in ice-contact and non ice-contact lakes. geometry, thickening in topographic 
lows and thinning over highs. Inter- 

1 2 3 nally, they are complex assemblages 
of massive and stratified facies (Figs. 

CLAY - 20E, 21, 22). The massive diamict 
facies result from the rapid rain out of 

I suspended sediment and ice-rafted 
DRAP~D debris onto the basin floor. Strati- 
LAMINATION 

I 
I 11 111 IV v fication may subsequently be devel- 

CLIMB~NG oped by reworking of this sediment by 
traction currents or downslope resedi- 

El lL' mentation. _qia.victs are commonly 
DRAPED 5 ~ ~ ~ ~ ; t ) r ~ . o ~ i I C 1 b y . . ~ t j a ~  of lami- 
LAMINATION 
AND CLIMBING -SUSPENSION - ifl ' "  ~ n ~ d ~ a y s , . p ~ t u r ~  
RIPPLES GRAIN FLOW m + G o r i g i n ,  containing dropstones (Fig. - TURBIDITY CURRENT - 20C). These are ~ n ~ o ~ e r ~ ~  - ! -  

coarsening-upwards succession o f  
ripple-la$nated, phnai-an-da60ugh 
cross-bedded sands which record delta --- -- 
progradat.ion_ over-sites of diamictac- 
cumulation. The most common deltaic- . . --.- 

fac ie~  i s a  crudely bedded silty sand 
with abundant liquefaction structures 
indicating rapid subaqueous deposi- 
tion. Sands are commonly loaded into 
the upper surfaces of diamict as a 
result of rapid deposition of sand onto 
a water-saturated diamict substrate. 
Littoral and shallow water sediments of 
such large lakes are commonly storm 
influenced (Eyles and Clark, 1988) and 
subject to scouring by floating ice 
masses (Teller and Clayton, 1983; 
Woodworth-Lynas and Guignk, 1990). 
Extremely rapid changes in lake levels, 
caused by the creation or removal of 
ice or sediment dams, allows the close 

Figure 19 Deposition of seasonally-controlled (valved) sediments in non ice-contact lake. 
juxtaposition of shallow and deep water 

Note proximal to distal (1, 2, 3) trend from thick (cm to m) variably-rippled sands to thin (cm) (sands and diamicts respectively; 
silts bounded top and bottom, by a winter clay layer. Slope failure of the delta front in winter Figs. 21, 22) and may trigger large- 
may result in more complex successions (1- see ~haw,.1977). scale slumping events. 
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Glaciofluvial deposits 
The depositional systems described 
above contain significant volumes of 
sediment deposited by glacial melt- 
water rivers (Fig. 23). At the ice 
margin, aggradation at the head of out- 
wash fans is commonly rapid enough 
to bury portions of the ice margin. This 
leads to deformation structures in 
coarse-grained, crudely bedded or 
massive proximal outwash gravels 
when the buried ice subsequently 
melts. Outwash surfaces pitted (with 

kettles or craters) by the melt of buried 
ice, may extend over many square kilo- 
metres. They are flanked by eskers or 
complex ice-contact diamict succes- 
sions (Fig. 16). 

The outwash plain or sandur (plural: 
sandar in Icelandic) lies beyond the im- 
mediate ice terminus. Glacial outwash 
rivers are typically of multiple-channel 
(braided) type (Chapter 7). Deposition 
is commonly dominated by large floods 
(jokulhlaups), to the extent that a single 
flood event may accomplish most of the 

sediment transport each year. Wind 
action, in the absence of vegetation, 
results in deposition of wind-blown 
silts (loess) and sand (see below). 
During early postglacial conditions, 
swamps may become established in 
the proximity of water bodies and 
anastomosed river systems may 
develop in areas experiencing glacio- 
isostatic rebound and rising base level 
(Chapter 7). Thick peat accumulations 
may ultimately generate coals, such 
as those of the Permo-Carboniferous 

Figure 20 Glaciolacustrine facies. A) Proximal varved sands (e.g., 1 in Fig. 19) with winter clay layers arrowed. These facies were deposited 
in a non ice-contact lake (Fraser River valley, British Columbia). B) Lowermost rippled sands with overlying draped lamination (silt) with winter 
clay layers arrowed (e.g., 2 in Fig. 19). Deposited in a non ice-contact lake (Glacial Lake Hitchcock, Massachussetts). C) Laminated silts and 
clays containing abundant ice-rafted material. Some laminae show normal grading from silt to clay. Note variable thickness of laminae. 
Deposited in an ice-contact lake; Don Valley Brickyard, Toronto, Ontario. D) V a ~ e d  silts and clays deposited in Lake Agassiz, northern Ontario. 
Note relatively constant thickness of laminations. Scale in cm; photograph courtesy T. Warman. E) crudely stratified muddy diamict formed by 
ice-rafting and settling of suspended fines in an ice-contact glaciolacustrine environment; photo shows about 1 m of outcrop. Late Wisconsin 
deposits, Scarborough Bluffs, Ontario. 
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coal-bearing glaciated basins of the 
southern continents (Martini and 
Glooschenko, 1985). 

Glaciofluvial processes are important 
because they may completely rework 
sediment deposited by the glacier (Fig. 
23). The sedimentary record indicating 
the presence of ice may therefore be 
destroyed. This is a problem in the inter- 
pretation of ancient deposits, because 
braided river deposits occur in many de- 
positional settings (Chapter 7). A glacial 
connection may be very difficult, if not 

impossible to identify. Evidence must be 
sought from the presence or absence of 
cold climate (see below) periglacial 
structures, or from the occurrence of 
glacial clast shapes (Fig. 7) and stria- 
tions. This is a particular problem in 
high-relief settings. 

d 
1 1  

HIGH-RELIEF 
GLACIOTERRESTRIAL SETTINGS 
In mountainous areas typical of active 
tectonic settings, steep substrate 
slopes and valley floor rivers are the 

dominant influence on sedimentation. 
Late glacial resedimentation pro- 
cesses rework primary glacial sedi- 
ment downslope into braided river 
systems or fan-deltas on the margins 
of lakes. Deposits are dominated by 
interbedded debris flow diamicts, 
braided river gravels and glaciolacus- 
trine facies (Fig. 24) and comprise a 
relatively distinct glaciated valley 
depositional system. The term para- 
glacial has been used to identify a 
short-lived transitional period from 
glacial to fluvial environments (Ryder, 
1971). Downslope transport of large 
volumes of poorly sorted debris is 
common, particularly in glaciated vol- 
canic areas where large volumes of 
coarse-grained poorly sorted volcanic 
sediments are remobilized downslope 
as lahars ( Eyles and Eyles, 1989; see 
Chapter 6). The presence of glacially 
streamlined bullet boulciers within a 
diamict(ite) may be the only indication 
of a glacial contribution to the sediment 

Figure 24 High relief valley infill facies. 
A) Late Wisconsin crudely bedded debris 
flow diamictites cropping out along the Bow 
Valley, Alberta. These deposits are prefer- 
entially cemented and eroded into steep- 
sided pillars (hoodoos). Cliff approximately 

Figure 23 Glaciofluvial environments and facies. A) Scott outwash fan, Alaska. B) Typical 14 m high. B) Valley infill stratigraphy near . 
braided river gravel facies showing planar tabular sheets of massive to poorly-stratified Banff, Alberta, comprising crudely bedded 
gravels deposited on longitudinal bars. Note thin (30 cm) wedges of sand deposited along debris flow diamictites overlying glacioflu- 
trailing edge of gravel bars (see Chapter 7). Section is approximately 8 m high. vial outwash deposits. 
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(Eyles and Eyles, 1989). 
Ice contact glaciolacustrine sedi- 

mentation in high-relief settings is com- 
parable to glaciomarine sedimentation 
in fiords (see below). The presence of 
structural lineaments in the bedrock 
allows glaciers to erode their valleys 
well below sea level. Alpine areas in 
western Canada and Europe contain 
elongate overdeepened lakes, com- 
monly termed fiord-lakes because of 
similarity to their marine counterparts. 
?!&dominant lacustrine --- deposits 
a~-massiye-and - deformed .- .- --- silts de: 
posited during d e g l a c z m  (Hsu and 
~ ~ e X S m p l e ,  seismic-re- 
flection investigations of the Quater- 
nary fill of Okanagan Lake in British 
Columbia suggest that up to 800 m of 
silt accumulated during a single phase 
of late Wisconsin glaciolacustrine sedi- 
mentation (Eyles etal., 1991; Figs. 25, 
26). Under such conditions, a varved 
depositional reg,ime is suppressed by 

---I--__ ____ 
t-cG%g of larae volumes of, sedL 
ment into the basln. This r e a i m a  
also supxessed by downsIop_e resedi- 
m e n t a t i o ~ o _ ~ e s ~ s ~ . t a p e r a t e  
y e = - r o u n d j I l x ~ a s ~ o ~ t ~ m l  
~ W p e w g J h e  burial of stagnant 
ice under supraglacial water bodies is 
also important in promoting mass 
movement (Postma e t  al., 1983). 

Varved silts and clays are deposited. 
o?Iy d m c j  the v-ery latest starved 
stage of lake infilling, when the glacier 
has retreated from the basin and melt- 
water inputs are driven by summer 
supraglacial melting. 

Cold climate modification 
Cold climate weathering processes 
greatly affect continental glacial sedi- 
ment and ground surfaces beyond the 
ice margin. The term periglacial is used .. - 
as a broad umbrella term to identify 
glacial and nonglacial cold climates- 
However, definitions and environments 
encompassed by this term vary greatly 
(Washburn, 1980; Dionne, 1985). 

Cold climate environments are chat 
~ter ized.  by l).eoli@~deflatianand.de- 
p m n ,  2) downslope mass-wasting- 
. p r o c e s ~  3) mechanical disturbance 
of n e a r x a c e X a 6 -  baeAr6wth "pf 
ice lenses, and 4) a_$grad~atio~ -- 
braided rivers. Cold climate structures 
-5_C_- 

and facies are most commonly associ- 
ated with major unconformities sepa- 
rating stratigraphic successions. Where 
mean annual temperatures are less 
than -4OC the ground is perennially 
frozen (permafrost). Permaf rost 
reaches a maximum reported depth of 
1450 m in Siberia (Williams and Smith, 
1989); much of this formed during 

WEST (5) (6) EAST on 

\ 
krn "1 "' \ 

UNIT I / 
/ 
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Figure 25 Seismic cross section and interpretation of thick, rapidly-deposited ice-contact 
glaciolacustrine silts (unit II) along a glacial lake trough. Okanagan Lake, British Columbia 
(from Eyles etal., 1991). 

Quaternary ice ages and is now ac- 
tively degrading. However, during the 
summer the surface melts to a depth of 
only 2 m (the active layer). 

Permafrozen substrates are charac- 
terized by the growth of subsurface ice 
layers. Near the surface (less than 
50 m), ice occurs as segregated 
masses in the form of layers, lenses, 
dikes, or massive tabular masses many 
metres thick. Considerable mechanical 
disturbance of the frozen strata occurs. 
At depth, ice occurs as a pore filling. 
Large areas of submarine permafrost 
occur in the arctic as a result of deep 
freezing of strata first exposed and 
then flooded by glacio-eustatic sea 
level change (see below). 

Despite the widespread extent and 
depth of present-day permafrost, sedi- 
mentary structures produced by 
permafrost have not been widely des- 
cribed from the geological record. This 
is due to lack of preservation or recog- 
nition. Structures most diagnostic of 
former frozen ground are ice wedge 
casts formed by severe ground 
contraction, cracking, and the freezing 
of melt-waters in contraction cracks 
(Black, 1976). Host sediments experi- 
ence mechanical disturbance caused 
by wedge growth. The resultant ice 
wedge (Fig. 27A) comprises part of 
extensive poly-gonal networks. With 
climatic amelioration, ice wedges melt 
to leave ice wedge casts filled with 
debris derived from surface slumping 
(Fig. 278; Williams, 1986). The recog- 
nition of Quaternary ice wedge casts is 
not straightfotward (see Black, 1976); 
many Late Proterozoic examples may 
be sand dikes produced by seismic 

Figure 26 Outcrop of Late Wisconsin de- 
formed silts exposed along the margins of 
Okanagan Lake, British Columbia. These 
silts are probably the same as those repre- 
sented by seismic unit I1 on Fig. 25. 
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shock (Fig. 28a; Eyles and Clark, 1985). 
Complexly involuted cryoturbation 

structures are alleged to form when late 
summer refreezing generates high pore 
water pressures in the surface active 
layer. Pore water movement in the 
active layer sets up a series of slow- 
moving convection cells which textu- 
rally sort sediment. This process of soil 
churning produces sorted stone poly- 
gons on the ground surface (Fig. 28B). 
Collapse structures and faulting may 
accompany the melt of larger ice lenses 

Figure 27 Periglacial ice wedges. A) 
Modern ice wedge in silts, Alaska. B) Ice 
wedge cast filled with sand and gravel pen- 
etrating Late Wisconsin glaciolacustrine 
sands and silts; Newfoundland, Canada. 
Hammer (circled) for scale. 

in the permafrost (thermokarst). Cryo- 
turbation structures used to infer peri- 
glacial climates are not unique to cold 
climates. Similar structures occur as a 
result of subaqueous loading, liquefac- 
tion, and seismic shock. Their common 
presence in glaciated areas may simply 
record the widespread occurrence of 
thawed, saturated sediments. 

Windblown silt (loess) and sand 
derived from deflation of large braided 
stream networks are distinctive peri- 
glacial features (Deynoux et a/., 1989). 

Extensive loess blankets and dune 
fields occur in Quaternary continental in- 
teriors, such as the Nebraska Sand Hills 
where a periglacial sand sea covers 
over 50,000 km2 (see Wright et al., 
1984). Loess has a thickness of more 
than 300 m in parts of China. However, 
there is only one report of a pre-Quater- 
nary loessite (Edwards, 1979). 

The predominant periglacial facies 
in areas of Pleistocene glaciation 
are coarse-grained fluvial sedi- 
ments. These record seasonal braided 

Figure 28 Periglacial structures. A) Bedding plain view of polygonal sandstone dykes in- 
terpreted as periglacial in origin; Late Proterozoic Port Askaig Formation, Scotland. These 
features have also been interpreted as soft sediment deformation structures (Eyles and 
Clarke, 1985). Hammer (circled) for scale. B) Modern polygonal structures (sorted stone 
circles) in Spitzbergen, produced by periglacial churning of saturated sediments. 



stream activity and indicate stream 
access to large volumes of coarse, 
mechanically weathered debris. 
Stratified diamicts are also important 
periglacial facies. They result from a 
wide variety of downslope mass move- 
ment processes (solifluction or gelifluc- 
tion; French, 1976) when seasonally 
thawed surface layers become water 
saturated. These facies commonly infill 
the lower points of the topography and 
interfinger with braided river facies. 

GLACIOMARINE SYSTEMS TRACT 
A simple division of marine glacial de- 
positional systems distinguishes conti- 
nental shelf settings from continental 
slopes and fiords. Proximity to an ice 
margin determines whether the envi- 
ronment is dominated by glacial pro- 
cesses (ice proximal) or marine pro- 
cesses (ice distal; Fig. 29). Regional 
climate is another important control 
because it dictates the volume of melt- 
water reaching the marine environ- 
ment. Temperate oceanic environ- 
ments, for example, receive large 
volumes of meltwater and mud which 
are supplied directly to the shelf (Fig. 
3). These sediment-nourished environ- 
ments can be contrasted with sedi- 
ment-starved settings that are typical 
of deeply frozen polar areas. Melt- 
water inputs are severely restricted 
and chemical and biogenic deposition 
become relatively important, as in 
Antarctica (Fig. 30; Domack, 1988). 
Clearly, the thicker glaciomarine de- 
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posits of temperate oceanic areas are 
more likely to be preserved in the rock 
record (Anderson and Ashley, 1991). 

LOW-RELIEF GLACIOMARINE 
SElTINGS 
Continental shelf: ice proximal 
Given sufficient i_ce_vplume, ice mar- 

-- --- 
gins extend onto contlne~tal shelves - -  
where they construct large submarine 
rii~i%-do7ipljxes (mor@naT6anks]I --- - 
Figure 31 summarizes the morainal 
bank environment as identified from 
modern and Quaternary tidewater set- 
tings (Powell and Elverhoi, 1989; 
Dowdeswell and Scourse, 1990; 
Anderson and Ashley, 1991). There is 
little information from pre-Quaternary 
settings. Morainal banks are character- 
ized by the presence of strong melt- 
water flows from the ice margin, 
structural complexity caused by bull- 
dozing (due to ice margin advances) 
and iceberg scouring, and the release 
of large volumes of mud from melt- 
waters. Meltwaters are released as 
,effJux jets,(Fig. 31) that deposit prox- 
~mal gravels and sands by strong un- 
derflow~ moving across subaqueous 
fan systems. As the jet moves sea- 
ward, lower density meltwaters con- 
taining fine-grained suspended sedi- 
ment rise to the surface, or to interme- 
diate depths in the water column. 
These suspended sediment plumes 
can extend many tens of kilometres 
from the ice front, and result in distal 
mud belts (Syvitski et a/., 1987). Tidal 

current interaction with the rain-out of 
fine-grained suspended sediment 
results in laminated muds that may be 
difficult to distinguish from varves in 
glaciolacustrine settings. 

Massive and/or variably graded dia- 
mict facies are deposited by sediment 
gravity flows originating from the col- 
lapse of structurally or depositionally 
oversteepened slopes. Sediment is re- 
worked and mixed during downslope 
movement. Poorly sorted basal debris 
issuing from the ice front may be spilled 
downslope as debris flows. This occurs 
where grounded ice begins to float (at 
the grounding line) and subglacial slur- 
ries are dumped to form grounding-line 
fans (the till deltas of Alley etal., 1987). 

The combination of ice-rafting, depo- 
sition of fines from efflux jets and asso- 
ciated plumes, and size sorting by 
currents either on the seafloor or in the 
water column, gives rise to a wide 
range of rain-out diamict facies pro- 
duced in situ on the seafloor (Fig. 31). 
The finer-grained facies include lami- 
nated and massive muds with variable 
clast contents. Coarser, commonly 
stratified diamict facies accumulate in 
areas of episodic traction currents (Fig. 
32B). They contain ice-rafted drop- 
stones, abundant traction-current 
structures, and rounded clasts rolled 
along as bed load. The sandy facies 
occur as part of a lithofacies conti- 
nuum with pebbly sands and poorly 
sorted gravels. Where present, micro- 
fauna and macrofauna provide evi- 

PROXIMAL: (ice margin to several km) VS. DISTAL: (several km to '000 km) 

"DIRECT GLACIAL SEDIMENTATION 
INTO THE MARINE ENVIRONMENT" 

I "GLACIALLY INFLUENCED CONTINENTAL] 
MARGIN SEDIMENTATION" 

- glacial processes dominate - marine processes dominate 
- rapid deposition and resedimentation of - glacial influences limited to ice-rafting, 

meltwater deposits and ice 'dumped' 'berg scouring', release of suspended 
material on morainal banks and ice- sediment, sea-level change and 
contact subaqueous fans; ice-push sediment starvation 
features 

- complex facies associations and 
geometries - ' I '?A 

Ausw&AM 

Figure 29 Differentiation in glaciomarine environments. 
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dence of marine influence in ancient sions, with the upper parts of the suc- above wave base, resulting in erosion 
successions. However, brackish water cessions dominated by laminated and and deposition of a cap of gravelly 
may inhibit biological activity in ice- massive muds and fine-grained 'rain- nearshore facies. 
proximal glaciomarine settings. ou l  diamicts. Later, isostatic emergence 

Morainal banks consist of suba- and rapid sediment accumulation may Continental shelf: ice distal 
queously deposited ice-contact facies bring these retreat successions up Ice distal environments are influenced 
which are characterized by heteroge- 
neous facies types, rapid lateral and 
vertical facies variability and irregular 
bed geometries (Fig. 31). These land- 
forms commonly record the outer limit 
of grounded ice on continental 
shelves, and are the marine equiva- 
lents of the moraine systems de- 
posited onshore (Fig. 3). Eyles and 
McCabe (1989) showed that morainal 
banks on a Late Pleistocene glaciated 
shelf (Irish Sea Basin) are systemati- 
cally related to drumlin swarms 
onshore. Drumlins record deforming 
bed conditions (Fig. 15) and the off- 
shore morainal banks were con- 
structed when large volumes of basal 
debris were flushed to the ice sheet 

Figure 30 Glaciomarine deposition along high relief Antarctic continental margin. Subglacial margin be deposited subaqueously. deposits accumulate when ice extends across shelf. Postglacial reworking and resedimentation 
Glacier retreat from morainal banks of these deposits is coeval with deposition of siliceous and organic oozes under conditions of 

results in fining-upward facies succes- clastic starvation (see Domack, 1988). Numbers refer to sedimentation rates (crn/1000 yr). 

Figure 31 Proximal subaqueous sedimentation. 1) glaciotectonized marine sediments; 2) lenticular lodgment or deformation till units (see 
Figs. 10 and 14); 3) coarse-grained stratified diamictc (Fig. 32 B); 4) pelagic muds, sandy diamicts; 5) coarse-grained proximal outwash; 6) i n  
terchannel cross stratified sands with channel gravels; 7) resedimented facies (debris flow, slides and turbidites); and 8) supraglacial debris. 
Deformation results from ice advances, melt of buried ice and iceberg turbation. Suspended sediment plumes shown by shading. Same model 
may apply, with modifications, to sedimentation adjacent to grounding lines below large ice shelves. 
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by 1) deposition of fine-grained sus- 
pended sediment from plumes; 2) 
downslope resedimentation of sedi- 
ments; 3) water depth changes resulting 
from both variation in the volume of con- 
tinental ice (glacio-eustatic sea level 
changes) and crustal response to ice- 
sheet loading (glacio-isostatic sea level 
change); 4) scour by icebergs, storms 
and currents; and 5) bioturbation.3 
dominant sedimentary process on-many 
temperate glacially influenced conti- 
rien&l_sh9bes is-the production of-e& 
te~v~,b lanket - l i ke  rain-outdiamict- 
faciees_byy4he~ettlingof mudf rom sus- 
pended s e d i ~ t p I u m m e s - a n d m c ~ a ~ ~  
debris-tcorn-iceher_gs (Figs. 32a, C). 
Rain-out d-[amicts can reach thick- 
nesses of many tens of metres and- _ -  .--- 

pend~ng on the textural characteristics 
of the incoming sediment plumes. The 
diamicts commonly contain abundant 

microfauna (foraminifera) and macro- 
hrna. Rates of deposition can be as 
high as 1 m per thousand years. Most 
ice-rafted debris is carried into the 
marine environment by icebergs re- 
leased from tidewater ice margins. 
Sediment laden bergs can travel many 
hundred kilometres from their source 
areas. Modern rain-out diamict facies 
are largely absent from the Antarctic 
continental shelf, because insignificant 
volumes of meltwater and fine-grained 
sediment are released to the marine en- 
vironment by the cold-based Antarctic 
ice sheet. The ice sheet is grounded 
below sea level, and is fringed by exten- 
sive floating ice margins (ice shelves), 
which make up about 80 per cent of the 
Antarctic coastline. Icebergs released 
from the front of ice shelves contain no 
debris. Any englacial debris is melted 
out close to the point where the ice 
shelf begins to float, and is not trans- 

ported to the ice shelf edge. Con- 
sequently, sedimentation rates are less 
than 1 cm per thousand years (Domack, 
1988; Fig. 30). 

Rese-dimentation processes operate 
read~ly on glacially influenced conti- 
nental_shelves as a result of high pore- 
water-p~ssures_senera!ed-in rapidly 
deposited finergrained sediment. Seis- 
mic shock and grounding icebergs can 
also cause resedimentation. RezxdL 
mented -- diamicts may be eith~massive --- -- 
g crudely stratified,_and contain folded 
interbeds of sand and/or mud. They 
are com~mcYinlŷ associated with tur- 
bidites. In manv casesitmay-bediffi- 
cult to differentiate massive rain-out 
diamicG%thosfb?mTdbT reFdi- - - -  -- - - - - --L- - 
mentation proc-esses unless a dis- 
placed faunacanBgJdentitied. 

Sea level changes on glacially-influ- - .  

enced conjinental_~helves may be 

Figure 32 Glaciomarine f ac i e~  in low relief settings. A) Massive rain-out diamictite containing abundant micro and macrofauna; Late 
Cenozoic Yakataga Fm., Alaska (see Lagoe et a/., 1989). B) Stratified, sandy diamictite recording interplay of rain-out and traction-currents in 
ice-proximal environment. Late Wisconsin deposits of the Isle of Man, U.K. C) lnterbedded diamictites (dark coloured) and shelf-sandstones 
(light coloured) in 1000 m thick outcrop of the Yakataga Fm., Alaska. Note planar tabular geometry of units. D) Coquina bed consisting of 
pecten shells in a coarse sand matrix. Yakataga Fm., Middleton Island, Alaska. 
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erosion surfaces, and by the deposition 
-?---- 

of extensive muiTbiSannkets T F F ~ T  -- , d  , 
Boulder laa horizons result from win- 
nowing of diamicts on the seafloor 
under h igh~e lgy_  regimes (lowered 
sea levels). These lags may be subse- 
quently striated by grounding glacier 
ice to form marine bgulder pavements --- 
(Fig. 33; Eyles, 1987). Starvation of 
clastic sediment under high-energy 
conditions may also allow the formation 
of biogenic deposits such as caauinaa 
(Figs: 32D, 33). F E i n a  of the W i s  
recorded by e-io- 
turbated muds. These horizons may 
'- 

represent relatively deep w a t e r m -  
" /Fig. 33). However, 

m i p r e t a t i o n  of discon- 
formities, erosion surfaces and mud 
blankets in shelf successions is ex- 
tremely difficult, because of the com- 
plex interactions between glacio- 
eustatlc and glacio-isostatic sea level 
changes, discussed below. 

Linear or curved furrows, prodxed 
by the s c o u r a q f  iceberg and sea- 
s o ~ c ~ e l s ,  are abundant_ oa*- 
ernhigh-*latitude shelves (and some 
lak~nl;i-uncertainty still surrounds 
their identification in the ancient record 
(Woodworth-Lynas and Guigne, 1990). 
Berg scours can be as wide as 50 m 
and as deep as 2 m, and may extend 
for several tens of kilometres. S 3 s  
are easily destrxecJ-_by wave pro- 
cesses in shallow water or by down- --.----"---- 
s ~ m m e n t a t i o n ,  ancEE7not 
likely to be preserved in 
r&ord. Seafloor sediments subject to - 
repeated ice scouring (iceberg tur- 
bates) are not well understood and 
may resemble diamicts produced sub- 
glacially. It is likely that iceberg tur- 
bates have been described in the 
literature as tills or tillites. 

Eurrowing is zmmon, in g l a c s G -  
fluenced distal marine environments 
------2___11- _--- 

but the t r a c e m ~ k , e ~ ~ t h _ m _ s e l v e s ~ -  
seldom preserved. lchnofacies distri- 
GGfions differ in several ways from the 
classic shoreline-nearshore-shelf- 
slope model for nonglacial continen- 
tal margins (Chapter 4). Rapid deposi- 
tion rates and poorly consolidated 
muddy sediments exclude suspension 
feeders. This limits the development of 
the Skolithos ichnofacies characteristic 
of clean, shifting sand substrates in 
nonglacial settings. The Cruziana ichno- 
facies assemblage predominates on 
muddy glaciated shelves (Eyles et a/., in 

press,b). Evidence for rapid sedimenta- 
tion is provided by common escape 
structures (fugichnia) and the mass 
mortality of bivalves. Firm ground 
burrows typical of the Glossifungites 
ichnofacies are restricted to sediment 
surfaces undergoing erosion in shallow 
water. These surfaces may be ve- 
neered by coquinas or boulder lags, de- 
scribed above. Changes in salinity and 
the development of brackish water con- 
ditions resulting from meltwater inputs, 
may be recorded by dwarf feeding 
traces. Elsewhere, the role of turbidity 
currents and debris flows is to promote 
downslope transport of food. This ex- 
plains the development of a diverse 
Cruziana ichnofacies in slope areas 
where, under nonglacial conditions, the 
Nereites ichnofacies characterized by 
grazing traces is found. 

The 5 km-thick Late Cenozoic Yaka- 
taga Formation of Alaska provides an 
excellent example of an ancient gla- 
cially influenced shelf deposit. It con- 
tains stratiform successions of fos- 
siliferous rainout and resedimented 
diamicts interbedded with marine muds, 
coquinas, boulder pavements, and 
storm-deposited sandstones (Figs. 32, 
33). Another example of a preserved 
shelf succession is the Late Precam- 
brian Port Askaig Formation. Its shelf 
origin is suggested by the presence of 
tidally influenced sandstones inter- 
bedded with diamictites (Eyles, 1988). 

HIGH-RELIEF 
GLACIOMARINE SETTINGS 
Fiords 
F--Ugh-latitude, glacially over- 
dee~ened coastalvalleyswith floors cut 
sauxal-h&d mefers below-sea 
!cxeL Many are still occupTki by active 
tidewater ice margins and associated 
ice-contact depositional systems (Fig. 
3). Others receive meltwaters from 
inland ice margins, and the transported 
sediment is deposited a fiord-head fan % deltas. Comprehensive reviews o iord 
oceanography and sedimentation (both 
in the presence and absence of ice 
margins) have been presented by 
Syvitski et a/. (1987). When ice ad- 
vances downfio~d,any e g  
glacial or nonglacial sediments are 
Ia~~&-rqnov!. GkciaI se-tatjon 
is-restricted-io f h w n d - ~ f  the glacial 
cycksuhen ice retreats upfiord. 
retreat occurs in relatively shallow 
w_a_ter_and --- -  is .- marked. -- by deposition of 

morainal banks. By contrast, in deep 
w a t e m  glac4ers u n G g o  raijjd. 
c&ng ~ia%3t&i: 
7blmKs-and pebbly muds are an impor- 

tant facies type in fiords. Variation in 
meltwater discharge, tidal flows and 

MIDDLETON ISLAND 
lithology paleobathymetry 

9999' 

ftttt t B 

Conglomerate Diarnictite 

'... ..; ,,., :,.. Sandstone . ... 5 :  

Turbidites 
99999 Coquina 

AAAA Boulder Pavement 

Figure 33 Sedimentological log and paleo- 
bathymetric curve (based on foraminifera1 
data), for the Yakataga Fm. exposed on 
Middleton Island, Alaska. Note relatively 
deep water conditions during deposition of 
the bioturbated mudstones near the top of 
the log and relatively shallow conditions 
during formation of coquinas and boulder 
pavements. 
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waves produce finely laminated cou- 
plets of coarser and finer sediment 
derived from suspended sediment 
plumes. Fiord-head sediment accumu- 
lations are very prone to downslope 
resedimentation. Slumping and sedi- 
ment gravity flows down active chan- 
nels are ubiquitous and generate 
turbidity currents. Simja~sedimentat- 
ion -- patterns--occur - -  on glacially influ- 
enced continental slopes (see above). 

Continental slope and abyssal plain 
Glacially influenced slopes are major 
repositories of glacial sediment and are 
preferentially preserved in the ancient 
record. Most Late Proterozoic "tillite" 
successions probably c o n s i s t ~ o ~  
ma_'ine deb?isfiowFintima~ely associ- 
ated w-ith-turbidites recording the .-.-.-A 
downslope reworking of glacial sedi- 
ment by mass flow into a deep water 
base-of-slope setting. Late Cenozoic 
slope deposits in the Gulf of Alaska and 

eastern Canada (Laurentian Fan, Piper 
et a/., 1985; Chapter 13) formed under 
very different tectonic regimes but re- 
veal similar slope morphologies and de- 
positional processes. The Surveyor Fan 
lies adjacent to the heavily glaciated 
coast of southern Alaska and records 
marine glacial sedimentation since the 
Late Miocene; the fan contains about 
175,000 km3 of glacially derived sedi- 
ment. Slopes show channel systems 
separated by smooth interchannel slope 

Figure 34 Glaciornarine facies in high relief settings. A) Stratified diarnictite of the Yakataga Frn. exposed at Yakataga Reef, Alaska. 
Stratification results from incomplete mixing of sand, gravel and diarnict facies during downslope resedimentation. B) Large, 400 rn deep, sub- 
marine channel (profile 5 in Fig. 3) containing interbedded debris flow diarnictites and turbidites; Yakataga Frn., Icy Bay, Alaska. C) Stacked 
graded gravel beds deposited within submarine channel. Stratigraphic top to right; person for scale. Yakataga Fm., Middleton Island, Alaska. 
D) Stratified diarnictite consisting of folded interbeds of sandstone and diarnictite, formed as subaqueous debris flows. Late Paleozoic ltarar6 
Group, Parana Basin, Brazil. Scale in crn. 
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Figure 35 Schematic model to show relationship between glacio-eustatic and glacio-isostatic sea level change around a glaciated conti- 
nental margin. Top left; hypothetical glaciated continent showing spatial extent of glacio-isostatic crustal depression (Zone B) and limit of fore- 
bulging (dashed lines). Zone outside of forebulge (A) experiences glacio-eustatic sea-level change only. Pattern of sea level variation in Zone 
B results from interaction of glacio-eustasy and glacio-isostasy. Top right; progressive crustal deformation accompanying growth of ice sheet. 
Ice sheet grows from right to left on diagram. Note development of peripheral zone of relatively deep water between ice margin and fore- 
bulged crust. Bottom; spatial and temporal (0-80 ka) variation in relative sea level and associated sedimentary environments at the margin of 
a continental ice sheet. Zones A and B are defined in diagram top right. Adapted from Boulton (1990). Note that ice retreat is in direction of in- 
creasing glacio-isostatic downwarping; ice margin may float and calve back to coastal margin catastrophically. Also note relative slow fall of 
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areas. Sediment gravity flows and other 
mass movements are the dominant pro- 
cesses in both Alaska and eastern 
Canada. Active channels typically tend 
to fill with graded gravels (Fig. 34C). 
Abandoned channels are plugged by 
muds and rain-out diamict facies (see 
base of log shown in Fig. 33; Eyles, 
1987), recording the release of coarse 
glacial outwash from glaciers that have 
advanced to the shelf break (Fig. 3). 
Interchannel areas receive large vol- 
umes of suspended sediment, together 
with debris bulldozed over the shelf 
break by the ice sheet. Interpretation of 
seismic profiles suggests the presence 
of massive debris flow facies (reworked 
muds with scattered clasts; Figs. 34A, 
B, D) that are broadly channelled in 
cross section and which thin downslope 
and interfinger with laminated muddy 
turbidites. The term till tongue is unfortu- 
nately still used to describe such debris 
flow units. Large-scale slumping of the 
upper and mid slope areas generates 
large rafts of slumped sediment, and 
creates an irregular slope relief subse- 
quently infilled and smoothed by sedi- 
ment ponding. 

The formation of ice sheets results in 
global lowstands of sea level, with shore- 
lines close to the shelf-slope break. The 
sediment delivered directly to the shelf- 
slope break is largely resedimented 
downslope as turbidity currents. Conse- 
quently, base of slope and basin plain 
settings during periods of global lowstand 
are dominated by thick, sandy turbidites, 
as discussed in Chapter 13. 

FACIES SUCCESSIONS AND 
BOUNDING DISCONTINUITIES 
IN GLACIATED BASINS 
The concepts of sequence stratig- 
raphy allow the subdivision of the sedi- 
mentary record into depositional se- 
quences bounded by unconformities 
(Chapters 1, 2). The unconformities 
are thought to have formed as a result 
of globally synchronous (eustatic) sea 
level changes and have been used to 
construct worldwide stratigraphic corre- 
lations. However, the recognition of eu- 
static sea level changes in glaciated 
basins is very difficult, given the num- 
ber of other processes which create 
relative changes in sea level. The de- 
velopment of large continental ice 
sheets produces global changes in sea 
level (glacio-eustacy) because large 
volumes of water are locked up as ice 

(Chapter 2). In addition to glacio-eu- 
static changes, glacio-isostatic sea lev- 
el changes are caused by ice loading 
and unloading of the Earth's crust. This 
results in elevation or depression of 
the seafloor and thus creates relative 
changes in sea level and water depths 
local to the glaciated basin. Variation 
in the magnitude of crustal loading ac- 
ross a glaciated basin can cause one 
part of the basin to experience a fall in 
relative sea level at the same time as 
water depths are increasing elsewhere 
in the basin. The combination of these 
effects in glaciated basins makes as- 
sessment of the stratigraphic signifi- 
cance of individual unconformity sur- 
faces extremely difficult. 

A simple model for the deposition of 
sequences on glaciated shelves is 
based on the movement of ice out onto 
the shelf at times of glacio-eustatically 
lowered sea level. This erosional event 
creates a sequence boundary. Ice- 
contact depositional systems (Fig. 3) 
deposited against the advancing ice 
margin will not survive glacial advance 
but will be reworked subglacially as de- 
formation till and/or be recycled to the 
ice front as a morainal bank. The shelf 
break and deep water will ultimately 
stop the advance of the ice margin. 
Much of the sediment pushed across 
the continental shelf by advancing ice 
will be discharged down the slope. 

The position of ice margins that have 
moved onto continental shelves is con- 
trolled not so much by climate but by 
crustal downwarping below and 
around the ice sheet (Fig. 35). Down- 
ward flexing of the crust, and displace- 
ment of mantle material beneath and 
immediately adjacent to the ice sheet, 
is reflected in the formation of a pe- 
ripheral forebulge (Fig. 35, top right 
and left). The crust can be depressed 
by as much as 600 m below the ice 
sheet and for some distance beyond 
the ice margin. Such crustal depres- 
sion far exceeds the magnitude of 
glacio-eustatic sea level drop (approxi- 
mately 150 m; see Chapter 2) and so 
creates the situation where high rela- 
tive sea levels occur around the ice 
margin at times of global glacio-eu- 
static sea level low stand. The fore- 
bulge migrates away from a growing 
ice sheet to a distance of several hun- 
dred kilometres from the ice margin, 
and collapses as the ice sheet re- 
treats. This gives rise to a very complex 

succession of sea level changes (re- 
sulting from both glacio-eustatic and 
glacio-isostatic adjustments) through- 
out the glacial cycle and across 
glaciated continental shelves. 

In the simple model of an ice sheet 
margin that has moved out to the conti- 
nental shelf edge, the increase in water 
depths caused by glacio-isostatic 
downwarping (i.e. a deepening of rela- 
tive sea level) may be sufficient to ini- 
tiate deglaciation by extensive calving 
along the ice margin. This situation pro- 
duces high ice flow rates (Hughes, 
1987) which cause large volumes of 
subglacial debris and meltwater to be 
flushed to the ice margin (Eyles et al., 
1991). Poorly integrated networks of 
tunnel valleys composed of steep- 
sided, flat-floored channels, and cut by 
meltwater or fluidized sediment, may 
result from this process. These valleys 
are a common feature of unconformity 
surfaces on glaciated shelves (Boulton 
and Hindmarsh, 1987). 

Most glaciomarine sedimentation 
occurs during glacier retreat when large 
volumes of meltwater are available. 
Thick fining-upward successions, con- 
sisting of relatively coarse-grained ice- 
contact deposits overlain by finely la- 
minated proglacial silts, result from 
glacier retreat. At the end of the glacial 
cycle when ice has retreated from the 
marine environment, crustal rebound 
results in rapid shallowing of the coastal 
margin (Fig. 35, bottom). Deeper water 
muds will be uplifted and eroded, 
thereby creating sequence bounding un- 
conformities in shallower parts of the 
basin. Initial rates of rebound are ex- 
tremely rapid and may approach several 
metres per year. Thereafter, rates de- 
crease exponentially and about 10,000 
years after the end of the glacial cycle, 
isostatic rebound is essentially complete 
(Fig. 35, bottom). The coastal margin 
may subsequently be flooded by 
continuing postglacial eustatic sea 
level rise (Fig. 35, bottom). In offshore 
areas that escaped rebound into 
shallow water, postglacial flooding of 
the shelf results in mud deposition. 
Thus, erosion in one part of the basin 
can be coeval with flooding and depo- 
sition elsewhere. Boulton (1990) pre- 
sents a very useful summary of com- 
plex sea level variations across gla- 
ciated basins and describes the re- 
sulting architecture of glaciomarine 
sedimentary sequences and their 
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bounding unconformities. Even where 
detailed biofacies and paleobathy- 
metric data are available in relatively 
young Late Cenozoic successions, the 
effects of glacio-eustacy and glacio- 
isostasy cannot be readily discrimi- 
nated (e.g., Fig. 33). 

Recognition of glacio-eustatic cycles 
in the rock record 
Analysis of Quaternary deep ocean sedi- 
ments shows that glaciations are 
strongly cyclic in nature, alternating with 
interglacial conditions in a steady rhythm 
driven by Milankovitch astronomical vari- 
ables (Chapter 2). At first sight, repeated 
glacio-eustatic sea level cycles provide 
an obvious mechanism for the formation 
of stratigraphic sequences in pre-Qua- 
ternary glacial deposits. However, com- 
plex changes in water depths and 

relative sea level within glaciated basins 
are generated by crustal loading by the 
ice sheet and other processes. These 
tend to mask any change in water depth 
caused by glacio-eustacy, as has been 
clearly demonstrated for many Quater- 
nary basins (see above). 

Tectonics have been the overriding 
control on the deposition of stratigraphic 
successions in most pre-Quaternary 
glaciated basins, negating any simple 
identification of glacio-eustatic sea level 
changes. For example, many Late 
Proterozoic glacial successions com- 
prise lowermost deep water mass-flow 
diamictites overlain by a thick, shoaling- 
upward tutbidite succession. These suc- 
cessions, up to 1 km thick, are defined 
by bounding unconformities and have 
been attributed to glacio-eustacy 
(Eisbacher, 1985). A more likely expla- 

nation is that they record deposition in 
rapidly subsiding rift basins. Other Late 
Proterozoic shelf successions also 
show repeated diamictite and sand- 
stone strata (e.g., Eyles, 1988) that 
could be interpreted as a record of 
glacially controlled cycles of sea level 
change. 

However, short-term glacio-eustatic 
oscillation of one hundred metres or 
less cannot, by itself, account for the 
preservation of unconformity-bounded 
stratigraphic sequences. Without tec- 
tonic subsidence or a sufficient supply 
of sediment, repeated glacio-eustati- 
cally driven oscillations of sea level 
produce erosion surfaces. This @ clear- 
ly demonstrated on tectonically stable 
continental shelves that were subject to 
repeated glaciation during the Quater- 
nary. These shelves commonly show 

DISTRIBUTION OF 
GLACIAL 
SEDIMENT TYPES 
IN THE NEAR 
SUBSURFACE 

LAKE HURON LAKE ONTAWO 

OLACKKACUSmiNE 
SlLTYCUYS 

...................... 

................ n m  w m  AND mAEu 
................ .I:<.:.: ........... 0 

B E ~ K A N D 1 I I W ~ C O V E R  
0 am 

KKoymRI) 
OPEN UN-L S m 8  . 

CLOSEDLANDFlU8m8 



thin (less than 100 m) glacial deposits 
of the last glacial cycle (younger than 
125,000 years) resting on a regional 
erosion surface cut across Mesozoic 
and older strata. Without subsidence, 
no older glacial record has been pre- 
served. In contrast, along the central 
graben of the North Sea Basin, where 
subsidence is active, over 1 km of 
Quaternary sediments are preserved. 

Glacio-eustatic sea level changes 
are most likely to be recorded in slowly 
subsiding, nonglaciated basins far 
removed from glaciated areas. In North 
America, glacio-eustatic changes dur- 
ing the Late Paleozoic glaciation of 
Gondwanaland (about 250-350 m.y. 
ago) are recorded by well-developed 
coal-bearing depositional successions 
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(cyclothems; Veevers and Powell, 
1987). The recognition of possible gla- 
cio-eustatic sea level change in the 
Mesozoic (Chapter 12) is one argu- 
ment for the existence of ice sheets at 
this time, even though no direct evi- 
dence of glacial sedimentation has 
been found (Chapter 2). 

APPLIED GEOLOGY OF 
GLACIAL DEPOSITS 
Two recent developments in the fields 
of petroleum geology and environ- 
mental geology are having a major 
effect on the future direction of studies 
in glacial sedimentology. 

Oil, gas, and coal 
Until recently, glacial strata have been 

overlooked by petroleum geologists. 
However, in the southern Gondwana 
continents there is now active explo- 
ration for hydrocarbon resources in 
Permo-Carboniferous glacial strata. 
The largest field discovered so far is in 
Oman, where the A1 Khlata Formation 
contains about 5.6 x 1 O8 m3 (3.5 billion 
barrels) of oil (Levell et a/. ,  1988). 
Reservoirs occur in ice-contact deltaic 
deposits around the basin edge, and 
glaciolacustrine silts and clays form 
stratigraphic seals on top of the reser- 
voirs (Figs. 21, 22). In Bolivia, the 
Bermejo, Palmer and Santa Cruz 
fields are important producers. Cor- 
relative strata in Argentina host the 
Duran, lcua and Madrejones fields, 
and in Brazil the ltarare Group has sig- 

Figure 37 Computer drawn three-dimensional block diagram showing bedrock topography of southern Ontario. Contour intervals are 25 m 
and represent bedrock elevations above sea level. Note prominent bedrock channel (Laurentian Channel) linking Lake Huron with Lake 
Ontario. This channel focusses regional groundwater flow towards the south. GTA = Greater Toronto Area. Data compiled from water well 
records. 
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nificant but as yet subcommercial gas 
shows within the Parana Basin (Franca 
and Potter, 1991). Within these fields, 
the principal reservoirs occur in thick, 
sandy turbidites deposited around the 
basin margin. Rain-out and debris flow 
diamictites are the stratigraphic seals. 
In northern Saudi Arabia and Jordan, 
hydrocarbons occur in Lower Silurian 
glacial outwash channels. In Australia, 
cold climate, wind-blown sands are ex- 
ploration targets in Permo-Carboni- 
ferous glacial deposits of the Cooper 
Basin. As well as oil and gas, coal de- 
posits are a major resource in many 
Permo-Carboniferous cold climate 
basins of the Gondwana continents 
(e.g., Martini and Glooschenko, 1985). 

Environmental geology 
Recent concerns with environmental 
geology have led to much new research 
on Quaternary glacial depositional 
systems. Urbanization and increasing 
demand on groundwater resources is a 
stimulus to detailed subsurface investi- 
gations. Southern Ontario, which sup- 
ports 35 per cent of the Canadian 
population, provides a good example of 
an area where industry, agriculture 
and urban development are having a 
major impact on groundwater supply 
and quality. Particular problems in- 
clude waste management, the proper 
design of landfills, and the tracing of 
subsurface contaminant plumes 
(Rowe and Booker, 1990). Solving 
these problems requires a detailed un- 
derstanding of the three-dimensional 
geometry of glacial facies and their hy- 
drogeology. For example, more than 
1200 active and inactive landfill sites 
occur in southern Ontario (Fig. 36). 
Most of these are located in aban- 
doned glaciofluvial sand and gravel 
quarries and are associated with sub- 
surface plumes of chemically contami- 
nated water (leachate). Fine-grained, 
relatively impermeable glaciolacustrine 
sediments afford some protection from 
leachate migration into underlying 
groundwaters. However, many clay 
deposits are fractured and afford little 
protection. Silt- and sand-rich tills 
dominate the surficial geology of 
southern Ontario, but despite their 
massive, dense character, they have 
significant bulk permeabilities and con- 
tain intraformational coarser-grained 
sediments. 

In southern Ontario, the regional 

ground water flow in Quaternary glacial 
sediments is controlled by the slope of 
the underlying bedrock surface. The 
bedrock surface is characterized by a 
major south-draining paleochannel 
(Laurentian Channel; Fig. 37), in which 
glacial sediments reach thickness of 
over 100 m. Drilling and downhole 
geophysical logging (Chapter 3) allow 
regional correlation of the major glacial 
stratigraphic units (Figs. 21, 22). The 
more permeable units (aquifers) 
include the Scarborough Sands, and 
the impermeable units (aquitards) 
include the glaciolacustrine sediments 
that overlie these sands. Groundwater 
flow is generally within the permeable 
stratigraphic units, but fracturing and 
changes in the local facies geometry 
allows flow between separate aquifers 
(e.g., Howard and Beck, 1986; Eyles 
and Howard, 1988). Thus an under- 
standing of the original glacial deposi- 
tional system is fundamental to pre- 
diction of local facies geometries, the 
delineation of aquifers and aquitards, 
and hence the movement of natural 
and contaminated groundwater. 

Close spacing of boreholes allows 
local facies geometries and ground- 
water flow paths to be established at 
various scales, some as fine as indi- 
vidual landfill sites (about the size of 
several football fields). Techniques 
such as drilling, digging test pits, shal- 
low seismic reflection, and the use of 
ground-penetrating radar are used to 
establish the detailed site stratigraphy. 
However, an understanding of glacial 
depositional models is the key to the 
prediction of lateral variability in facies 
characteristics and hydrogeological 
properties. Water origin and flow in dif- 
ferent aquifers can be traced by study 
of major and minor ions, isotopes, and 
by radiocarbon dating. These tech- 
niques establish the overall hydro- 
stratigraphy of the site, and provide a 
means of modelling groundwater flow 
through the various glacial facies. 
Examples of such studies are provided 
by Desaulniers et a/.  (1981), Rowe 
and Booker (1990) and Eyles et a/. (in 
press, a). Determining fluid flow paths 
in Quaternary and pre-Quaternary 
glaciated basins not only provides fun- 
damental information about the geom- 
etry of permeable and impermeable 
facies, but also the detailed disposition 
of facies in the glacial depositional 
system. In this way, data from individ- 

ual case studies are fed back into, and 
help refine, general models. 

GLACIAL FACIES MODELLING 
The development of comprehensive 
glacial facies models is still at an early 
stage as a result of relatively recent 
sedimento~o~ical interest in glacial de- 
posits. A high priority for future work 
must be integration of different data 
sets from Proterozoic and Phanerozoic 
glaciated basins. Most ancient glacial 
strata are still poorly known. The mod- 
els presented in this chapter have con- 
siderable value in applied projects, 
particularly in the prediction of facies 
geometries and associations in the 
subsurface. In particular, these models 
can be used to predict the extent and 
form of permeable and impermeable 
facies in the subsurface or the three- 
dimensional variability of geotechni- 
cal properties. This is extremely impor- 
tant in the search for hydrocarbons in 
glaciated basins and in hydrogeolog- 
ical assessments of Quaternary glacial 
deposits, where the relationship of 
reservoirs (aquifers) and seals (aqui- 
tards) must be evaluated. 
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INTRODUCTION 
As in all other facies models, ancient 
volcaniclastic rocks must be interpreted 
by comparison with recent accumula- 
tions. In this chapter we will present the 
major characteristics of volcaniclastic 
deposits. 

In a general plate tectonic framework 
(Fig. I ) ,  oceanic volcanism at midocean 
ridges, seamounts, and oceanic islands 
is dominantly basaltic. Due to the lower 
volatile content of basaltic magmas, 
volcaniclastic rocks in these regions 
tend to be formed by fragmentation of 
lava flows rather than by explosive 
eruptions. Pillow breccias and hyalo- 
clastites are commonly formed. By 
contrast, island arc environments are 
dominantly basaltic to andesitic in 
composition. Explosive volcanoes com- 
monly produce subaerial and sub- 
aqueous pyroclastic fallout and flows. 
Remobilized volcaniclastic mass flows 
and turbidites may be deposited in the 
submarine environment. Continental 
magmatic arc environments are domi- 
nantly andesitic to rhyolitic in composi- 
tion. Here, subaerial pyroclastic flows 
and fallout deposits are common, as 
are their remobilized equivalents. The 
forearc environment, however, may be 
partly submarine. Continental rift envi- 
ronments are commonly associated 
with caldera structures where acid sub- 
aerial pyroclastic deposits are found. 
Basaltic cinder cones and tuff rings also 
occur here, and are commonly asso- 
ciated with lava flows. In summary, 
oceanic extension produces effusive 
volcanoes where the magma is mostly 
basic, whereas subduction produces 
explosive volcanoes (e.g., Indonesia, 
Japan, the Cascades, and the Lesser 
Antilles), where the magma is interme- 
diate to acid in composition. Thus, dif- 
ferent tectonic environments have dis- 
tinctive volcaniclastic facies. 

The models discussed in this chapter 
are best used as general frameworks 
for future observations. A few models, 
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particularly for pyroclastic rocks, have 
been tested on different volcanoes and 
may thus be used to initiate interpreta- 
tions, but more work needs to be done 
before they can be considered norms 
and predictors. One should keep in 
mind that most pyroclastic models dis- 
cussed in the present chapter were de- 
veloped in subaerial deposits. We shall 
see that subaqueous accumulations 
may have different characteristics. 

TERMINOLOGY 
Volcaniclastic rocks include all frag- 
mental volcanic rocks that result from 
any mechanism of fragmentation. Epi- 
clastic fragments result from the weath- 
ering of volcanic rocks. Autoclastic 
fragments are formed by mechanical 
breakage or gaseous explosion of lava 
during mcvement. Hyaloclastic frag- 
ments, a variety of autoclastic, are pro- 
duced by quenching lava that enters 

OCEAN-OCEAN .OCEANIC OCEANIC 
SUBDUCTION INTRAPLATE EXTENSION 
I B A S A L T - A N O E S I T E I  VOLCANISM I B A S A L T I  

ISLAND SEAMOUNTS,  MID.OCEAN 

BACKARC A R C  FOREARC O C E A N  ISLANDS RIFT Z O N E  

OCEAN-CONTINENT CONTINENTAL 
SUBDUCTION EXTENSION 

I A N O E S I T E - R H Y O L I T E )  ( B A S A L T - R H Y O L I T E )  

M A G M A T I C  
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Figure 1 Tectonic setting of volcaniclastic deposits. 
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water, water-saturated fragmental de- 
posits, or ice. Pyroclastic fragments 
originate from explosive eruptions and 
are projected from volcanic vents. 
Showers of pyroclastic debris produce 
fall deposits. Clasts ejected from vents 
may be transported en masse on land 
or in water by nuees ardentes. This de- 
scriptive term was proposed by Lacroix 
(1904) from his studies of the 1902 
eruption of Mount Pelee, to refer to hot 
pyroclastic density currents. These de- 
posits may thus result from more than 
one transporting mechanism. 

In the volcanic literature, pyroclastic 
deposits originating from laminar trans- 
port of hot, high-concentration mixtures 
of fragments in gas are commonly re- 
ferred to as flow deposits. Those that 
accumulate from hot, relatively low- 
concentration turbulent suspensions 
are termed surge deposits (Fisher and 
Schmincke, 1984; Cas and Wright, 
1987). Surges are further subdivided 
into base, ground, and ash-cloud 
surges depending on the position of 
the turbulent cloud relative to the 
entire density current. This highly 
genetic terminology is certainly very 
useful to volcanologists working on 
recent volcanoes and is well en- 
trenched in the volcanic literature. 
However, it is ambiguous because 
both pyroclastic flows and surges are 
flows sensu stricto. Furthermore, there 
is no consensus among workers as to 
what are flow and surge deposits 
(Lipman and Mullineaux, 1981), raising 
a few questions as to the applicability 
of this nomenclature to ancient de- 
posits. Cas and Wright (1987, p. 355) 
note that "it is a brave person who 
walks to an outcrop (of pyroclastic de- 
posits) and applies a genetic classifi- 
cation or terminology". In the present 
chapter we shall therefore favour the 
more descriptive terminology when- 
ever possible. 

Pyroclastic fragments are called 
primary if ejected from a vent, and 
secondary if they are recycled from 
unconsolidated primary deposits. 
Lahar, a term first used at Kelud volca- 
no on Java, refers to coarse remobi- 
lized primary pyroclasts where the 
interstitial fluid is water. In ancient de- 
posits it may not always be possible to 
distinguish between primary and sec- 
ondary pyroclastic debris. 

Table 1 Differences between pyroclastic flow and epiclastic deposits. 

Epiclastic Pyroclastlc 

Texture Rounded grains of volcanic Angular to subrounded pumice, 
rocks and crystals. Depending scoria, shards, accretionary and 
on environment of deposition, armoured lapilli that may be de- 
sorting may be excellent to formed or welded. Sorting is poor 
poor. to very poor. 

Composition Volcanic rock fragments which Mostly acid to intemdiate frag- 
tend to be polygenetic, with ments which tend to be mono- 
common incompatible phases genetic. 
such as quartz and basalt. 

Structure Normal sedimentary.struc- Common presence of normal or 
tures. reverse grading, of thick diffuse 

strata, low angle cross laminae, 
and bomb sags. 

BLOCKS AND B O M B S  
d > 6 4  m m  

BRECCIA A5 

Figure 2 Pyroclastic grain-size classifi- 
cation with rock nomenclature. Modified 
from Fisher and Schmincke (1984, p. 92). 

Isolated-pillow 
breccia 

0 

Carbonaceous 
cherty limestone 

Figure 3 Typical pillow breccia-hyalo- 
clastite sequence in the Triassic of Quadra 
Island, British Columbia. From Carlisle 
(1 963). 

SURFACE BRECCIA 

FINELY VESICULAR PUMICE 

OBSIDIAN 

COARSELY VESICULAR 
PUMICE 

BASAL BRECCIA 
TEPHRA 

Pyroclastic fragments coarser than Figure 4 Hyaloclastite transitional with Figure 5 Schematic cross section of rhy- 
64 mm (-6@) are called bombs or pillow lava, Rouyn-Noranda region, Quebec. olitic obsidian flow. After Fink (1980). 

-- 



blocks, lapilli if grain size ranges from populations are classified in Figure 2. 
64 to 2 mm (-6 to I$), and ash if finer Volcaniclastic sedimentation is a 
than 2 mm (-14). Ashes are further vast subject and has so many vari- 
subdivided into coarse and fine at 1/16 ables that it will not be possible to treat 
mm (44). Pyroclastic rocks with mix- all of its aspects. Except for composi- 
tures of these fundamental size sub- tion, epiclastic rocks do not differ from 

R I S I N G  GAS 
B U B B L E S  

O l R E C T l O N  OF 
F L O W  M O V E M E N T  

Figure 6 Evolutionary model of the two types of acid hyaloclastites and lobes. From 
Furnes et a/. (1980). 

other siliciclastic rocks. They thus will 
not be treated here except to summa- 
rize the petrographic differences with 
pyroclastic fragments (Table 1). These 
differences are in part due to the dif- 
ferent fragmentation processes, and in 
part to the temperature of accumula- 
tion. We will describe briefly the char- 
acteristics of autoclastic and pyro- 
clastic rocks, and discuss their ob- 
served and possible variations in time 
and space (facies). The reader will find 
good descriptions of the morphology 
and petrography of volcaniclastic 
fragments in Fisher and Schmincke 
(1 984), and Heiken and Wohletz (1 985). 

AUTOCLASTIC ROCKS 
Flow breccias and hyaloclastites are 
common in basaltic sequences and un- 
common in acid sequences. This is be- 
cause basic lavas flow more readily 
than acid ones, due to their lower vis- 
cosity. In these two types of autoclastic 
rocks, the clasts are generally mono- 
genetic, with most fragments being 
derived from the same parent liquid. 
Lava may erode vent walls or rip up 
fragments as it flows, but such exotic 
fragments are rarely reported in des- 
criptions of flow breccias. In basaltic 
sequences, the breccias commonly 
consist of complete pillows and/or 
pillow fragments set in a matrix of de- 
vitrified glass shards and lumps. Acid 
flow breccias are made up of abundant 
angular blocks with coarse and fine 
sand size fragments set in a glassy 
matrix. 

Facies in flow breccias and 
hyaloclastites 
Due to their mode of origin, in situ flow 
breccias and hyaloclastites should 
show little or no systematic lateral var- 
iations in clast content, size, and com- 
position. Autoclastic associations, how- 
ever, are much more complex. 

The vertical variations in a typical 
flow breccia of basaltic composition are 
summarized in Figures 3 and 4. The 
pillowed lava grades upward into an 
isolated-pillow breccia that is overlain 
and transitional with a broken-pillow 
breccia. In the Archean of the Noranda 
region, similar sequences are occa- 
sionally overlain by fine-grained hyalo- 
clastites (Fig. 4). In this succession, 
clast size decreases from base to top. 
This grain size variation cannot prop- 
erly be called graded bedding because 
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there is no bedding to begin with. The 
clasts are formed in situ rather than 
being transported and deposited. The 
distinctive characteristics of this type of 
breccia are the monogenetic composi- 
tion of the clasts and the transitional 
contact with the underlying lava. Since 
the fragmentation is formed by quench- 
ing, the shards are not welded. 

Subaerial lava flows of acid composi- 
tion commonly have flow breccias 
which underlie andlor overlie the lavas. 
Fink (1980) presented a schematic 
cross section of subaerial rhyolitic ob- 
sidian flows based on studies from 
California, New Mexico, and Lipari in 
the Eolian Islands (Fig. 5). The approxi- 
mately 30 m-thick lava flow has a two 
m-thick breccia at the base and a one 
m-thick flow-top breccia. The texture 
and composition of the fragments are 
similar to those of the associated 
parent lava flow. Compared to flow 
breccias of basaltic composition, how- 
ever, the breccias of acid flows are 
thinner; the transition with the parent 
lava is more abrupt, and may even be 
sharp; and the fragments are large and 
chaotically organized. 

There are few modern examples of 
submarine acid lava flows, and they 
are rare in the rock record. Subglacial 
acid hyaloclastites from Iceland show 
a greater lithological diversity than 
basaltic hyaloclastites (Furnes et a/., 
1980). They are made of structureless 
to strongly flow-banded fragments of 
pumice and obsidian, commonly associ- 
ated with large (long axes average 7 m) 
irregular to subspherical bodies (lobes) 
of vesicular to nonvesicular rhyolite. 
Two genetically different types of hyalo- 
clastites are described (Fig. 6). Type 1 
hyaloclastites, said to be by far the most 
common, consist entirely of pumiceous 
fragments that vary considerably in size 
and shape, and result from phreatic ex- 
plosive events. Type 2 hyaloclastites 
consist of fragments of obsidian, flow- 
banded or flow-folded pumices, and 
lithic rhyolite invariably associated with 
ellipsoidal to irregularly shaped bodies 
(lobes) that may commonly reach 70 m 
in length. These lobes, which are min- 
eralogically and chemically similar to 
the pumice, consist of an outer shell of 
obsidian adjacent to a zone of flow- 
banded and flow-folded vesiculated and 
glassy rhyolite. Type 2 hyaloclastites 
are derived from the lobes during the 
fragmentation of lava flows or magma 
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bodies (Fig. 6) that have intruded 
water-saturated Type 1 hyaloclastites. 
These Type 2 hyaloclastites are closely 
related, are in sharp contact with the 
parental lava, and have no internal 
structures indicative of transport. 

Autoclastic fragments may be re- 
worked by bottom currents or resedi- 
mented from density currents. In certain 
cases the deposit may show some of 
the characteristics of pyroclastic rocks. 
These secondary hyaloclastites may be 
difficult to distinguish from pyroclastic 
rocks, because both types of fragmen- 
tation may form similar textures. Pu- 
mice and scoria should, however, be 
more common in pyroclastic deposits. 
Honnorez and Kirst (1975) have shown 
that the percentages of concave, con- 
vex, and planar grain boundaries can 
be used to distinguish a hyaloclastic 
from a pyroclastic fragment. 

The model proposed for basaltic flow 
breccias and hyaloclastites is suffi- 
ciently well established to be used as a 
norm. 

PYROCLASTIC ROCKS 
Pyroclastic debris consists of pumice, 
scoria, glass shards, crystals, and ac- 
cessory lithic fragments. All of this ma- 
terial is explosively ejected from vents 
and then falls or flows in air or water 
under the influence of gravity. There is 
a consensus among workers that gra- 
vity plays a major role in the en masse 

ASH FALL 0.5 % 

\;ISPERSED ASH I S  % 

PYROCLASTIC 
GRAVITY FLOW 
DEPOSITS 98 % 

transport of pyroclasts. Settling veloci- 
ties of pyroclasts are proportional to 
fragment size, shape, and density. 
Therefore, the principles that govern 
the sedimentation of pyroclasts are 
similar to those controlling the deposi- 
tion of other clastic debris. 

The lateral extent and geometry of 
pyroclastic deposits are influenced in 
part by magma composition and in part 
by the environment in which the erup- 
tion takes place. Basaltic subaerial 
eruptions generally produce cones of 
scoria and ash of limited areal extent 
around or downwind of the cones. Ba- 
saltic eruptions that take place in 
shallow water, or where water has ac- 
cess to the vent, are more strongly ex- 
plosive and produce ash rings and ash 
layers that may have considerable la- 
teral extent. Eruptions of acid and in- 
termediate compositions are generally 
explosive due to the volatile content of 
the magma. These eruptions may pro- 
ject very large volumes of pyroclastic 
debris to heights well in excess of 25 
km and may produce thick fall and 
flow deposits. 

The influence of the environment is il- 
lustrated by the asymmetric distribution 
of pyroclastic deposits east and west of 
the Lesser Antilles arc (Fig. 7). On the 
west side of the arc, nubes ardentes 
entering the Caribbean Sea descend on 
steep slopes and are transported into 
deep water where their characteristics 
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Figure 7 Asymmetric distribution of pyroclastic deposits east and west of the Lesser 
Antilles arc. Volcanic islands are roughly 10 km apart. From Sigurdsson eta/. (1 980). 



are preserved, and they form various 
types of density-current deposits. Those 
entering the east side of the arc, in rela- 
tively shallow water, are reworked and 
lose their original characteristics, thus 
becoming epiclastic deposits. Also, due 
to the prevailing winds, most of the 
fallout deposits are found on the Atlantic 
side of the arc. 

Facies in pyroclastic fall deposits 
Pyroclastic fallout deposits range from 
small volume, localized scoria and 

cinder cone accumulations to large 
volume sequences that mantle topog- 
raphy over large distances. The depos- 
its are the products of ballistic fallout 
and turbulent convection in the eruption 
column. Large volume fallout deposits 
commonly are associated with flow de- 
posits from the same eruption. The 
change from fallout to flow is caused by 
an increase in the magma discharge 
rate and/or a decrease in the magmatic 
volatile content. Two classifications of 
fallout deposits are presented (Fig. 8). 
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Figure 8 Two classifications of pyroclastic fall deposits. A) Classification in terms of dis- 
persal D (area enclosed by the 0.01TmaX isopach, where T,,,,, is the maximum thickness of 
the deposit) and degree of magma fragmentation F (percentage of a deposit finer than 1 mrn 
at the intersection of the dispersal axis and the O.lTm,, isopach). Modified from Walker 
(1 973), Self and Sparks (1 978), Walker (1 980), and Francis et a/. (1 990). 6 )  Classification in 
terms of thickness half-distance b, (distance over which the thickness of a deposit halves) 
and half-distance ratio bJb,, where b, is the maximum clast half-distance (distance across 
which maximum clast size halves). Curves show eruption column heights (H,) for different 
values of b,. As with (A) above, fragmentation increases toward the top, and dispersal in- 
creases from left to right. Modified from Pyle (1989). 
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The deposits are grouped according to 
their dispersal and degree of particle 
fragmentation. Small magnitude erup- 
tions form hawaiian, microplinian 
(strombolian), and surtseyan fallout 
units. Larger magnitude eruptions 
deposit subplinian, plinian, ultraplinian, 
and phreatoplinian fallout sheets. Surt- 
seyan and phreatoplinian deposits are 
characteristically fine grained (-1 to 
5 Q), even close to the source vent, in- 
dicating efficient fragmentation by in- 
teraction of magma and external 
water. Another type of fall deposit, 
termed co-ignimbrite fallout ash, may 
be formed during the emplacement of 
a pumiceous pyroclastic flow (ign- 
imbrite) by the preferential loss of vitric 
material from the flow to the atmo- 
sphere. Co-ignimbrite ashes also are 
fine grained and cover large areas. 

Basaltic pyroclastic eruptions fre- 
quently build scoria and cinder cones. 
The resulting fallout deposits are termed 
hawaiian, strombolian, or microplinian 
(Fig. 8A). The deposits dip both away 
from and into the cone, generally have 
small volumes (< 1 km3), and are local- 
ized in areal extent (Fig. 9A). The juve- 
nile material has a range of vesicu- 
larities and grain sizes, the fragments 
being crudely bedded and framework 
supported. The deposits are variably 
sorted because of 1) fragments with dif- 
ferent vesicularities and densities, 2) 
particle agglomeration in fine-grained 
layers, 3) mixing of turbulently sus- 
pended material and ballistic blocks 
and bombs, and 4) welded spatter that 
results from high eruption rates. Fallout 
material that accumulates on the steep 
slopes of the cone may be mobilized 
downslope by grain flows, resulting in 
beds that are inversely graded. Scoria 
and cinder cone sequences may have 
rapid vertical and lateral transitions 
among scoria and cinder layers, welded 
agglutinated units, and fine-grained 
beds, reflecting changes in eruptive 
conditions, distance from the vent, and 
phreatomagmatic influences. 

Widespread fallout tephra sheets of 
large volume (10-lo3 km3) are usually 
silicic in composition, although basaltic 
examples do exist. Large explosive 
eruptions frequently show a progres- 
sion from fallout to pyroclastic flows 
during the course of the eruption. The 
fallout deposits consist primarily of 
framework-supported pumice or scoria 
clasts with subordinate crystal and lithic 
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fragments. Pumices are commonly 
angular and fractured from impact. 
Pumices near the vent can have pink 
oxidized interiors, indicating hot em- 
placement. As a rough guide, in these 
deposits lithic fragments are half as 
large as pumices, depending on the 
differences in density. 

Fallout deposits can be massive 
and/or stratified. Massive sequences 
suggest sustained eruptions, while 
stratified parts may indicate fluctuations 
in eruption intensity or wind direction 
(Fig. 10). In fallout deposits it may not 
be easy to distinguish between primary 
stratification due to factors stated 
above and stratification due to rework- 
ing after deposition where sorting im- 
proves, and pumices commonly are 
subrounded. Mantle bedding, in which 

thickness over a limited area is uni- 
form, is common except in topographic 
depressions where thicker deposits 
can accumulate due to secondary 
movement of material. In this case, 
however, the deposits are no longer 
primary. Fallout deposits are com- 
monly better sorted than flow deposits, 
but fine-grained ash that has agglom- 
erated in clusters can result in poorly 
sorted fall deposits. Ash clusters have 
been documented in the deposits from 
the May 18th, 1980 eruption of Mt. St. 
Helens and the 1982 El Chichon erup- 
tions. On the other hand, low-density 
ash clusters can transport higher- 
density crystals (e.g., magnetite, py- 
roxene) to greater distances from the 
volcano than would normally be the 
case if the grains fell individually (see 

Kittleman, 1973; Fisher and Schmincke, 
1984, p. 159-1 60). Fallout deposits may 
be ungraded, normally graded, inverse- 
ly graded, or a combination of the 
above (Figs. 11, 12). Normally graded 
sequences indicate that the eruption 
was most intense during its initial 
phases. By contrast, inversely graded 
fallout deposits can be overlain directly 
by flow deposits from the same erup- 
tion, suggesting that eruption intensity 
increased during the eruption. Beds 
that exhibit both normal and inverse 
grading imply that the intensity varied 
during the course of the eruption. Some 
fallout deposits have a fine-grained 
base with accretionary lapilli, suggesting 
that the magma interacted with meteoric 
water during eruption, popsibly through 
a crater or caldera lake. Such deposits 

CARVAO C. S. MIGUEL (AZORES) FOGO, 1563, SAO MIGUEL (AZORES) 

EL CHICHON B, 4 APR. 1982 (MEX 
x 

Figure 9 lsopach maps for four fallout deposits. All thicknesses in mm. A) Map of the Carvao C deposit, Azores. Note the limited areal 
extent of the pyroclasts. From Booth et a/. (1978). B) lsopach map of the El Chichon B deposit, Mexico. Note the relatively concentric 
isopachs. From Carey and Sigurdsson (1986). C) lsopach map of the Fogo 1563 deposit, Azores. The deposit is strongly asymmetric. From 
Walker and Croasdale (1971). D) lsopach map of the 18 May 1980 Mt. St. Helens deposit. Secondary thickening occurs 300 km downwind of 
the volcano. From Sarna-Wojcicki eta/. (1981). 



are termed phreatomagmatic. 
Fallout distributions may be uniformly 

dispersed around the source, indicating 
little influence from wind (Fig. 9B), or 
may be asymmetrically distributed due 
to prevailing winds (Fig. 9C). In general, 
fallout deposits from large magnitude 
eruptions tend to be more uniformly dis- 
tributed than deposits from smaller 

magnitude eruptions (Carey and 
Sparks, 1986). However, fallout pat- 
terns can be very complex if there are 
different winds at different altitudes or if 
wind directions change during the 
course of an eruption. 

Fallout sheets exhibit systematic 
changes in thickness, maximum clast 
size, and proportions of pumice, crys- 

tals, and lithic fragments from near- 
vent to distal environments. Thick- 
nesses generally decrease expo- 
nentially away from the vent (Pyle, 
1989). Fine-grained fallout deposits 
are not necessarily distal, however, as 
they may result from low-intensity 
eruptions, phreatomagmatic explo- 
sions, or co-ignimbrite ash deposition. 
In asymmetrically distributed de~osits 
(Fig. 9C), thicknesses decrease more 
gradually along the dispersal axis than 
on its margins or upwind of the source 
volcano. Maximum thicknesses may not 
necessarily occur in proximity to the 
vent, due to erosion of fallout material 
by pyroclastic flows. Secondary thick- 
ening of the May 18th, 1980 Mt. St. 
Helens fallout ash occurred 300 km 
downwind of the volcano (Fig..9D). This 
may have been a result of premature 
fallout of fine-grained agglomerates 
andlor additions from co-ignimbrite ash 
generated by the pyroclastic flows on 
the flanks of the volcano. This indicates 
that the thicknesses of distal plinian 
ashes may have been overestimated by 
not recognizing the co-ignimbrite ash 
component. The distinction between 
plinian fallout ashes and co-ignimbrite 
ashes (ash derived from a pumiceous 
pyroclastic flow) is indeed difficult in -. . ... 

.distal regions. ~ 0 t h  are fine grained and 
Figure 10 Rhyolite fallout bed showing the transition from massive pumice below the rich in vitric material. Co-ignimbrite ash 
hammer to stratified pumice above. A pyroclastic flow deposit directly overlies the stratified layers do not thin exponentially and 
fallout sequence. Guaje Pumice Bed, Jemez Mountains, New Mexico, USA. 

Figure 12 Inverse grading in a rhyolite pumice fallout deposit. The thin white beds are fine- - 
Figure 11 Normal grading in a rhyolite grained units which may represent episodic phreatomagmatic activity. Note the relatively 
pumice fallout unit. Pre-Bandelier plinian thick fine-grained unit, marked by the arrow at the base of the inversely graded bed, which 
deposit, Jemez Mountains, New Mexico, may indicate an initial phreatomagmatic phase of the eruption. Scale is graduated in 10-cm 
USA. increments. Cerro Toledo Rhyolite, Jemez Mountains, New Mexico, USA. 
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thus have a much more uniform thick- 
ness over a wide area than do plinian 
units. Trace element geochemistry of 
the glass shards may be able to dis- 
tinguish between distal plinian and co- 
ignimbrite ashes from one eruption. If 
the plinian phase of the eruption is 
erupted before the pyroclastic flow 
phase, the plinian eruption will tap the 
upper regions of the magma chamber, 
which are most enriched in incompat- 
ible trace elements (e.g., uranium and 
niobium). Therefore, the plinian ash 
will have higher concentrations of in- 
compatible trace elements than the 
co-ignimbrite ash. 

The maximum size of pumices and 
lithic fragments in outcrops of a fallout 
deposit decreases exponentially from 
the source (Pyle, 1989), although 
clasts in proximity to the vent may be 
anomalously large due to ballistic em- 
placement. These maximum size varia- 
tions can be mapped as isopleths of 
equivalent clast diameter (Fig. 13). It is 
preferable to examine lithic fragments 
because of the problems of breakage 
and variable densities associated with 
pumices. Systematic lateral changes 
in the isopleths can be related to the 
height of the eruption column. The 
width of a particular isopleth is a func- 
tion of the height of the column, while 
the maximum downwind range of the 
isopleth depends upon both the 
column height and the wind speed 
(Carey and Sparks, 1986). The distri- 
bution of maximum lithic isopleths is 
generally less asymmetric than thick- 
ness isopachs (compare Figs. 9A and 
13B), implying that the isopleths are 
less affected by wind. 

The grain size and proportions of 
the three major components in a 
fallout deposit (pumice, crystals, and 
lithic fragments) also change from 
proximal to distal regions (Fig. 14). 
The deposit as a whole becomes finer 
grained away from the source. This is 
reflected in the distal fining of the 
pumice and lithic populations. The 
size of the crystals does not change 
laterally, however, because crystal 
size is controlled by pre-eruptive con- 
ditions in the magma chamber. The 
proportion of lithic fragments remains 
approximately constant, while the per- 
centage of pumice decreases and 
percentage of crystals increases dis- 
tally. This reflects the progressive lib- 
eration of crystals from pumice frag- 

ments as the grain size of the pumices 
approaches that of the crystals. 

Facies in nuee-ardente deposits 
Three different types of nuees ardentes 
are recognized by volcanologists, I )  the 
Pelee type where the nuees are pro- 
duced by directed explosions gener- 
ating high-velocity, low-concentration, 
turbulent suspensions, 2) the St. 
Vincent type which results from column 
collapse, with the flow descending the 
slopes of the volcano in radial direc- 
tions, and 3) the Merapitype caused by 
avalanche of solidified, but hot, blocks 
of the lava dome which break up into 
smaller pieces during their descent in 
high-concentration suspensions (Escher, 
1933; Macdonald, 1972; Williams and 
McBirney, 1979; Fig. 15). 

There is general agreement among 
workers that although the Pelee nuees 
ardentes are initiated by a lateral ex- 
plosive thrust, and St. Vincent nuees 
ardentes by vertical explosion, once in 
motion they behave as gravity-con- 
trolled density currents. It follows that 
the mechanisms responsible for trans- 
porting the debris are similar to those 
of other density currents. It is therefore 
not surprising that debris and grain 
flows have been invoked to explain the 
features found in a number of coarse 
pyroclastic deposits, and turbidity 
current for a limited number of turbu- 
lent nuee-ardente deposits. 

The Pelee nuees ardentes are pro- 
duced by strong lateral thrusts leading 
to high velocities, roughly 130 mlsec 
over St-Pierre at the base of Mount 
Pelee, for the May 8th and 20th nuees 
ardentes of 1902 (Lacroix, 1904; 
Brissette and Lajoie, 1991). Such high 
velocities resulted in turbulent low-con- 
centration density currents which left 
characteristic deposits which have 
been well documented at Mount Pelee. 

At their type locality, the Pelee nube- 
ardente deposits are characterized by 
the common presence of three well- 
defined strata (beds I, II, and Ill; Fig. 
16; Boudon and Lajoie, 1989; Charland 
and Lajoie, 1989). The basal bed (I) is 
thinner than the middle bed and con- 
tains the coarsest grain size of the 
deposit. It is massive, reversely and 
more rarely normally graded, and poor 
in fines with less than 2 per cent of 
grains finer than 4+ (1116 mm). The 
middle bed (II), which may rest either in 
sharp or transitional contact with the 

underlying bed, represents most of the 
deposit. It shows well-developed 
normal-population grading (Fig. 16) 
with the fines (4+) increasing to 30 per 
cent at the top of the bed. Stratification 
is superimposed on the grading in the 
upper portion of the bed (Fig. 16). In 
more proximal sections these strata are 
relatively crude and thick, dipping up- 
flow at less than lo0  (Fig. 16), and are 
interpreted as antidunes. In more distal 
sections, bedding is better defined, with 
thinner laminae dipping downflow, and 
interpreted as dune bedforms (Boudon 
and Lajoie, 1989). The upper bed is rel- 
atively thin and contains the finest grain 
size of the deposit (50 per cent finer 
than 449. The coarse fraction increases 
at the top of the deposit (Fig. 16) due to 
the presence of accretionary lapilli 
(small spheres made up of agglutinated 
fine ashes). Generally the upper bed is 
normally graded, with rare parallel 
laminae and ripple cross bedding at its 
very top. The entire deposit of a typical 
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Figure 13 lsopleths of the largest pumice 
clasts (A) and lithic fragments (B) in the El 
Chichon B fallout deposit, Mexico. From 
Carey and Sigurdsson (1986). 



Pelee nuee ardente is therefore nor- mentary nomenclature would be termed where bed I represents a thick traction 
mally graded. Sorting (oi) ranges from poorly to very poorly sorted. The typical carpet formed by gravity segregation of 
more than 2.5$ at the base, improving Pelee nuee-ardente deposit is inter- the coarser fraction within the nuke. 
to 1.2-1.5$ in the finer-grained part of preted as having accumulated from a Here, dispersive pressure played an 
the deposit, which by standard sedi- low-concentration turbulent suspension important role as the clast supporting 

F O G 0  A, SAO MIGUEL (AZORES) 

5.0 km 

-6  -4 -2 0 2 4 -6 -4 -2 0 2 4 -6 -4 -2 0 2 4 -6 -4 -2 0 2 4 

PUMICE FRAGMENTS m j  SANlDlNE CRYSTALS LlTHlC FRAGMENTS 

Figure 14 Proximal to distal variations in proportions of pumice, crystals, and lithic fragments for different size fractions in a fallout deposit. 
Fogo A sequence, Azores. Modified from Walker (1971). 

Figure 15 The three different types of nuees ardentes, modified from Escher (1933). 

Figure 16 Depositional sequence in a 
typical Pelbe nube-ardente, at the type 
section with upbed variations of mean grain 
size (M,) and sorting (oi). 

GRAIN SIZE 'i 
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mechanism. The primary structure se- 
quence in the deposit was interpreted 
as resulting from a decelerating sub- 
aerial particulate suspension where the 
fluid was hot gas. 

The causes responsible for the May 
18th, 1980 Mount St. Helens "blast 
surge" are different from those of the 
1902 nuees ardentes at Mount Pelee 
(Boudon et a/., 1990). However, both 
eruptions left similar deposits (Fig. 17), 
with a massive or normally graded 
coarse basal "layer", overlain by a finer 
"layer" whose base is massive or nor- 
mally graded, passing upward into lami- 
nated and cross-bedded ash. In the Mt. 
St. Helens deposit, the coarser basal 
bed is channelled in its central portion, 
and the thickness of the overlying bed 
decreases laterally away from the axis, 
where parallel- and cross-laminae be- 
come increasingly better developed. 

The Merapi nuee ardentes are pri- 
marily controlled by gravity and lack 
the initial lateral thrust of the Pelee 
and Mount St. Helens nuees ardentes. 
Their velocities are therefore much 
slower (Lacroix, 1904, witnessed ve- 
locities ranging from 15 to 50 m/sec 
for this type of nuee). These nuees are 
sometimes referred to as block-and- 
ash flows. At the type section the de- 
posits consist of coarse blocks, lapilli, 
and ashes, in which the general bed- 
ding and primary structure characteris- 
tics do not change downflow over the 
entire 7 km length. Typically, the de- 
posit of the 1984 Merapi eruption con- 
sists of a single bed of reversely 
graded lapilli-tuff which lacks stratifica- 

tion. The lower contact with the under- 
lying deposit is sharp and nonerosive. 
The entire population is graded (Fig. 
18A), and the deposit is fines-poor, 
with less than 5 per cent fines (4 4). 
Generally, the deposit is very poorly 
sorted, but grain size characteristics 
are not easy to describe due to the 
polymodality of the distributions. Some 
of these subpopulations fit a Rosin law 
better than the more standard log- 
normal distribution, which suggests 
that fragmentation rather than trans- 
port played an important role in the 
grain size distributions. The long axes 
of the lithic fragments are preferen- 
tially oriented parallel to flow. In such 
coarse-grained deposits, it is generally 
assumed that bed thickness and 
maximum grain size decrease down- 
flow with distance from the source 
vent. However, the 1984 Merapi de- 
posit shows a regular and significant 
increase in both maximum grain 
size and bed thickness, downflow for 
7 km. 

The characteristics of the studied 
Merapi deposit have been interpreted 
as the result of a concentrated sus- 
pension of cohesionless solids ex- 
hibiting non-Newtonian behaviour. 
Here, dispersive pressure played an 
important role in the suspension of the 
clasts, such as for an inertial, density- 
modified grain flow. The flow travelled 
on a 35" slope for the first km, and on 
a 20" slope for the next 2 km. It began 
depositing on a 6" slope, dissipating 
all its energy in the next 4 km. 

The deposits of the St. Vincent nuees 

ardentes have not been described in 
detail. In their pioneer work, Anderson 
and Flett (1903) depict the original 
phenomena as a highly concentrated 
mass which descended radially from 
the crater for a distance of 4 km at a 
relatively low velocity of about 15 
mlsec. These authors report that the 
most striking feature of the 1902 
deposit is its fine grain size, 90 per 
cent of the deposit being ash, with 
fragments coarser than 7 cm making 
up less than 3 per cent of the mass. 
The deposit also contains many scori- 
aceous lapilli, and less frequently, large 
rounded bombs up to 1 m in diameter. 
The deposit is massive, with no grading 
or stratification of any sort, and has a 
sharp lower contact. These characteris- 
tics are indicative of a highly concen- 
trated suspension of cohesionless solids 
exhibiting non-Newtonian behaviour. 

Facies in hydrovolcanic deposits 
Hydrovolcanism is the effect of the in- 
teraction of magma with water. It 
affects all shallow subaquatic volca- 
noes and many subaerial vents, for- 
ming tuff cones and tuff rings which are 
second in pyroclastic-deposit abun- 
dance only to scoria cones. Explosions 
which result from the conversion of 
groundwater to steam by ascending 
magma are called phreatomagma- 
tic eruptions. The products are water, 
steam, and brecciated country rocks, 
and must include juvenile clasts. Hydro- 
explosions may generate ejecta plumes 
with an additional horizontal component 
known as a base surge or a pyroclastic 
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Figure 17 Lateral and vertical variations of bed thickness and primary structures in the May 18, 1980, "surge" deposit of Mount St. Helens. 
From Moore and Sisson (1981). 



surge that may be dry (superheated 
steam media) or wet (condensing steam 
media). The general consensus is that, 
although initiated by an explosive thrust, 
once in motion surges behave largely 
as gravity-controlled density currents in 
which turbulence is a major grain-sup- 
porting mechanism. Cas and Wright 
(1987, p. 205-214) argue that surges 
can be compared to turbidity currents in 
a general way. However, they also 
suggest that in the case of wet surges 
there is no direct analogy with "normal" 
sedimentary processes, because of the 
three-phase media (solid-liquid-gas). 
The differences between sedimentary 
and volcanic processes certainly do 

exist but they could have minor effects 
on flow rheology as shown by the pro- 
posed models of lateral facies varia- 
tions in dry- and wet-surge deposits. 

Wohletz and Sheridan (1979) offer a 
model for dry-surge deposits in which a 
proximal, cross-bedded facies passes 
downflow within some 500 m (the scale 
is important) to a massive and re- 
versely graded bed facies, to be re- 
placed further away by what they call a 
"planar" facies in the more distal sec- 
tions (Fig. 19). These "planar" beds are 
not planar or plane beds in the sedi- 
mentological sense. They may be 10 
cm thick, are reversely graded, and are 
believed to have formed from a laminar 

GRAIN SIZE (4) 

Figure 18 Typical Merapi nuee-ardente deposits, at Merapi (A) with cumulative distribu- 
tions from base to top showing reverse population grading (notebook for scale is 19 cm 
high), and at Mount Pelbe (B). 

grainflow mechanism. In this model, 
bed thickness decreases very rapidly in 
the direction of transport in the cross- 
bedded facies, but not in the massive 
facies where the variation is not sys- 
tematic. Sorting is poor throughout the 
deposit (I$ ranging from 1.6 to 1.88), but 
grain size increases downflow from a 
mean of 2.6@ (0.177 mm) in the cross- 
bedded facies to -0.48@ (30 mm) in the 
more distal massive beds, a very signifi- 
cant increase. Wohletz and Sheridan 
(1979) suggest that on eruption, the 
surge is inflated (fluidized) by volatiles 
to such an extent that velocities are ex- 
tremely high and viscosities very low. 
Therefore, turbulence occurs close to 
the vent, resulting in traction that pro- 
duces the observed primary structures. 
The cloud travels downslope, away 
from the vent, aided by gravity. Gases 
escape rapidly and the cloud deflates, 
resulting in a higher grain concentra- 
tion. This leads to laminar flow, which is 
responsible for the massive and re- 
versely graded distal facies. Cloud de- 
flation, however, cannot explain the 
large lateral increase in grain size from 
fine sand to coarse pebbles in the direc- 
tion of transport. Fisher and Schmincke 
(1984, p. 254) argue that this model 
may provide statistical summations of 
many flows through time at a particular 
locality. They also suggest that these 
facies variations cannot apply to pro- 
cesses which occur laterally within a 
single event. 

An alternative model for the lateral 

C R O S S  B E D D E D  F A C I E S  

J.:M.j M A S S I V E  A N D  I N V E R S E L Y  
, . . . . . . . . . G R A D E D  F A C l E S  m{ P L A N A R  F A C I E S  

Figure 19 Lateral facies variations in dry 
pyroclastic surges according to Wohletz 
and Sheridan (1 979). 
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facies variations in dry-surge deposits 
was proposed by Sohn and Chough 
(1989) from the Suwolbong tuff ring on 
the island of Chaju in Korea and has 
been verified at one other tuff ring 
(Chough and Sohn, 1990). In this 
model (Fig. 20), the general thickness 
of the deposit, as well as the individual 
bed thickness and grain size, de- 
crease in the direction of transport for 
almost three kilometres. The most 
proximal facies consists of a majority 
of massive beds passing laterally into 
a crudely stratified parallel-laminated 
bed facies, which is in turn replaced 
downflow by a dune cross-bedded fa- 
c i e ~  in the most distal sections. The 
model is interpreted in terms of decel- 
erating turbulent suspensions with in- 
creasing distance travelled and is 
therefore very similar in its variations 
and process to that observed in many 
turbidity-current deposits. 

The lateral facies variations in wet- 
surge deposits described here were ob- 
sewed on the island of Linosa, located 
in the Sicilian channel south of Agri- 
gento where the deposits are the result 
of phreatomagmatic activity (Lanti et 
a/., 1988). The presence of vesiculated 
tuffs, abundant mud-coated clasts and 
accretionary lapilli in these deposits is 
considered good evidence that the 
surges which transported the clasts 
were wet. The lateral variations of 
facies in these wet-surge deposits 
show a general decrease of bed thick- 
ness and grain size downcurrent from 
the vent (Fossa Cappellano, Fig. 21) to 
the more distal section (Punta 
Calcarella), for a distance of 2.5 km. 
The general primary-structure se- 
quences vary as in turbidites. In the 
most proximal section (Section 1, Fig. 
21) more than 80 per cent of the 
beds are massive. This massive facies 
passes downflow into a sequence 
where nearly 50 per cent of the beds 
show a parallel-laminated division over- 
lying a normally graded or massive divi- 
sion (Section 2, Fig. 21). This second 
lateral facies is replaced at about 1 km 
from the vent by a sequence of thinner 
beds with a primary-structure sequence 
of normal grading overlain by parallel 
laminae. Here, however, dune cross 
beds make up an important proportion 
of the section (Section 3, Fig. 21). In 
the most distal section (Section 4, Fig. 
21), most beds exhibit dune-type cross 
bedding. This lateral variation of facies 
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Figure 20 Lateral facies variations in dry-surge deposits from Cheju Island, Korea. Modified 
from Sohn and Chough (1989). 

Table 2 Differences that may be observed between beds of pyroclastic fall and flow 
deposits. 

Fall Flow 

Sorting Well sorted. Poorly sorted. 

Bed thickness Regular and drapes the under- Irregular; thins over highs, 
lying surface (mantle bedding). thickens in depressions; thins 

laterally towards channel 
margins. 

Grading and Massive beds are rare; normal Massive beds, reverse grading 
laminae grading is rare, but present. are common in deposits having 

Absence of well-defined trac- accumulated from laminar sus- 
tion structures such as parallel pensions (debris and grain 
and oblique laminae, but crude flows). Normal grading is 
strata are common. common in deposits from turbu- 

lent suspensions and is com- 
monly found underlying or 
overlying a laminae division. 

Other primary Bomb-sags and accretionary Accretionary lapilli occur in 
structures lapilli are common in subaerial upper beds of some subaerial 

or shallow water deposits. nudes ardentes. Rare or absent 
Gas-escape pipes are absent. in subaqueous deposits. 

Gas-escape pipes are common. 

Primary Absent. Common, and are generally 
structure similar to those obselved in 
sequences other mass-transported sedi- 

ments. 



in a wet-surge deposit is identical to the 
above model proposed by the Koreans 
for dry-surge deposits, and in all proba- 
bility both sequential variations origi- 
nate from similar processes. 

The above proposed models of 
lateral facies variations in the Korean 
and Italian surge deposits are new and 

insufficiently tested to be considered pressure within the magma exceeds the 
predictors. However, they are in our water pressure of the subaqueous envi- 
opinion excellent working hypotheses. ronment. This is the pressure compen- 

sation level (PCL; Fisher, 1984), which 
Subaqueous pyroclastic deposits should normally be at relatively shallow 
Pyroclastic fragmentation is explosive depths. The evidence suggests that the 
by definition. Explosions caused by PCL for most explosive basaltic erup- 
magmatic volatiles can only occur when tions is less than 200 m, and it seems 

PARALLEL LAMINAE 

MASSIVE CROSS BEDDED 

CALCARELLA 

Figure 21 Lateral facies variations in wet-surge deposits from Linosa Island, Italy. The upper triangle gives the relative proportion of the 
primary structures in the stratigraphic sections which are localized in the lower cross section. Grain-size variations are given for the different 
grain textures. The small bars on the scale in photos 2, 3, and 4 are cm. The notebook in photo 1 is 19 cm in height. 
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that acid magma cannot vesiculate sig- 
nificantly at depths greater than a few 
tens of metres. Consequently most 
authors favour a shallow water or a sub- 
aerial origin for the pyroclasts found in 
subaqueous pyroclastic deposits. 

Subaqueous pyroclastic flows can 
develop from subaerial nuees ardentes 
that moved into water. Because of their 
high density, the Merapi and St. Vincent 
nuees ardentes should continue to flow 
along the bottom, as they reach water 
level. Where the slope is sufficiently 
steep, these flows may become turbu- 
lent, mix with water, and produce cool, 
unwelded deposits. They may, how- 
ever, enter water without mixing and 
retain enough heat to produce welded 
deposits. Many workers do not believe 
that hot pyroclastic flows can be de- 
posited under water, although a few 
authors report welded tuffs from marine 
sequences. The water interaction 
should be different for the low-density, 
high-velocity Peke-type nuees ar- 
dentes. As these turbulent nuees reach 
water, the ash cloud overlying the 
denser lower portion of the flow floats 
on the denser water (Anderson and 
Flett, 1903; Lacroix, 1904). The denser 
lower portion is assumed to continue its 
route under water. Here, mixing with 
ambient fluid is almost certain because 
the flow is turbulent as it enters water. 
There are no examples of Pelee-type 
deposits reported from the literature 
on subaqueous pyroclastic deposits. It 
may be that the three-bed division 
which is observed in subaerial de- 
posits is lost due to flow separation of 
the upper part and mixing with water 
of the lower portion of the flow. 

Descriptions of subaqueous pyro- 
clastic deposits are rare. The evidence 
for subaqueous deposition is generally 
determined indirectly on stratigraphic 
arguments using sequence associations, 
interbedded pillow lavas, or fossils, and is 
not always convincing. The presence of 
normal grading, cross laminae, and 
slump structures, for example, is not very 
solid evidence for subaqueous transport 
and accumulation, as is shown by the 
above descriptions of the St. Helens and 
Mount Pel6e subaerial deposits. 

The two examples that will be used 
to describe the lateral facies variations 
in subaqueous pyroclastic deposits are 
taken from the Neogene of Japan, and 
from the Archean of Rouyn-Noranda, 
Canada. 

The subaqueous deposits of Japan 
were erupted just above water level and 
deposited in a lake 200 to 500 m deep 
(Yamada, 1984). Flows travelled for a 
maximum of 8 km. The proximal facies, 
observed over the first 2 km (Fig. 22) 
consists of massive or chaotic breccia 
with cobble- and pebble-sized lithic 
fragments, some of the larger blocks 
showing radial jointing due to quench- 
ing, which suggests that they were hot 
at the time of deposition. 

The intermediate facies, 2 to 4 km 
downcurrent, is characterized by a se- 
quence of beds which have erosive 
lower contacts and are normally 
graded, and in which parallel laminae 
gradually develop upwards. Shattered 
crystals, the result of rapid cooling, are 
common in this facies. In the upper- 
most units, cross laminae may be pre- 
sent. Locally, accretionary lapilli are 
scattered in the upper tuffs. 

The distal facies, 4 km downflow, is 
distinguished by finer grain sizes and 
the absence of the massive lower por- 
tion of the vertical sequence (Fig. 22). 

Yamada (1 984) compared the ver- 
tical primary structure sequence in 
these subaqueous deposits to that ob- 
served in high-density turbidity current 
deposits (the R-S-T sequence of 
Lowe, 1982). 

The deposits of the Archean 
example extend laterally for 17 km, 
and range in thickness from some 260 
m in the proximal sections to 120 m in 
the distal sections (Tasse etal., 1978). 
Pillow lavas are found both underlying 
and overlying the pyroclastic se- 
quence. The pyroclasts are andesitic 
in composition, consisting of lithic frag- 
ments,. crystals, and scoriae. The pre- 
sence of abundant and large scoriae 
suggests very shallow water or sub- 
aerial eruptions. The scoriae are more 
deformed than the whole rock, indi- 

cating that they were still hot at the 
time of deposition. These Archean py- 
roclastic deposits are therefore be- 
lieved to be primary. In these deposits 
the ratio between lithic fragments and 
scoriae decreases with distance from 
the vent, that is, the amount of scoriae 
increases downflow. This relationship 
has also been observed in recent de- 
posits, and is opposite to the scoria- 
lithic ratio commonly found in pyro- 
clastic fall deposits. This is due to the 
lower density of the scoria which 
settles at lower velocity, and is thus 
found further downflow. 

In the studied sections of the 
Archean deposits, there are two dis- 
tinct bed types with different mean 
thickness, grain size, and primary 
structures. The two bed types were 
treated in two different statistical as- 
semblages (A and B beds, Fig. 23). 
Type A beds (Fig. 24) are thicker than 
type B (Fig. 25). Mean bed thickness 
increases downflow in type A, 
whereas it decreases in type B. Grain 
size varies upsection, but generally it 
decreases in the direction of transport 
in both bed types. Primary structure 
sequences vary systematically away 
from the vent, but the sequences are 
different in both bed types. In type A 
beds, the most abundant structure is 
grading, and parallel laminae are rare. 
The proximal section has a high pro- 
portion of massive or reversely graded 
beds, whereas the distal section is 
characterized by normal grading with a 
greater number of beds where parallel 
laminae are present. The two interme- 
diate sections show a gradation from 
the proximal to the distal facies. 
Normal grading is the rule in type B 
beds. Traction structures, such as par- 
allel and oblique laminae (dunes and 
ripples) are more abundant than in 
type A, and their proportion increases 

ERUPTION 
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Figure 22 Lateral variations of size and primary structures in a subaqueous pyroclastic 
deposit of Japan. No vertical scale. Modified from Yamada (1984). 
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Figure 23 Lateral variations of mean bed thickness and primary structure sequences in 
the direction of transport in an Archean subaqueous pyroclastic deposit. The variations are 
shown for high concentration (A) and low-concentration (B) suspensions (see text). The fre- 
quency distributions of structure sequences, in percentages, total 100 at each locality or 
section. Modified from Tass6 eta/. (1978). 

with distance of transport. 
Tasse et a/. (1978) interpreted the 

above lateral facies variations in sub- 
aqueous pyroclastic flow deposits by 
analogy with sedimentary density 
flows. Type B beds probably result 
from the accumulation of decelerating 
turbulent suspensions of low density 
(turbidity currents). Most of the flows 
responsible for type A beds appear to 
have been turbulent in distal regions. 
Almost half (45 per cent) of the beds in 
the more proximal section have char- 
acteristics that are best interpreted as 
the result of a concentrated suspen- 
sion of cohesionless solids exhibiting 
non-Newtonian behaviour. Here, dis- 
persive pressure played an important 
role in the suspension of the clasts, 
(inertial, density-modified, grain flow). 

An integrated working hypothesis 
Although there has been much work 
done on pyroclastic deposits since the 
publication of the second edition of Fao 
ies Models, the data are still spotty. 
Most models of vertical and lateral vari- 
ations in volcaniclastic rocks are recent, 
and have not been tested adequately. 
However, the data presently available 
may be used to propose an integrated, 
idealized working hypothesis for facies 
variations from a subaerial vent to a 
subaqueous environment. Facies in 
pyroclastic rocks reflect variations in 
flow density, viscosity and velocity, as 
well as transport distance from the vent. 
For example, there are Pelde nude- 
ardente deposits on Merapi volcano, 
and Merapi deposits on Mount Pelee 
(Fig. 18). Most models of lateral and 
vertical facies variations that have been 
proposed can be explained by analogy 
with other sedimentary mass-flow de- 
posits. This approach is used to suggest 
an idealized scenario of lateral facies 
variations in pyroclastic rocks (Fig. 26). 
In this model, deposits of Pelee-type 
nuees ardentes are restricted to sub- 
aerial aprons and lobes. The Merapi 
and St. Vincent nuee-ardente deposits 
are channelled and are not restricted to 
the subaerial environment. Entering 
water, there is a high probability that the 
flow mixes with water and that it trans- 
forms into lower concentration turbulent 
suspensions, resulting in subaqueous 
type B beds described above. From the 
vent to the most distal sections, bed 
thickness and grain size decrease, and 
as in other sedimentary mass-flow de- 
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posits, primary structure sequences 
evolve from high flow power sequences 
to low flow power ones. 

Distinctions between pyroclastic 
flow and fall deposits 
It is commonly not an easy exercise to 
distinguish between pyroclastic fall and 
flow, and some of the differences 
(Table 2) may be very subtle. Mantle 
bedding is characteristic of fall deposits. 
The deposit drapes underlying irregu- 
larities with little or no thickness varia- 
tions except on relatively steep slopes. 
Since the pioneer work of Murai (1961), 
much work has been done with statis- 
tical parameters of grain size distribu- 
tions to help distinguish the various 
types of unconsolidated and consoli- 
dated pyroclastic deposits, but with 
limited success. Most of the problems 
with the techniques originate from the 
almost universal use of I$ intervals in 
these analyses, leading to useless 
data. Commonly, the distributions are 
not log-normal and better fit a Rosin 
law. Thus the median, generally used 
as a defining parameter of the distribu- 
tions, is inappropriate. On the other 
hand, primary structures, and particu- 
larly primary structure sequences, can 
be used successfully to distinguish 
among the various types of pyroclastic 
deposits. 

SUMMARY 
In this chapter we have presented what 
is known of facies relationships in auto- 
clastic and pyroclastic deposits. Auto- 
clastic fragments that are formed in situ 
are monogenetic and not welded. They 
may be transitional with the parent lava 
flow, and have the same composition. 
The internal structures in these de- 
posits suggest the absence or near 
absence of transport. 

Pyroclastic fall deposits are crudely 
stratified and commonly show a sys- 
tematic lateral decrease in grain size 
and bed thickness downwind. In these 
deposits, sorting is poorest close to 
source due to ballistic emplacement 
and settling of fragments of different 
densities. In fall deposits, the vertical 
variations are controlled by eruption in- 
tensity and are therefore unpredictable. 

In nuke ardente deposits, bed thick- 
ness and grain size generally decrease 
downflow, but close to vent the varia- 
tions are not systematic and may even 

be reversed. Beds are commonly grad- 
ed in these deposits. In subaqueous 
deposits the grading of all fragments is 
generally normal, but in many subaerial 
deposits pumices and scoriae are re- 
versely graded. The primary structure 
sequences vary systematically down- 
flow in most of the deposits and depict 
changing flow conditions and grain 
sizes that are beingtransported. 
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Figure 24 Reversely graded subaqueous pyroclastic flow deposit of Archean age, Rouyn- 
Noranda, Quebec. Top is left. Notebook is 30 cm long. 

Figure 25 Prirnary-structure sequence in a type B bed. From base to top: normal grading, 
parallel laminae, ripples. Archean of Rouyn-Noranda. 



V 
Figure 26 Idealized vertical and lateral facies variations in subaerial and subaqueous environments for an explosive island volcano. 
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INTRODUCTION 
Alluvial deposits are an important 
component of the stratigraphic record. 
They occur in a wide range of tectonic 
settings, and are sensitive indicators 
of allogenic (extrabasinal) controls such 
as tectonism and sea level change. 
They host major nonrenewable re- 
sources such as petroleum, placer gold 
and uranium. Much of the oil in the 
giant fields at Prudhoe Bay (Alaska), 
Brent (North Sea), and Daqing (China) 
occurs in fluvial reservoirs. Mineral de- 
posits include gold, uranium and dia- 
monds in the Witwatersrand Super- 
group (South Africa). Uranium is found 
in the Huronian Supergroup (Ontario), 
and in the Morrison Formation (Col- 
orado Plateau). Many important coal 
deposits are of fluvial origin, including 
some of the Pennsylvanian coals 
of West Virginia and Kentucky, and 
some Tertiary coals of the Western 
Interior Basin in Alberta, Wyoming and 
Colorado. 

Alluvial sediments are predominantly 
clastic, ranging in grain size from the 
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finest mud to the coarsest boulder con- 
glomerates. Minor chemical sediments 
are formed in floodplain environments. 
They include nodular carbonate de- 
posits formed in fossil soils (paleosols), 
some coals, and minor evaporites de- 
posited in nonmarine sabkhas. 

SUBDIVISION OF ALLUVIAL 
DEPOSITS IN THIS CHAPTER 
On a small scale, various types of strat- 
ification and bedforms can be recog- 
nized in alluvial deposits. Larger 
depositional units are termed bars (Fig. 
1). Channels are filled by a wide 
variety of bars and bedforms. There 
are some common patterns of ge- 
ometry and composition in these de- 
posits, whatever the channel style. 
This has enabled sedimentologists to 
erect standardized classifications of 
the deposits at two distinct scales. The 
smaller scale includes the individual 
building-blocks, or facies, of the de- 
posit. At a somewhat larger scale, 
these facies assemblages can be 
grouped into architectural elements 

Thalweg (line of 
peepest channel) 

Chute channel 

SAND FLAT 
(downstream- accretio 
element) 

Crevasse-splay 
(sand bedform element) 
Sand sheet 

Figure 1 Block diagram of a hypothetical river, to illustrate some of the terms used in this 
chapter. U 

University of Toronto, 

characterized by distinctive shapes 
and internal geometries that repre- 
sent some of the major types of bar 
and channel formation within fluvial 
systems. 

On a still larger scale, four styles of 
fluvial channels have traditionally been 
recognized, meandering, braided, ana- 
stomosed and straight. Most of the 
coarse, porous beds that host petrol- 
eum and mineral deposits are formed 
within the channels and their associ- 
ated bar deposits, and so an under- 
standing of the architecture of the 
various types of channel fill is critical. 
In nature, there are many variations 
between the four basic end member 
channel styles. 

On a much broader scale, important 
aspects of alluvial sediments concern 
their location on the earth's surface, and 
the control of their large-scale architec- 
ture. The study of alluvial deposits plays 
a key role in the reconstruction of the 
plate-tectonic evolution of sedimentary 
basins, and in deducing the history of 
relative changes in sea level within sed- 

Figure 2 An exposed bar surface at the 
edge of a river channel (Congaree River, 
South Carolina). A field of dunes (10-20 cm 
high) was deposited on this surface when 
the water level was higher, and has now 
been abandoned. The crests are oriented 
perpendicular to flow (which is toward the 
viewer) and extend under water to the right, 
where the dunes may still be actively ad- 
vancing. Photo courtesy of M.O. Hayes. 
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Figure 3 The scales of depositional elements in a fluvial 
system, showing the bounding-surface hierarchy described in 
this paper (see also Table 1). Circled numbers indicate the 
ranks of the bounding surfaces. In diagram C the two-letter 
codes indicate lateral accretion (LA), downstream accretion 
(DA) and channels (CH). In diagram D the sand flat is shown as 
being built up by migrating "sand waves". Foreset terminations 
of these are shown on the top of the diagram, but internal cross 
bedding that results has been omitted for clarity (Miall, 1988). 

Table 1 Hierarchy of  depositional units in alluvial deposits. Modified from Miall (1991 b). 

Group Time scale of Examples or Instantaneous Fluvial, deltaic Rank and 
processes (a) processes sedimentation rate depositional units characteristics of 

(mlka) bounding surfaces 

I lo-e burst-sweep cycle 

1 l V 5 -  l o 4  bedform migration 

I l o 3  bedform migration 

I 1V2- lo- '  bedform migration 

lamina 0th-order, lamination 
surface I 

1 o5 ripple (microform) 1st-order, set bounding 
surface 

1 O5 diurnal dune increment, 1st-order, set bounding 
reactivation surface surface 

1 O4 dune (mesoform) 2nd-order, 
coset bounding surface 

I l o 0 -  l o 1  seasonal events, 10'- lo3 macroform growth 3rd-order, slipping 5-20" 
10-year flood increment in direction of accretion 

1 lo2 - lo3  100-year flood, 
bar migration 

lo2-  lo3  macroform, e.g., point 4th-order, convex-up 
bar, levee, splay macroform top 

I lo3-  lo4  long term geomorphic lo0-  lo1 channel, delta lobe 5th-order, flat to concave- 
processes up channel base 

1 l o 4 -  l o 5  5th-order (Milankovitch) 10.' channel belt sequence 6th-order, flat, regionally 
cycles extensive I 

I l o 5 -  l o 6  4th-order (Milankovitch) lo- '  - 1W2 depositional system 7th-order, sequence 
cycles alluvial fan, sequence boundary; flat, regionally 

extensive 

10 lo6- lo7 3rd-order cycles, 10.'- 1C2 basin-fill complex 8th-order, regional 
Tectonic and eustatic disconformity 
processes 
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imentary basins. Generally, alluvial sedi- traction-current deposits, as noted in 
ments occur in two main settings, thick the next section. 
clastic wedges resulting from tectonic Most alluvial sediments are depos- 
uplift of a major source area, and thin- ited from traction currents, but in  
ner, pod- or sheet-like bodies deposited certain settings sediment gravity flows 
on regional unconformity surfaces. may be important. These occur when 

large masses of loose sediment are 
SEDIMENT TRANSPORT mobilised by liquefaction on a sloping 
Sediment is transported in rivers by surface. Such occurrences are particu- 
two mechanisms, traction currents and larly common under water, but also 
sediment gravity flows. Traction cur- occur subaerially, typically at times of 
rents are those which transport cohe- heavy rainfall. The flow may start as a 
sionless sediment as dispersed grains, landslide, and develop into a moving 
each moving individually. Large grains body of wet, unsorted sediment termed 
are moved by sliding or rolling along a debris flow. Movement ceases when 
the bed (bedload), smaller grains the flow loses momentum on a flat 
bounce along the bed or are swept basin floor, and when the lubricating 
along for short distances in suspen- effect of the pore waters has been lost 
sion (bed contact load). Grains moved by the water draining out into the sub- 
as bedload and by intermittent sus- strate. The result is an apparently cha- 
pension typically accumulate in a vari- otic deposit of poorly sorted debris, 
ety of bedforms (Fig. 2). Migration of with large pebbles, cobbles, even giant 
the bedforms produces the sedimen- boulders, mixed in together and usually 
tary structures seen in  ancient separated from each other by a finer 
deposits. The structures are charac- grained matrix of sand, silt and mud. 
terized by their surface form or their in- Close examination may reveal a subtle 
ternal stratification in cross section. sorting (grading) of the grains or the 
The smallest grains, including the clay matrix, and a regular orientation of the 
fraction, remain in suspension unless larger clasts. 
the water body comes to a complete Two terms, competence and ca- 
rest, as in a floodplain pond or aban- pacity, are used to describe the ability 
doned channel. At this time the grains of a river to transport sediment. Com- 
will slowly settle out. The style in which petence indicates the grain size of sed- 
the grains accumulate to form stratifi- iment that can be transported, and 
cation and sedimentary structures is relates to the strength of the flow (velo- 
the basis for the definition of facies in city, shear stress). Capacity indicates 

Megascoprc heterogenelty 
4 , 

Mesoscoplc 
heterogenelty 

I I 

\ J V 

Macroscopic heterogeneity 
EXPLANATION 

Drarned reservoir Non-reservo~r Untapped Residual od lntrareservolr 
compartment rocks moblle 011 between grams seals 

Figure 4 Schematic cross section through a meander belt sandstone, showing the various 
scales of heterogeneity, and the relation of these heterogeneities to the distribution of reser- 
voir fluids. Note that much of the potential production will remain unproduced unless the 
geologist can reconstruct the architectural complexities of the reservoir, and position wells 
accordingly (Tyler, 1988). 

the total volume of sediment that can 
be moved, and is a reflection of the 
magnitude of the discharge. 

A HIERARCHY OF SCALES OF 
DEPOSITIONAL UNITS 
Geologists describe clastic deposits in 
terms of their natural depositional units, 
such as (in order of increasing scale) 
the bedform, bed, stratigraphic unit 
(member, formation, group), and basin 
fill complex. Fluvial depositional units 
can be subdivided into ten natural 
groups, based on their physical dimen- 
sions, their sedimentation rate, and the 
time scale represented by each type of 
unit (Table 1, Fig. 3). At each of these 
scales rock bodies are enclosed by 
bounding discontinuities. These include 
the contacts between beds and sedi- 
mentary structures, channel scours, the 
base and top of stratigraphic units, and 
the surfaces which define the major al- 
logenic subdivisions of alluvial succes- 
sions, such as regional unconformities. 
A sedimentological classification of 
these surfaces (Table 1, Fig. 3) is a 
useful tool for field studies, facilitating 
field description and leading to more 
comprehensive interpretations. 
Petroleum reservoir geologists recog- 
nize at least five scales of hetero- 
geneity for purposes of calculating 
volumes and rates of production. Four 
of these are shown in Figure 4. Micro- 
scopic heterogeneity is concerned with 
porosity variations at the scale of indi- 
vidual sand grains (within group 1 of 
Table 1). Mesoscopic heterogeneity is 
that of bedding units and sedimentary 
structures (groups 1-4). Macroscopic 
heterogeneity includes the variability 
associated with the deposition of chan- 
nels and bars (groups 5-7). Megascopic 
heterogeneity deals with the variations 
across major sedimentary units and 
entire basins (groups 8-10). 

A wide variety of sedimentation rates 
are shown in Table 1. At each level of 
the hierarchy, instantaneous rates of 
sedimentation can be estimated from 
measurements in the laboratory, or 
determined from study of modern river 
sediments and ancient deposits (Miall, 
1991b). However, rates measured 
from modern sediments usually bear 
little relation to geologically meaningful 
accumulation rates calculated from 
ancient rock units. Depositional rates 
in modern sediments can be estimated 
using l4C techniques, or by studying 



the evolution of meanders and bars on 
maps and aerial photographs. These 
rates are typically far higher than 
those estimated from ancient geolog- 
ical units. This is because individual 
depositional units have a l imited 
preservation potential, and any given 
sedimentary structure, bar or channel 
may be removed by erosion rather 
than become buried and preserved. 
The preservation potential becomes 
successively lower for smaller-scale 
units (smaller group numbers in Table 
1). Long-term geological sedimentation 
rates necessarily include numerous 
episodes of nondeposition and erosion. 
The contrast between the average sed- 
iment accumulation rates in the upper 
and lower parts of Table 1 emphasizes 
how many depositional units and how 
much sediment may be deposited, only 
to be removed before it can be per- 
manently preserved by burial. 

FACIES 
The study of sedimentary structures in 
modern river deposits played an impor- 
tant part in the development of our 

understanding of their hydrodynamic 
formation. Experimental work has 
recently been summarized by Ashley 
(1990) in a series of phase diagrams. 
These set out the flow depths, flow ve- 
locities and grain sizes that control the 
formation and stability of the various 
bedforms. 

The recognition of sedimentary struc- 
tures, and the ways in which they group 
together, is one of the main means by 
which geologists define facies (Chapter 
1). Many years of study by fluvial sedi- 
mentologists have shown that a limited 
number of facies occur in alluvial envi- 
ronments. A classification erected by 
Miall (1977, 1978b; Table 2) is now in 
widespread use for surface outcrop 
studies and subsurface core analysis. 
Examples of facies types are given in 
Figures 5 and 6. 

In gravels, an important distinction is 
that between matrix-supported (facies 
Gms; Fig. 5A) and clast-supported 
types (Figs. 58, C). Matrix support indi- 
cates that clasts and matrix were de- 
posited together, a characteristic of 
debris flows. The other facies are those 

deposited by traction currents. 
Sand facies are characterized by a 

range of sedimentary structures indi- 
cating various conditions of deposition 
(Fig. 5D-G). The vertical succession of 
such facies is commonly repetitive, 
or cyclic, and indicates progressive 
change in depositional conditions. For 
example, a vertical decrease in grain 
size and in scale of cross bedding is 
a feature of the classic fining-up- 
ward point-bar succession (Allen, 
1963), which is discussed in a later 
section of this chapter. 

ARCHITECTURAL ELEMENTS 
Definitions 
A river consist of various straight and 
curved channel reaches, with large 
areas of exposed gravel, sand, or 
mud, termed bars (Fig. 7). The devel- 
opment and distribution of these fea- 
tures follows certain relatively pre- 
dictable patterns that leave their 
record in the resulting deposits. The 
channels and bars are the basic depo- 
sitional elements of the river, and can 
be subdivided into architectural 

Table 2 Facies classification. From Miall (1978b). 

Facies Facies Sedimentary Structures Interpretation 
code 

Gms massive, matrix supported gravel grading debris flow deposits 
Gm massive or crudely bedded gravel horizontal bedding, imbrication longitudinal bars, lag deposits, 

sieve deposits 

Gt gravel, stratisfied trough cross beds minor channel fills 

Gp gravel, stratisfied planer cross beds longitudinal bars, deltaic growths 
from older bar remnants 

St sand, medium to very coarse, solitary or grouped trough cross beds dunes (lower flow regime) 
may be pebbly 

Sp sand, medium to very coarse, solitary or grouped planer cross beds linguoid, transverse bars, sand 
may be pebbly waves (lower flow regime) 

Sr sand, very fine to coarse ripple cross lamination ripples (lower flow regime) 

Sh sand, very fine to very coarse horizontal lamination planer bed flow (upper flow 
may be pebbly parting or streaming lineation regime) 

SI sand, very fine to very coarse low angle (clOO) cross beds scour fills, washed-out dunes, 
may be pebbly antidunes 

Se erosional scours with intraclasts crude cross bedding scour fills 

Ss sand, fine to very coarse, may be pebbly broad, shallow scours scour fills 

FI sand, silt, mud deposits fine lamination, vey small ripples overbank or waning flood 

Fsc silt, mud laminated to massive backswamp deposit 

Fcf mud massive, with freshwater molluscs backswamp pond deposits 

Fm mud, silt massive, desiccation cracks overbank or drape deposits 

C coal, carbonaceous mud plant, mud films swamp deposits 

P carbonate pedogenic features paleosol 
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elements (Allen, 1983; Ramos and 
Sopetia, 1983). These are components 
of a depositional system equivalent in 
size to, or smaller than a channel fill, 
and larger than an individual facies 
unit. They are characterized by a dis- 
tinctive facies assemblage, internal ge- 
ometry, external form and (in some 
instances) vertical profile (Fig. 1). Work 
on fluvial architectural elements has 
been expanded and synthesized by 
Miall (1985, 1988), who proposed eight 
basic types (Table 3; Fig. 8). Many ele- 
ments are macroforms, or large-scale 
components of the fluvial landscape. 
They represent the cumulative effects 
of depositional and erosional pro- 
cesses over periods of tens to thou- 
sands of years (e.g., the sand flats in 
Fig. 7B), and are group 6 deposits in 
the classification of   able 1. in fluvial 
systems, macroforms include major 
channels and bars, such as point bars, 
side bars, sand flats and islands (Fig. 
7). In the rock record, bars are typi- 
cally bounded at the top by convex-up 
fourth-order surfaces (although many 
bars are truncated by a succeeding 
sand sheet). The bars are cut internally 
by third-order surfaces, indicating the 
presence of separate growth incre- 
ments. Each depositional unit bounded 
by a third-order surface represents a 
period of active bar growth, for exam- 
ple, during seasonal runoff peaks or 
during flash floods in a desert. Inter- 
vening periods of low water are repre- 
sented by mud drapes. Periods of 
erosion are represented by low-angle 
disconformity surfaces that commonly 
truncate underlying bedding at a low 
angle. Comparable cross-cutting ero- 
sion surfaces occur within individual 
cross bed units, where they are termed 
reactivation surfaces. They represent 
surfaces where the bedform became 
reactivated following a pause in depo- 
sition (Collinson, 1970). The same term 
can be used for the third-order surfaces 
that separate macroform growth incre- 
ments. 

Following Ashley (1990), the term bar 
is now restricted to these large forms. 
The simple cross-bedded bars that 
have been termed linguoid, lobate or 
transverse bars in earlier literature, are 
now recognized to be simple dunes. 
They are two-dimensional or three-di- 

Lateral-accretion deposits 
Point bars (Fig. 7A) are examples of 
the lateral-accretion architectural 
element (LA in Table 3; Figs. 1, 7A, 8), 
so termed because the direction of ac- 
cretion is at a high angle to the main 
channel trend. The term is now pre- 
ferred to "point bar" for descriptive pur- 
poses, because lateral-accretion 
deposits occur in many fluvial settings 
that are not point bars, such as in 
mid-channel settings. In meandering 
streams they develop on the insides of 
meander bends as the bend widens or 
migrates downstream. Surface flow 
impinges against the outer bank, 
where it maintains a cutbank by active 
erosion (Figs. 7A, 9). The flow turns 
downward, developing a helical over- 
turn pattern. The return flow, at depth, 

passes obliquely over the point-bar 
surface (Fig. 9). The helical flow pat- 
tern decays as the flow emerges from 
the bend, and is replaced by a helical 
overturn in the opposite direction, as 
the flow impinges on the cutbank of 
the next bend downstream. 

Sediment removed from the cutbank 
is incorporated in the overall sediment 
load of the river. Large slump blocks 
may accumulate in the deepest part of 
the channel as a lag deposit. Material 
broken down into individual grains is \ I 
incorporated into the bedload and sus- 
pension load, and is swept down- 
stream. Much of it becomes deposited 

I 

in bedforms and bars. Sediment is 
added to the point-bar surface at a 

I 
rate comparable to that at which it is 
removed by erosion along the outer 

mensiOnal depending On whether they Figure 6 Floodplain deposits. A) Close-up view of floodplain siltstones (facies Frn) con- 
are simple, straight-crested forms (24% taining rootlets; Triassic, Spain. B) A well-developed calcrete (facies P ) ;  Buntsandstein 
or sinuous crested (Fig. 7B). (Triassic), Spain. 



bank of the meander. The resulting 
lateral growth can easily be detected 
in many modern bars by the curved 
ridges and depressions (swales) on 
the bar surface. In Figure 7A from the 
Milk River, the centre of each point bar 
is covered by old trees, with the size 
and density of vegetation decreasing 
outward to the vegetation-free bar 
surface at the edge of the channel. 
This spectrum of vegetation illustrates 
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the bar evolution and indicates the 
time available for growth on each part 
of the bar. Variations in depth and ve- 
locity over the point-bar surface result 
in sediment sorting and variations in 
the assemblage of sedimentary struc- 
tures, with a tendency for finer grain 
sizes and structures of lower flow re- 
gime to occur in the upper part of the 
bar. Figure 2 shows the edge of a 
modern point bar, with the active de- 

Figure 7 Examples of different styles of river channels and bars. A) The Milk River, 
southern Alberta, an example of a highly sinuous, meandering river. The bare sand surfaces 
at the edge of the channel on the inside of each meander bend are good examples of point 
bars (PB). Channel is about 20 m wide. B) The William River, northern Saskatchewan, an 
example of a multiple-channel, braided river. The large pale-coloured exposed areas in the 
distance are examples of what are commonly termed sand flats. They are compound bars 
built by depositional and erosional processes over many years. In the foreground is a series 
of large, lobate, three-dimensional dunes (formerly termed linguoid bars) advancing toward 
the viewer. Channel is about 60 rn wide. Both photos courtesy of D. G. Smith. 

positional surface covered with two- 
dimensional dunes. 

Continued enlargement of a mean- 
der loop results in increased sinuosity. 
Eventually a cutbank may incise into 
an adjacent reach of the channel. This 
typically occurs at the neck of a 
meander (Fig. 1; see also the area of 
large trees in the centre of Fig. 7A), 
and results in a neck cut-off. Flow is di- 
verted through the break, and the 
channel reach between the points of 
cut-off is abandoned. Fine-grained 
floodplain sediments or new point-bar 
deposits then seal off the ends of the 
abandoned channel and it becomes a 
curved pond, colloquially termed an 
oxbow lake. Chute channels (Figs. 1, 
8) and chute cutoffs occur where an 
erosional channel develops across the 
top of the active point bar during flood 
events. 

Figure 10 illustrates cross sections 
through a range of examples of LA de- 
posits, and Figure 11 is a photograph 
of a typical outcrop. LA elements 
range in thickness from a minimum of 
about 2 m (Fig. lOD), up to the giant 
bars of the Athabasca Oil Sands, 
Alberta. which are at least 25 m thick 
(Fig. 10F). The most distinctive fea- 
tures of LA deposits are the lateral-ac- 
cretion surfaces. These may be the 
boundaries of facies sets or cosets 
(1 st- or 2nd-order bounding surfaces 
of Fig. 3), or they may be surfaces of 
minor erosion (3rd-order surfaces), in- 
dicating pauses in the development of 
the deposit. They dip at about 3-25", 
with typical dips in the 5-15" range. 
The direction of dip of these surfaces 
indicates the direction of bar growth, 
and is approximately perpendicular to 
the direction of bedform migration (Fig. 
2). The crests of the dunes in this illus- 
tration are oriented parallel to the dip 
of the accretion surface, which can be 
seen dipping underwater to the right. 
This relative orientation of d i ~ s  and mi- 
gration directions is a usefll clue for 
the identification of lateral-accretion 
deposits in the ancient record. 

Bars composed of cobble gravel 
occur in some basin-margin conglom- 
erates, but most lateral-accretion de- 
posits are sand-dominated. Many, but 
by no means all accretion surfaces in 
LA deposits show fining updip, parallel 
to bedding, reflecting the range of 
water depths and flow velocities that 
occurs across each accretion surface 



(Figs. 9, 11). As the bar accretes later- 
ally, beds deposited in successively 
shallower water are superimposed on 
each other. Thus the resulting deposit 
tends to show a vertical upward fining, 
that can readily be recognized in ver- 
tical sections, such as drill cores (Fig. 
9; see also Chapter 3). Fluvial models 
of meandering and braided systems 
that contain lateral-accretion deposits 
are illustrated later. 

Downstream-accretion deposits 
Many gravel- and sand-bed rivers 
contain active bars and islands in mid- 
channel positions (Fig. 7B). These 
develop by accretionary processes, in 
particular by the capture of trains of 
bedforms at the upstream edges or on 
the flanks of the bar. In this way the bar 
may accrete upstream, lateral to the 
channel trend, or downstream. Lateral 
accretion (LA) and downstream accre- 
tion (DA) are the most common styles. 
Some large sand flats may show both 
styles in different parts of the bar 
(Allen, 1983). DA deposits are particu- 
larly characteristic of braided streams. 
They range in height from 1-15 m, and 
in length from 10-1000 m. 

The essential characteristic of a 
downstream-accretion element is that 
it consists of several (possibly many) 
cosets deposited by bedform migra- 
tion that are dynamically related to 
each other by a hierarchy of internal 

LA Lateral Accretion 

SG Sediment Gravity Flow GB Gravel Bar and  Bed  Form - A. m & A  &-ST - 
-st 

SB Sand Bed  Form 

DA Downstream Accretion LS Laminated sand 

[ 0.2 - 2.0117 OF Overbank Fines 

Figure 8 The eight basic architectural elements in fluvial deposits. No vertical exaggera- 
tion. Note the variable scale. Modified from Miall (1985). 

r 
Table 3 Architectural elements in fluvial deposits. Modified from Miall (1985). Facies classification from Miall (1 978b). 

Element Symbol Principal facies assemblage Geometry and relationships 

Channels CH any combination finger, lens or sheet; concave-up erosional base; scale and 
shape highly variable; internal concave-up 3rd-order erosion 
surfaces common 

Gravel bars and G B Gm, Gp, Gt lens, blanket; usually tabular bodies; commonly interbedded 
bedforms with SB 

Sandy bedform SB St, Sp, Sh, SI, Sr, Se, Ss lens, sheet, blanket, wedge, occurs as channel-fills, crevasse 
splays, minor bars 

Downstream- D A St, Sp, Sh, SI, Sr, Se, Ss lens resting on flat or channelled base, with convex-up 
accretion 3rd-order internal erosion surfaces and upper 4th-order 
macroforms bounding surface 

Lateral- accretion LA St, Sp, Sh, SI, Se, Ss, less wedge, sheet, lobe; characterized by internal lateral-accretion 
macroform commonly Gm, Gt, Gp 3rd-order surfaces 

Sediment gravity SG Gm, Gms lobe, sheet, typically interbedded with GB 
flow 

Laminated sand LS Sh, SI; minor Sp, Sr sheet, blanket 
sheet 

Overbank fines OF Fm, FI thin to thick blankets; commonly interbedded with SB; 
may fill abandoned channels 
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bounding surfaces (Figs. 12, 13). This 
assemblage of cross-bedded deposits 
and their enclosing surfaces reveals 
the former existence of an active, non- 
periodic, possibly irregular-shaped bar 
form comparable in height and width 
to the channel in which it formed. 
The bounding surfaces are of first-, 
second-, and third-order type; they dip 
gently (clOO) downstream, oblique to 

---+ Surface current --- b Bottom current 

flow, or gently upstream around and 
over a low-relief bar core. Between 
these surfaces are sets or cosets of 
St, Sp, Sh, SI, or Sr (see Figs. 5D-G, 
for examples of these facies). The Sh 
and SI laminae are organized parallel 
or subparallel to the internal bound- 
ing surfaces. Detailed paleocurrent 
studies show that the bedforms ad- 
vance generally down the slopes 

defined by the first- to third-order sur- 
faces, or oblique to the surfaces drap- 
ing the bar cores. These data reveal a 
picture of fields of bedforms driving 
across, around and down the bar 
forms. 

Cant and Walker (1978) referred to 
the large, mid-channel bars in the 
South Saskatchewan River as sand 
flats. These evolve from large, simple, 

Figure 9 Three-dimensional diagram that 
illustrates the formation of lateral-accretion 
deposits on the inside of a meander bend. 
Surface flow around the bend impinges 
against the outer bank, where it maintains 
an active cutbank. The flow turns down and 
passes obliquely across the point-bar 
surface, setting up a helical overturn 
pattern. Sediment is carried up onto the 
point bar, and sorted under conditions of 
decreasing depth and velocity. This ac- 
counts for the decrease in grain size and in 
scale of hydrodynamic structures up the 
point-bar surface. A vertical section through 
the bar is bracketed at the right. It is 
capped by fine-grained floodplain deposits 
accumulated by vertical accretion following 
continued channel migration. This model is 
the basis for the classic fluvial fining- 
upward cycle of Bernard et a/. (1 962), Allen 
(1963), Visher (1965), and others. 

Figure 10 Examples of lateral-accretion 
elements, illustrating the wide range of 
scales and facies (from Miall, 1985). No 
vertical exaggeration. All sections are ori- 
ented approximately perpendicular to the 
channel (comparable to the cross-section 
shown in Fig. 9). Facies codes are given in 
Table 2. A) Conglomerate point bar (facies 
Gm), with chute channels (facies Gt; 
Quaternary alluvial fan gravels, Italy); 6) 
Element composed of medium-grained 
sandstone, with abundant internal planar- 
tabular cross bedding (facies Sp; Penn- 
sylvanian, Appalachian coal basin); C) 
Fine- to very-coarse sandstone and pebbly 
sandstone with cobble to boulder conglom- 
erate lag. Abundant internal cross bedding 
(facies Sp, St, Sh, and SI; Devonian, 
Wales); D) Small sandy point bar with 
abundant dune and ripple cross bedding 
(facies St, Sr; Miocene, Spain); E) Point 
bar composed mainly of fine sandstone 
and siltstone (facies SI) with minor 
medium- to coarse-grained, cross-bedded 
sandstone (facies St) at base (modern 
river, British Columbia); F) Giant point bar 
with thick, fine-grained trough cross- 
bedded sandstone at base (facies St) 
passing up into accretionary sets of alter- 
nating fine sandstone and argillaceous silt- 
stone showing evidence of tidal bundling 
(facies Se; Athabasca Oil Sands, Alberta). 



cross-bedded flow-transverse bed- 
forms, termed cross-channel bars 
by Cant and Walker (1978). Elevated 
parts of these bedforms become 
emergent at low water and then form 
the nuclei of new sand flats, which 
anchor part of the bar in the middle of 
the channel. Sediment is added to the 
cross-channel bedforms by the migra- 
tion of fields of dunes and ripples. 
Those parts of the crestline in deeper 
water continue to advance more rapid- 
ly than the sand flat nucleus, so that 
the entire bedform swings around 
oblique to the channel direction (Cant 
and Walker, 1978; Allen, 1983, his Fig. 
20). The macroforms accrete sediment 
partly by the process of bedform 
capture on the upstream or flanks, and 
partly by rapid burial and preservation 
of superimposed bedforms on the ad- 
vancing downstream face (Fig. 12). 

Many of the variations in composi- 
tion and geometry between described 
macroforms probably reflect fluctua- 
tions in stage (the depth of water in 
the river). The bar surfaces may be 
cut by numerous erosional channels 
during falling stage, and may be aban- 
doned altogether at low stage, or as a 
result of a shift in channel position, 
leading to overall nondeposition or 
erosion (Fig. 11). The minor channels, 
and the cross-cutting erosion surfaces 
that separate growth increments, are 
defined as third-order surfaces. 

Other architectural elements 
Characteristics of the other main 
element types are listed in Table 3. 
The channel element (CH) may be 
defined for small channels within a 
channel complex (the main channel-fill 
deposits typically may be broken down 
into component elements). Sediment 
gravify flow deposits (element SG; Fig. 
5A) are common in some proximal al- 
luvial fans. Here, abundant loose sedi- 
ment may be available in the source 
area, and can be transported by occa- 
sional sudden run-off events related to 
severe weather systems. Sandy bed- 
forms (SB) are typical of crevasse 
splays (mini-deltas which accrete into 
the floodplain from breaks in the chan- 
nel bank; see Fig. I ) ,  bar tops, and 
some sand sheets in shallow rivers 
where major sand flats are not able to 
develop. Commonly they show upward 
fining. Laminated sand sheets (LS) are 
tabular units characterized by parting 

Figure 11 Typical point bar deposit; an example of a lateral-accretion (LA) deposit. Each 
accretionary unit consists of a resistant sandstone unit at the base, which becomes more 
thinly bedded and more recessive laterally upward, along the bedding surface. 
Carboniferous, Black Warrior Basin, Alabama. Thickness of point bar, between the two coal 
beds, approximately 8 m. 

Figure 12 Generalized models of downstream-accretion (DA) architectural elements. 
Scales are approximate. Internal geometry varies considerably, depending on channel 
depth, grain size, discharge amount and variability. The upper diagram shows a deposit ac- 
cumulated as three separate increments, separated by internal, dipping, third-order erosion 
surfaces. Two minor channels formed by surface runoff at times of falling discharge, are also 
shown (Miall, 1985). 
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Figure 13 Example of a downstream-accretion element. Kayenta Formation, SW Colorado. Letters and numbers at left are numbers given to 
bounding surfaces and individual elements at this outcrop. Numbers 3, 4 and 5 on bounding surfaces indicate the interpreted rank of the surface. 
Individual paleocurrent readings are shown by arrows, oriented with respect to the outcrop face (horizontal arrows pointing to the left mean flow 
directions parallel to the face oriented to the left). Element 2-DA is a small downstream-accretion element, as shown by the third-order surfaces 
dipping toward the left, and extending from the top-right of the element to the lower left, indicating accretion to the left. Paleocurrent measure- 
ments on individual cross bed sets (arrows) indicate that they formed by bedform migration in the same (leftward) direction. 

Figure 14 The range of alluvial-channel patterns. A) bedload channels, B) mixed-load channels, C) suspended-load channels (Schumm, 
1981). The four major channel styles are meandering (7, 8, 12, 13), braided (3-5, 9, lo), anastomosed (14), and straight (2). Straight chan- 
nels (1, 6, 11) are rare in nature. 
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lineation (facies Sh; Fig. 5F), and 
develop by upper flow regime condi- 
tions during flash floods in arid envi- 
ronments. 

The overbank fines element (OF; 
Fig. 5H) is highly variable. Its charac- 
teristics depend primarily on climate. In 
humid-tropical regions coal may be im- 
portant, although it may be necessary 
for the overbank region to develop as a 
raised swamp, in order to prevent 
clastic influxes infiltrating the accumu- 
lating peat and downgrading the re- 
sulting deposit to carbonaceous shale 
(McCabe, 1984). In more arid regions 
alternation of evaporation and rain infil- 
tration concentrates dissolved carbon- 
ates and silicates near the sediment 
surface, leading to nodular calcretes 
(Fig. 6B) and silcretes. Commonly 
these develop in association with soil 
formation. Several authors have shown 
how the structure and colour of cal- 
cretes can be used to estimate the 
time of maturation of these deposits 
(Leeder, 1975; Bown and Kraus, 1987; 
Kraus, 1987). Small, isolated nodules 
and grey and orange colours indicate 

(D) immature soils, whereas layers of 
large, possibly laterally coalesced 
nodules, and red and purple colours 

Figure 15 Comparison of four vertical profiles, showing how similar fining-upward cycles may 
be produced in several different ways. A) Model cyclic sequence, Battery Point Formation 

indicate greater maturation times. 

(~elonian), Quebec, probably formed by vertical bar aggradation in a low-sinuosity (braided) 
river. B) Sequence formed by lateral accretion of a point bar, Castisent Sandstone (Eocene), 
Spain. C) Sequence formed by lateral accretion of a point bar, modem Amite River, Louisiana. 
D) Sequence formed by vertical aggradation and progressive channel abandonment on an al- 
luvial fan, under conditions of tectonic quiescence (allogenic control), Upper Carboniferous 
coal measures, northern Spain. Columns A, B and D include fine-grained overbank deposits at 
the top formed by vertical accretion on the floodplain following the abandonment of the bar. 
Diagram from Miall (1980). 

Figure 17 The Kosi fan, India. This is 
probably the world's largest fan. The dates 
occu~ied bv each distributaw channel are 

Figure 16 Aerial view of alluvial fans along the flank of the Mackenzie Mountains, Canada. shown - note the gradual westward mi- 
Note the varying size of these fans, their tendency to merge laterally, and the fact that in most gration of the main distributary. Sediments 
instances only a small area of each fan is occupied by active distributaries. Field of view ap  range from boulder conglomerate near the 
proximately 4 km wide. apex, to fine sand and silt at the foot. 
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Thick, well-developed calcrete beds in- 
dicate that the floodplain has been 
abandoned in a state of nondeposition 
for tens of thousands of years. Such 
surfaces may extend for many kilome- 
tres, and may have significance as re- 
gional sixth- or seventh-order bounding 
surfaces indicating times of tectonic 
quiescence and stable base level. 

Apart from these chemical sedi- 
ments the overbank area may accu- 
mulate thick muds in swamps or tem- 
porary ponds, and may also contain 
sandstone sheets (element SB) de- 
posited as crevasse splays. 

CHANNEL STYLES 
Four traditional channel patterns form 
the basis of most textbook discussions 
of alluvial depositional systems. There 
are both scientific and historical rea- 
sons for this; the straight, meandering, 
braided and anastomosed patterns are 
certainly common in nature, but these 
patterns have been overemphasized in 
the search for simple models by sedi- 
mentologists and petroleum geologists 
in the 1950s and 1960s. A full review 

of the historical development of fluvial 
studies has been given by Miall 
(1978a). It is now accepted that, al- 
though these patterns are common, 
there are many gradations between 
them. 

Areal variations in channel styles, 
and their causes 
Why are there so many different fluvial 
channels styles (Fig. 14)? This is an 
extremely complex question, to which 
there is no simple answer. Braided 
channels (patterns 3-5, 9, 10 in Fig. 
14) have numerous bars and islands 
that represent temporary sediment 
storage during downstream transport. 
This indicates that the capacity of the 
river has been exceeded for some or 
most of the time. Thus abundant sedi- 
ment supply, for example from easily 
eroded banks, is one cause of braiding. 
A second factor favouring a braided 
channel pattern is a highly variable dis- 
charge. Large volumes of sediment can 
be carried during periods of high dis- 
charge, but the river does not have the 
competence or capacity to move the 

load at other times, hence the storage 
of sediment in braid bars and islands. 
Rivers characterized by large dis- 
charge fluctuations related to seasonal 
variations in temperate, arctic, and 
alpine climates, or the more random 
discharge variations in arid regions, 
therefore tend to be braided, given ad- 
equate sediment supply. 

Meandering (Fig. 14, patterns 7, 8, 
12, 13) and anastomosed (Fig. 14, 
pattern 14) rivers characteristically 
occur on lower slopes and carry finer 
grained sediment loads. Anastomosed 
rivers have numerous channels of var- 
iable sinuosity. They are rather stable 
in position, and do not migrate later- 
ally, as do the meander bends of me- 
andering rivers. There is growing 
evidence that the anastomosed pat- 
tern develops where the river is af- 
fected by a downstream damming or 
backtilting process. This may occur 
where a river crosses a tectonically 
positive area, or flows toward an area 
of postglacial rebound. Vegetation is 
also an important control on channel 
style. Dense vegetation along river 

YALLAHS FAN DELTA SKEIDARARSANDUR BRAIDPLAIN DELTA 
FLUVIAL REGIME FLUVIAL REGIME 
NATWlE Braided channels wtth 

l~ngit~dinal bars 
GRADIENT 1 Smlkm 

SEDIMENT GRADE Sand to 
wlth bars . ' . 

SEDIMENT GRADE Sand . ' . ' 

. . . . . . . 

BASINAL REGlM BASINAL REGIME 
TIDAL Microtidal TIDAL REGIME Mesotidal (spring ranoe 2m) 

WAVE ENERGY HIGH maximum WAVE ENERGY Summer: breaker 2m maximum 
breaker height 1.2m Winter: deepwater wave 

DELTA FRONT 180mlkm heights of 14m 
SLOPE DELTA FRONT 1 Bmlkm 

Wave Energy (ergs) 

Figure 18 Examples of modern coastal alluvial depositional systems. The Yallahs fan delta is in Jamaica, a tropical setting. The 
Skeidararsandur braidplain delta is on the south coast of Iceland, a cool-temperate setting. Diagram compiled by Orton (1988). 



banks, such as grasses or tropical-tree 
roots, tends to inhibit bank widening 
and prevent the development of 
braiding. Vegetation is climatically de- 
pendent, and has only been an impor- 
tant control on channel style since the 
Silurian or Devonian, when land plants 
first became a significant component 
of the subaerial landscape. Until that 
time poorly consolidated banks were 
probably the norm, with a consequent 
tendency for braided-channel styles to 
predominate (Schumm, 1968). 

Given these controls, there is a ten- 
dency within most alluvial basins for 
proximal rivers (including alluvial fans 
if present) to be braided, whereas 
more distal rivers, at least in perennial, 
humid environments, are more likely to 
be meandering. Anastomosed rivers 
are also more likely to occur in distal 
settings, but may also occur in prox- 
imal settings where the river crosses 
an area undergoing gentle tectonic 
uplift, such as a fault. 

Whatever the actual channel style, 
channels are always characterized by 
some sinuosity; meandering is a char- 
acteristic of large-scale turbulence of 
moving water bodies. Even in straight 
channels there may be a meandering 
thalweg (line of deepest channel), with 
bank-attached side bars deposited on 
alternate sides of the channel inside 
each bend in the thalweg (Fig. 14, 
pattern 2). Completely straight chan- 
nels, such as patterns 1, 6 and 1 1 in 
Figure 14, are rare. 

Standardized facies models were 
built during the 1960s and 1970s, 
based on the basic depositional charac- 

-teristics of the four main channel styles, 
plus such variables as sediment-load 
grain size and climatic criteria. A con- 
siderable increase in the volume of de- 
scriptive data during the last decade 
or so has demonstrated that these 
models are inadequate to convey the 
full variability of fluvial depositional 
styles, and it has also been shown that 
they contain some contradictory fea- 
tures. For example, it is now known 
that the process of lateral accretion, 
which gives rise to the distinctive ar- 
chitecture of the point bar (Fig. 9-11), 
is not confined to meandering rivers, 
as was once thought, but is common 
in braided streams, and also occurs 
in minor or modified form in anasto- 
mosed and straight channels. 

In the past, considerable reliance 

Figure 19 Block diagram of typical gravel-bed braided river. Element and facies codes for 
this and subsequent diagrams are given in Tables 2 and 3. 

Figure 20 Block diagram of a large, perennial, sand-bed braided river, in which large sand 
flats are developing. Note the internal complexity of the sand flats, which typically include LA 
and DA elements (Figs. 9-1 3). 

SHEET 
SANDSTONE 

order surface 

or 5th order sul 
order surface 
order surface 

MACROFORM ASSEMBLAGE 

A-8 Macroform scale fining upward cycle 
C-D Channellscour scale fining upward scale 
E-F Sheet scale fining upward cycle 

Figure 21 The three scales of fining-upward cycle in a typical sandy-braided deposit, the 
Westwater Canyon Member of the Morrison Formation (Godin, 1991). The depositional envi- 
ronment of this river was similar to that shown in Figure 20. 

Figure 22 Block diagram of a typical coarse-grained (sand and/or gravel) meandering 
river. 



Figure 23 Diagrammatic cross section across a point bar in the Castisent Sandstone, 
Spain, showing the architecture of the deposit, and the range of sedimentary structures. 
(Modified from Nijman and Puigdefabregas, 1978). 

Cutbank Scour Lower 2-D dune Upper 
pool pointbar subfacies po~ntbar 11 I 

Figure 24 Block diagram of anastomosed river. Horizontal ruling on the top surface of the 
diagram indicates swamp vegetation, and encloses areas of open water comprising small, 
shallow, floodplain ponds. 

Accretionary bank 
Sr, FI 

Figure 25 An interpreted example of an anastomosed river deposit. The sandstone lens is 
8 m thick, and represents a channel deposit. It is encased in thick floodplain siltstones and 
sandstones which, in this case, also include nodular calcrete deposits. Cutler Group, 
northern New Mexico (Eberth and Miall, 1991). 

has also been placed on the charac- 
teristics of vertical profiles as indica- 
tors of channel style. For example, the 
presence of fining-upward succes- 
sions with their characteristic assem- 
blage of sedimentary structures (Allen, 
1963; Visher, 1965) was regarded with 
near certainty as proof of a mean- 
dering-fluvial environment. We now 
know that vertical profiles are unreli- 
able diagnostic tools. For example, 
Figure 15 shows four fining-upward 
cycles, three produced by different 
autogenic (within basin) processes 
and the fourth developed by a tectonic 
(allogenic) control. 

Modern architectural studies of flu- 
vial deposits demonstrate an enor- 
mous variety of fluvial styles. Twelve 
different styles were illustrated by Miall 
(1985), who emphasized that this was 
not intended to provide a complete 
coverage of the subject. Indeed, con- 
tinued field research has provided the 
basis for defining several additional 
fluvial styles, none of them exactly 
similar to the published twelve. How- 
ever, each style is characterized by a 
particular assemblage of the architec- 
tural elements described in this chap- 
ter. This suggests the basis for a 
modified approach to facies analysis 
for use in complex systems such as al- 
luvial deposits, where a deposit may 
be encapsulated by a unique summary 
of the environment. It is the architec- 
tural elements that provide the re- 
cognizable, common thread running 
through the analysis. In a subsequent 
section a few common fluvial styles 
are selected, and it is shown how the 
corresponding deposits can be ana- 
lyzed in terms of the standard ele- 
ments described in this chapter. 

ALLUVIAL FANS AND FAN DELTAS 
These environments have become 
widely recognized by sedimentolo- 
gists, but the use of the terms may be 
confusing. An alluvial fan is a distribu- 
tary fluvial system, formed where 
rivers emerge from a confined, moun- 
tain valley onto the basin floor, where 
the channels are no longer confined 
(Fig. 16). The fluvial system fans out 
from a point source (the feeder chan- 
nel) into a series of distributaries, al- 
though only one or two may be active 
at any one time. Typically deposition 
within a narrow channel belt builds up 
the fan surface in one area and 



reduces the slope. Eventually a chan- 
nel-switching (avulsion) event occurs, 
normally during a high-discharge event, 
when flooding overtops the channel 
banks, and discharge switches to a 
region of the fan having a steeper 
slope. In this way the water and sedi- 
ment gradually shift across the entire 
fan, building the typical fan-shaped de- 
positional lobe (Fig. 17). In arid envi- 
ronments the fluvial discharge may .be 
in the form of sheet floods or lobate 
sediment-gravity flows that are not 
confined to channels. Nevertheless, 
the flow radiates from a point source, 
and may therefore be said to be 
formed within a fan-like distributary 
system. A fan delta (Fig. 18) is an allu- 
vial fan that progrades directly into a 
standing body of water (sea, lake; 
Nemec and Steel, 1988). 

For most geologists the terms alluvial 
fan and fan delta imply coarse-grained 
sediments deposited in braided chan- 
nels. There is a tendency for geologists 
to use the terms in a descriptive sense 
for any ancient basin-margin conglom- 
eratic unit, hence the evolution of the 
term fanglomerate. Such sediments 
are assigned to element GB (Fig. 5C), 
and may or may not contain inter- 
bedded sediment-gravity-flow deposits 
(element SG; Fig. 5A). The gravel 
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facies illustrated in Figure 5 are typical 
of those formed within fan environ- 
ments. The fluvial styles of gravel-dom- 
inated braided channels are illustrated 
in the next section. However, the terms 
alluvial fan and fan delta do not, in fact, 
have a unique facies sense. There are 
giant modern fans, such as the Kosi, of 
India (Fig. 17), which grade from 
boulder conglomerate near the moun- 
tains to fine sand-silt-mud 140 km 
downslope at its distal end. Hirst and 
Nichols (1986) described an ancient 
example of a basin-margin distributary- 
alluvial-fan system (documented by pa- 
leocurrent data) which consisted 
predominantly of sandstone organised 
into ribbons (element CH) and sheets 
(elements SB, LS). Parkash et al. 
(1 983) described a modern terminal 
fan, which is an ephemeral fluvial dis- 
tributary system 12 km long that de- 
posits fine sand, silt and mud at the 
edges of playas or tidal flats in arid 
regions (element SB). 

There is some ambiguity in the terms 
alluvial fan and fan delta. Not all basin- 
margin talus prisms are built by dis- 
tributary systems emanating from 
point sources. Many, particularly in 
arid environments, are deposited by 
an array of individual, parallel streams. 
Coastal glacial-outwash systems, such 

- Thrust fault Direction of - Normal fault 
plate migration 

. . . . . . ,. . 
Strike-slip offset Alluvial deposits 

7 . ., . . . . . . . 

Figure 26 Tectonic setting of fluvial deposits. Note the distinction between transverse 
drainage, which is oriented perpendicular to structural grain, and axial, or longitudinal drainage, 
which typically consists of trunk streams flowing along the basin axis. 

as those on the south coast of Iceland 
and Alaska consist of parallel braided 
systems fed from several or many 
meltwater sources (Fig. 18; see Chap- 
ter 5). They have been termed fan 
deltas by some writers, but the dis- 
persal may differ from the classical 
radial pattern. If the geomorphic impli- 
cation of the two terms is considered 
important, they cannot be used for 
all basin-margin alluvial environments. 
The alternative term braidplain may be 
used for fluvial systems consisting 
of an array of parallel streams with 
multiple sources. The corresponding 
coastal system may be called a braid- 
plain delta. In practice the difficulty of 
distinguishing single from multiple 
sources and parallel versus radiating 
dispersion in the ancient record may 
make these distinctions difficult to 
apply. Orton (1988) suggested that 
most fans and fan deltas have a trans- 
verse relationship to regional structural 
grain, contrasting with the axial or Ion- 

Alluvial valley 
m 

deposits 
Channel scour 

Figure 27 Schematic block diagram of 
the valley-fill deposits of the Mississippi 
River. The basal bounding discontinuity of 
the valley formed during the Pleistocene 
lowstand of sea level, when the river 
incised bedrock to adjust itself to a lower 
base level. As sea level rose following 
glaciation the valley filled first with coarse 
sands deposited in a braided-stream envi- 
ronment, and then with lower energy me- 
andering-stream deposits. Many ancient 
valley-fill alluvial successions formed in 
this way. In some, the uppermost deposits 
are estuarine to marine in depositional en- 
vironment, and may be followed by 
widespread transgressive-marine blanket 
deposits (Weimer, 1986; based on the 
work of H. Fisk) 
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gitudinal orientation of typical braid- 
plains. He also suggested that debris 
flow deposits and sheetflood deposits 
were more likely to occur on fans, as 
opposed to braidplains. 

In light of the problems discussed 
above, the terms alluvial fan and fan 
delta should clearly be used with ex- 
treme caution when applied to the rock 
record. Because the primary criterion 
in modern environments is diverging 
distributary patterns, these should be 
demonstrated in ancient rocks if this 
terminology is to be used meaning- 
fully. Excellent descriptions of alluvial 
fans and fan deltas are given by 
Nilsen (1985) and Nemec and Steel 
(1 988), respectively. 

EXAMPLES OF FLUVIAL STYLES 
Given the variability in nature of the 
many controls that govern fluvial style 
(climate, discharge amount and vari- 
ability, sediment size and amount, re- 

gional slope, subsidence rate, bank 
stability) it is not surprising that fluvial 
systems show a very wide range of de- 
positional styles. The basic sedimen- 
tary processes are comparable in all 
rivers, which is why it is possible to use 
a single facies classification for all allu- 
vial deposits. The major architectural 
elements are also comparable in all 
rivers. Thus lateral-accretion deposits 
occur in gravel- and sand-bed braided 
rivers and all types of meandering 
rivers and, to a minor extent, also in 
anastomosing and straight rivers. But 
the geometry of the channels and the 
way by which the elements are stacked 
on each other show a wide degree of 
variability. A few of the better known 
examples of fluvial style are described 
briefly in this section. 

Gravel bed rivers 
Gravel bed rivers occur as the distribu- 
taries of many alluvial fans, and also 

form the proximal reaches of many flu- 
vioglacial outwash plains. Many chan- 
nels may be active within a single 
broad valley. Element GB predomi- 
nates (Fig. 19). This is built up by the 
development of low gravel sheets 
during high-discharge events (facies 
Gm; Fig. 5B), and by the migration of 
gravel bedforms (Gp, Gt; Fig. 5B). 
Typically gravel comprises up to 95 per 
cent of the total thickness, the re- 
mainder being sand deposited in minor 
channels, during low-water stage. 

A variation of this style includes 
sheets or lobes of element SG (Fig. 
5A), representing catastrophic run-off 
events. This fluvial style is most typical 
of alluvial fans in unvegetated areas, 
where there is little to inhibit rapid 
runoff from sudden rain storms. 

Sand bed braided rivers 
There is a wide variety of styles of 
sand bed braided rivers. Shallow pe- 
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Figure 28 Stratigraphic cross section of Cretaceous-Tertiary rocks from central Utah to northeastern Colorado. Clastic wedges of this type 
are very common in retroarc and peripheral foreland basins. This example is from the foreland basin of the North American Western Interior. 
Note interfingering of marine and nonmarine strata (Molenaar and Rice, 1988). 



rennial rivers, such as much of the 
Platte River of Nebraska, are charac- 
terized by the migration of large, lobate 
3-D dunes, which deposit suites of 
planar-tabular cross bedding and asso- 
ciated minor structures (element SB; 
Fig. 5E). Braidplains in arid environ- 
ments may be ephemeral, and are 
then characterized by tabular sand- 
bodies up to several metres thick con- 
sisting of plane-laminated sand (ele- 
ment LS; Fig. 5F), or by flood sheets 
comprising thinning- and fining-upward 
assemblages of cross bedding and 
ripples (SB). The most complex sandy- 
braided deposits are those developed 
in large, perennial rivers, in which a 
wide variety of large bar forms (macro- 
forms) develops. Side bars, which 
evolve in a similar style to point bars 
and deposit element LA are common. 
Mid-channel bars are also common, 
and may accrete in any direction within 
the channel, but most typically grow 
laterally and downstream (Figs. 12, 
13). The deposits then may consist of 
elements LA and DA, and these may 
grade into each other within the same 
sand sheet. Figure 20 is a block 
diagram of such a river. 

Fining-upward cycles are common 
in sandy-braided rivers (Miall, 1977; 
Fig. 15A of this paper). However, they 
are generated by several different pro- 
cesses. Godin (1991), in a detailed 
study of one ancient deposit defined 
three types of cycle (Fig. 21): 1) cycles 
1-6 m thick developed by the genera- 

tion of a macroform (e.g., sand flat) or 
the fill of a large scour hollow; 2) 
stacked macroform cycles constituting 
the fill of a channel, 1-10 m thick, and 
3) cycles representing the thickness of 
major sandstone sheets 4-16 m thick 
and up to several or many kilometres 
in lateral extent. Unlike the first two 
types of cycle, sheet cycles may have 
allogenic causes, reflecting gentle 
basin tilting or base-level change. De- 
finition and outcrop mapping of the 
various ranks of bounding surface are 
essential for the correct identification 
of these various types of cycle. 

Coarse-grained 
meandering streams 
The coarse-grained (sand andlor gra- 
vel) meandering stream (Figs. 22, 23) 
is characterized by point-bar deposits 
(element LA; Fig. 10) that typically 
have a lag deposit of caved bank ma- 
terial, waterlogged plant material, or 
calcrete pebbles and cobbles at their 
base. The accretionary face of the bar 
is crossed by numerous sandy bed- 
forms, such as sand waves and dunes 
(2-D and 3-D). The point bar may show 
upward fining (Fig. 158, C), as illus- 
trated in the early models of Allen 
(1 963) and Visher (1 965), depending 
on such factors as meander sinuosity 
and flow patterns around the bend. In 
the ideal case, the sediment trans- 
ported across the bar is sorted in an 
environment in which flow depth and 
velocity decrease up the bar surface, 

as a result of the helical flow patterns 
that develop around the meander 
bend (Fig. 9). Meander scars and 
abandoned channels (oxbow lakes) 
are common in the floodplain. 

There are several other classes of 
meandering river, which differ from 
each other primarily in the grain size of 
the sediment load and the correspond- 
ing sedimentary structures. They range 
from vigorous, gravel bed rivers with 
gravel point bars that develop in some 
basin-margin environments, to slug- 
gish, suspended-load streams in which 
the dominant deposits are mud, silt 
and very fine-grained sand. 

Anastomosed rivers 
Anastomosed rivers consist of several 
or many active channels of low to high 
sinuosity (Fig. 24). They are relatively 

Figure 29 lsopach map (contours in 
metres) of valley-fill sandstone, Little Bow 
Field, Mannville Group, Alberta. The cross 
section is shown in Figure 30 (Wood and 
Hopkins, 1989) 

G = gamma ray log D = density log 

Figure 30 Stratigraphic cross sections across the valley-fill at Little Bow field. Note the presence of three separate pools in the valley-fill, 
separated by shale-filled channels. The location of the cross section is given in Figure 29 (Wood and Hopkins, 1989). 
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stable in position, unlike braided and 
meandering rivers. The channels de- 
velop ribbon sand bodies that are typi- 
cally isolated within thick floodplain 
fines and crevasse splays (Fig. 25). 
The system evolves by the plugging of 
channels with bedload deposits, which 
encourages crevassing to occur. Cre- 
vasse splays become large enough 
that the discharge which deposits 
them eventually escapes into an adja- 
cent channel, causing the diversion of 
channel flow (Smith and Smith, 1980; 
Smith, 1983). 

TECTONIC SETTING 
Alluvial deposits are sensitive indica- 
tors of allogenic processes, such as 
tectonism and base-level change. An 
examination of these controls is there- 
fore an essential element of a basin 
analysis of a fluvial system. One of the 
most important allogenic controls is 
tectonic setting (Fig. 26). The thickest 
successions of alluvial deposits occur 
in rift basins (including failed rifts and 
aulacogens), forearc basins, retroarc 
and peripheral foreland basins, and 
those associated with plate-collision 

Contours in feet 

Figure 31 lsopach map (contours in feet) 
of the Coyote Creek field, Wyoming. 
Regional dip is toward the west. Oil is 
trapped against the updip flank of the point 

hinterland deformation, particularly 
foreland and strike-slip basins. Note 
that some of these basin types are 
one-sided, in that the alluvial apron 
forms a prismatic-shaped body flank- 
ing the sea or a major lake (Fig. 26). 
Drainage (paleocurrent directions) and 
the orientation of proximal-distal facies 
changes are essentially perpendicular 
to the basin margin. Ocean-margin 
basins on passive or divergent plate 
margins are of this type, as are some 
foreland basins. In other cases the 
basin is two-sided, with alluvial aprons 
on both sides. The basin centre may 
be occupied by a water body, or by a 
major trunk river that collects runoff 
and sediment, and disperses it along 
the axis of the basin. The facies char- 
acteristics and orientation of this trunk 
river system are typically very different 
from those of the feeder systems 
draining from the sides. Most rift 
basins, strike-slip fault-bounded 
basins, and many foreland basins are 
of this second type. These various 
types of basin-fill patterns have been 
reviewed by Miall (1981, 1990). Fluvial 
deposits do not occur in some types of 
basin, such as oceanic trenches, sub- 
duction complexes, and remnant 

ocean basins, because these basins 
are floored by oceanic crust, and 
therefore are unlikely to include any 
areas of nonmarine deposition. 

Proximal (near-source) deposits may 
reach enormous thicknesses (17 km of 
Tertiary fluvial and associated marine 
strata in the Western Trough of Burma; 
7 km of fluvial deposits in the Indus- 
Ganges Trough of northern Pakistan). 
Commonly they are structurally de- 
formed and uplifted, indicating that the 
tectonism that uplifted the source area 
continued during deposition. Early 
basin-fill sediment may be cannibalized 
by uplift and erosion and fed back into 
the basin, where it is incorporated into 
the younger basin fill. It is common for 
proximal deposits to make up large- 
scale coarsening-upward,cycles tens to 
hundreds of metres thick, recording the 
increasing source-area relief and depo- 
sitional slope during active tectonism 
(Heward, 1978; Steel eta/., 1977). The 
distal deposits occupying the basin 
centre may interfinger with shallow- 
marine or lacustrine deposits, the style 
of the interfingering providing a sensi- 
tive record of the local fluctuations in 
base level, as discussed in the next 
section. 

Permeability in millidarcies 

bar, which is bordered by the impermeable 
shale of the abandoned channel. Detailed Figure 32 lsopermeability map of the braided channel complex in the Sadlerochit 
wireline-log cross sections show that the Formation, Alaska North Slope. The Prudhoe Bay field is outlined by the dashed line. The 
point-bar lens is probably a composite of wavy line indicates the faulted margin of the field. High permeability values (the larger milli- 
more than one bar, with the mapped darcy numbers) are yielded by the coarse, texturally more mature deposits formed in proximal 
channel representing the final channel posi- reaches of the complex. Note the crudely lobate shape of the area of high permeability, corre- 
tion at the time of abandonment (Berg, sponding to the distribution of the sand sheet, in the form of a large, fan-shaped braided delta 
1968). complex (Wadman eta/., 1979). 



BASE-LEVEL CHANGE AND ITS 
CONTROL OF ALLUVIAL 
ARCHITECTURE 
There is no doubting the primary con- 
trol of tectonism in creating most allu- 
vial successions. The geometry and 
timing of alluvial clastic wedges and 
associated coastal plain deposits can 
typically be related to tectonic episodes 

paleocurrent patterns, indicating shifts 
in paleoslope, and they also have dif- 
ferent detrital sandstone compositions 
indicating changes in sediment source 
areas. These effects can only be ex- 
plained by tilting of the basin and uplift 
of the basin margin as a result of con- 
temporary tectonism (Lawton, 1986). A 

similar conclusion was reached by 
Embry (1990) regarding Mesozoic de- 
positional successions in Sverdrup 
basin, Arctic Canada. However, in 
detail, changes in base level, such as 
those related to eustasy, may control 
the architecture of the coastal plain de- 
posits. This is the view of Van Wagoner 

in the source area(s). For example, 
Cenozoic clastic wedges of the Gulf 
Coast can be correlated with tectonism 
in the headwaters region of the Gulf 
Coast rivers - the Cordilleran moun- 
tains of the western United States 
(Galloway, 1989). At the distal fringes 
of an alluvial succession, however, 
where it interfingers with marine de- 
posits, the question of tectonic versus 
sedimentary controls is a more difficult 
one. Many basins contain regional un- 
conformity surfaces crossed by in- 
cised-channel systems. The fluvial and 
estuarine deposits filling these chan- 
nels may be important petroleum 
reservoirs, as in the Mannville Group of 
Alberta (Farshori and Hopkins, 1989; 
Wood and Hopkins, 1989) and the 
"J" Sandstone of the Denver Basin 
(Weimer, 1986). Is the unconformity 
the result of falling sea level or basin 
uplift? Many modern river systems 
show a similar incised architecture 
(Fig. 27), reflecting their response to 
the lower sea levels during the 
Pliocene-Quaternary ice age. Suter et 
a/. (1 987) described examples from the 
Quaternary deposits of the Louisiana 
continental shelf. 

In other basins wedges of fluvial sed- 
iment up to hundreds of metres thick 
are interbedded in complex strati- 
graphic relationships with marine 
shoreface and shelf deposits. Exam- 
ples include many of the mid-Cre- 
taceous deposits of the Alberta foreland 
basin (Plint and Norris, 1991) and 
Upper Cretaceous-Tertiary rocks of the 
Book Cliffs, Utah (Molenaar and Rice, 
1988; Fig. 28). Is the alternation of re- 
gression and transgression driven by 
variations in sediment supply and depo- 
sitional slope (tectonic controls), or by 
changes in base level? In the case of 
the Book Cliffs succession (Fig. 28) 
there is no question about the over- 
riding tectonic control. The develop- 
ment the elastic wedge as a Figure 33 Distribution of gold and uranium placer particles in a Witwatersrand braidplain 
Can be correlated with orogenic deposit: A) contours showing maximum pebble size, and vector-mean paleocurrent direc- 
episodes to the west (%vier Orogeny). tions; 8, C) distribution of gold and uranium particles (relative values); D) uraniumlgold ratio 
Different fluvial tongues have different (Minter, 1978). 



et a/. (1990), who interpreted the 
Castlegate and other sandstone 
tongues of Book Cliffs in terms of 
changes in base level (Posamentier 
and Vail, 1988; Posamentier et a/., 
1988). Tongues of fluvial sandstone 
were interpreted as resting on regional 
scour surfaces (of 6th-order rank or 
higher; Table 1). They extend far into 
the basin over marginal-marine de- 
posits. They were designated by Van 
Wagoner et a/. (1 990) as "lowstand de- 
posits, formed by backfilling above an 
erosion surface that truncates under- 
lying shoreface deposits. Separating 
the effects of tectonism from eustasy in 
such cases is extremely difficult. 

A quite different configuration oc- 
curs where fluvial deposits represent 
the coarse upper member of coars- 
ening-upward successions that 
develop by progradation into a basin. 
Such fluvial deposits may, in this case, 
represent "highstand" deposits, formed 
at a time of high, stable base level, 
when the continental shelf is filled 
by progradation of the coastal plain 
(Posamentier et a/., 1988). This depo- 
sitional pattern is typically terminated 
by incision accompanying a fall in 
base level (Miall, 1991a). 

ECONOMIC DEPOSITS IN 
ALLUVIAL SEDIMENTS 
A knowledge of alluvial architecture is 
of importance in the exploitation of the 
fuels and minerals stored in the rocks, 
and for understanding the flow of 
groundwaters (including toxic wastes) 
through aquifers. A knowledge of facies 
assemblages and successions and of 
depositional architecture can lead to 
useful predictions regarding the extent 
and orientation of porous bodies in the 
subsurface. Petroleum geologists 
were among the first to recognize the 
importance of such information. The 
first well-documented example of a 
fluvial stratigraphic trap was the point- 
bar study published by Berg (1 968). 

Oil and gas occur in several types of 
reservoir body. Paleovalley-fills form 
linear reservoirs, in which the petro- 
leum is trapped updip against any im- 
permeable rocks that are incised by the 
valley. Fields in the Mannville Group of 
Alberta and the "J" sandstone of the 
Denver Basin are good examples (Figs. 
29, 30). Note the narrowness of the 
sandstone body, and the consequent 
need for excellent well control to locate 
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and map the reservoir. The reservoir 
may consist of several separate valley- 
fill tongues, and may be incised by 
mud-filled channels separating it into 
isolated sandbodies. As a result, a field 
may contain several separate hydro- 
carbon pools, with oil-water and gas-oil 
contacts at different levels (Fig. 30). A 
different type of stratigraphic trap is 
formed where the depositional style of 
the fluvial system produces sand 
lenses isolated within floodplain fines. 
The point-bar fields of the Fall River 
Sandstone, Wyoming, are classic ex- 
amples (Fig. 31). Such fields tend to be 
small, but the point bars may occur in 
connected meander belts at more than 
one stratigraphic level, leading to large 
cumulative production from dozens or 
even hundreds of separate pools. The 
giant Daqing field of China is an excel- 
lent example of this type (Yinan et a/., 
1987). Production from such fields re- 
quires an ability to understand the 
origins of the sand lens geometry and 
predict its distribution in the subsurface 
from knowledge of regional paleo- 
geography. 

Finally, there are the reservoirs 
formed by braided sheet sands. These 
may be volumetrically large, and 
provide reasonably continuous reser- 
voir bodies, reflecting a simple archi- 
tecture of amalgamated sheet-sand- 
stone bodies. However, production 
problems in some mature fields show 
that there may be important internal 
heterogeneities formed by poorly 
sorted sands, or mud drapes situated 
on third- to fifth-order bounding sur- 
faces. The Prudhoe Bay field, Alaska, 
is an excellent example of this type of 
field (Fig. 32). Another is Messla field, 
Libya (Clifford et a/., 1980). 

Among the best known mineral de- 
posits in alluvial sediments are the 
placer gold and uranium in the Wit- 
watersrand Supergroup, South Africa. 
The distribution of the placer particles 
is controlled by downstream sorting 
processes, and maps of their concen- 
tration outline bars and channels in a 
braidplain system (Fig. 33). 

CONCLUSIONS 
This chapter has considered facies 
analysis and facies models at four 
main levels of scale and complexity. 

1. Individual clastic facies may be 
recognised and classified primarily ac- 
cording to their grain size and sedi- 

mentary structures. A limited number 
of facies states occur in fluvial de- 
posits (Table 2). Successions of facies 
in the rock record may indicate pro- 
gressively changing conditions, for 
example, the gradual shallowing of the 
water and reduction in flow strength up 
a point-bar surface. Primary meso- 
scopic heterogeneities in petroleum 
reservoirs and aquifers relate to depo- 
sitional controls at this scale. 

2. Architectural elements are as- 
semblages of facies organized into de- 
posits of a particular overall shape and 
internal geometry. They represent the 
major depositional features of fluvial 
systems, as shown in Table 3, and are 
the source of macroscopic hetero- 
geneities in reservoirs and aquifers. 
Analysis of architectural elements re- 
quires a study of the bounding sur- 
faces in fluvial deposits, including their 
extent, shape and facies relations. 

3. River systems as a whole vary in 
terms of the amount and distribution 
of the discharge (large rivers versus 
small streams; ephemeral, perennial, 
seasonal, and other patterns of dis- 
charge variability), the number of active 
channels and their sinuosity, and the 
grain-size range of the sediment load. 
These factors determine the assem- 
blage of facies and architectural ele- 
ments that are preserved. These 
factors also control the scale and ge- 
ometry of the architectural elements. 
Outcrop studies should incorporate de- 
tailed bounding-surface and paleocur- 
rent information into the analysis - 
data that are hard to assemble from 
subsurface sources. Variations at this 
scale affect reservoir and aquifer het- 
erogeneity at the macroscopic scale. 

Facies models can be built for dif- 
ferent fluvial styles, to illustrate the 
major depositional processes and prod- 
ucts. The sandy meandering river 
system (Fig. 22) and the sandy braided 
system with sand flats (Fig. 20) are 
among the best known, and were em- 
phasized in previous editions of this 
book. 

4. At the basin scale, the stratigraph- 
ic architecture of fluvial deposits yields 
information on the major allogenic con- 
trols of deposition. For example, clastic 
wedges develop in response to basin- 
margin tectonism. Sheets and tongues 
bounded at the base by regional discon- 
formities are typically valley-fill deposits 
formed at times of low base level. 
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INTRODUCTION 
Eolian facies commonly form cliffs of 
pink or white sandstones characterized 
by very large sets of cross bedding 
(Fig. 1). Although this cross bedding 
has fascinated sedimentologists for 
many years, little detailed sedimen- 
tology has been attempted until re- 
cently. Eolian deposits were among the 
last to have coherent facies models de- 
veloped. With the integration of studies 
on both modem and ancient eolian sed- 
iments, fairly detailed models can now 
been presented. The models involve 
the recognition of the different parts, as 
well as different types, of dunelinter- 
dune systems. The integration of pat- 
tems seen among the various systems 
may then give a coherent view of the 
development of an entire desert. The 
fluctuating sea levels emphasized in 
other chapters of this book have little in- 
fluence on the development of inland 
sand seas, but may be important in 
areas of coastal dunes. 

This chapter examines some of the 
features of modern eolian sands as the 

basis of eolian facies models. It will 
then show how the models can be ap- 
plied to eolian sandstones. Finally, 
some of the possible external controls 
on sand sea development will be con- 
sidered. 

MODERN EOLIAN SANDS 
Modern eolian sands occur mostly in 
sandy deserts and coastal dunes. De- 
posits in deserts are the most exten- 
sive. Arid and semi-arid conditions 
affect about one-third of the present 
land surface and include three main 
sedimentary environments, 1) alluvial 
fans and ephemeral streams, 2) inland 
sabkhas or playas, and 3) sandy de- 
serts - also called "sand seas" or ergs 
(Fig. 2). Areas of sand accumulation 
form only about twenty per cent of the 
area of modern deserts. The rest com- 
prises eroding mountains (40 per cent), 
stony areas or serifs (10-20 per cent) 
and desert flats (10-20 per cent). There 
are also smaller areas of dry washes, 
volcanic cones and badlands, where 
erosion rather than deposition takes 

place (Cooke and Warren, 1973). 
Within these desert environments, the 
amount of eolian sand varies greatly, 
depending on climate, wind regime, 
basin area and source rocks. Thus the 
wide enclosed basins of westem China 
contain abundant eolian sand, whereas 
the small desert basins of western 
North America contain very little. In 
North America, alluvial fans are much 
more important (30 per cent), and 
sandy deserts much less (less than 1 
per cent), than elsewhere. The one ex- 
ception is the Gran Desierto, Sonora, 
Mexico (Fig. 2B), which is a sand sea. 

The Sahara is the largest desert in 
the world (7 million km2), and has 
several major ergs arranged in three 
belts. Individual ergs cover areas as 
large as 500,000 km2 (twice the area 
of Nevada). They are located in physio- 
graphic or structural basins with long 
histories of sediment accumulation, in- 
cluding extensive Tertiary and Pleis- 
tocene fluvial sediments. However, the 
modern eolian deposits are rarely more 
than 100 m thick (Mainguet, 1976; 

Figure 1 A) Twenty-metre-thick set of cross bedding in the eolian White Rim sandstone (Permian, Canyonlands, Utah). These cross sets 
have straight lines of intersection with the floor of the dry wash B) and indicate extensive migration of the dune to the left. Note truck for 
scale. Photos courtesy Roger Walker. 
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Mainguet and Callot, 1974; Wilson, 
1971, 1972, 1973). Sand accumulates 
in an erg mainly because of an original 
topographic depression. As in aque- 
ous accumulations, deposition is fre- 
quently the result of increasing depth 
of flow and consequent drop in fluid 
velocity. In the case of ergs the flow 
depth is the height of the atmospheric 
boundary layer, commonly between 1 
and 2 km. The importance of wind pat- 
terns has been recognized in  the 
Fachi Bilma erg, which is situated in 
the southern Sahara. It has been 
studied using satellite and aerial pho- 
tography, and some features have 
been checked in the field (Mainguet 
and Callot, 1974; Fig. 2A). This erg is 
partly developed in the wind shadow 
of the Tibesti massif that deflects the 
winds around it. Within the erg there is 
a definite spatial zonation of dune 
types. Barchans occur on all sides, and 
mark zones of intermittent deposition. 
Toward the centre of the erg, wind ve- 
locities decrease. The barchans coa- 
lesce into larger sinuous longitudinal 
(seif) dunes, and then into larger com- 
pound longitudinal features (silks) 
composed of draa (large sand bed- 
forms 20-450 m high). In the upwind 
part of the erg, a zone of large star- 
shaped draa over 100 m high occurs in 
the zone of turbulence and fluctuating 
winds immediately downwind of the 
Tibesti massif. This erg is dominated by 
longitudinal bedforms generally parallel 
to the mean wind direction. Other 
Saharan ergs are dominated by trans- 
verse bedforms or mixtures of bed- 
forms. The Gran Desierto of Mexico 
shows both mixed and transverse-dom- 
inated areas (Fig. 2B). These ergs can 
be used to develop facies models for 
deserts with dominantly longitudinal 
and dominantly transverse bedforms. 
Similar regular patterns can be seen in 
bedform maps based on satellite pho- 
tography of many of the major ergs in 
the world (Breed etal., 1979). Although 
this review concentrates on warm, 
lowland deserts, sandy deserts can 
also occur in cold polar areas and at 
high altitudes (Koster, 1988). 

Bedforms 
Wilson's (1 971, 1972) studies of Sa- 
haran bedforms led him to propose 
three main scales of eolian bedforms: 
ripples, dunes and draa. Ripples are 
flatter than those in water and usually 

have more regular crest lines (Sharp, draa distinction is not universally ac- 
1963). Dunes are larger than ripples, cepted. A descriptive classification 
and vary from 0.1 to 100 m in height, based on form and complexity should 
Draa are large sand bedforms between probably be used (Table 1). Dune form 
20 and 450 m high, and are character- has been related by Fryberger (1979) 
ized by the superimposition of smaller to the variability of the wind and its 
dunes on them. Nevertheless, the dune- ability to transport sand (Fig. 3). 

Figure 2 Bedform map of: A) the Fachi Bilma erg, southeastern Sahara (after Mainguet and 
Callot, 19741, and B) El Gran Desierto, Sonora, Mexico (M. Brookfield). Note difference in 
scale - the Mexican desert is one quarter the size of the Fachi Bilma erg. Arrows show domi- 
nant wind directions. 
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Table 1 Morphology and classification of eolian bedforms. After McKee (1979). 

Morphology Name Associations 

Sheet-like Sheet sands 

Thin elongate strips Streaks COMPOUND - two or more of 
the same type combined by 

Circular to elliptical Dome overlap or superimposition 
mound, dome-shaped (Wilson's draa) 

Crescent in plan Barchan 

Connected crescents Barchanoid (akle) 

Asymmetrical ridge COMPLEX -two different basic Transverse (reversing) types occurring together, either 

Symmetrical ridge Linear (seif) superimposed (Wilson's draa), or 
adjacent. 

Central peak with arms Star (pryamidal) 

U-shaped Parabolic 

-* 
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Sand transport 
The gross amount of sand that can po- 
tentially be moved by the wind during a 
given period of time, weighted for the 
wind velocity, is the drift potential (DP). 
The amount moved depends also on 
sand availability. The resultant drift di- 
rection (RDD) is the vector resultant of 
all drift directions-.(Fig. 3). The resultant 
drift potential (RDP) is the vector sum of 
all drift potentials; it gives a value for the 

net movement of sand. These three 
measures give a very useful way of 
quantifying the direction (RDD) and rate 
of net sand movement (RDP) as well 
as the gross amount of sand move- 
ment (DP). These measures can then 

10 I 
LINEAR + I 

BARCHAN 
W J 

0 0.2 1.0 
RDP/DP x = lu 

be related to wind regime. Barchanoid 
and transverse dunes occur in areas of 
fairly unidirectional winds (high RDPIDP 
ratios). Longitudinal dunes result from 
more variable winds (moderate 
RDPIDP ratios), and star bedforms 

Figure 4 Statistically significant (P=0.001) 
separation of the four elemental dune types 
by means of two variables - equivalent 
sand thickness (EST) and a measure of 
wind directional variability (RDPIDP). The - 
x + 1 for EST in barchans is 0.02 2 0.005 m 
(n=8). From Wasson and Hyde (1983a). 

/ 
DP-518 DP.661 DP = 6 6 2  
ANNUAL ANNUAL ANNUAL 

Figure 3 Characteristic high-energy wind 
regimes: A) narrow unimodal, barchanoid 
dunes, Peru; 6) bimodal, linear dunes, 
Mauritania; C) complex, star dunes, Libya. 
DP = drift potential (see text), and arrows 
indicate resultant drift direction (RDD). 
After Fryberger (1 979) 

Figure 6 Highly oblique section through supercritical to subcritical climbing translatent strata 
(Permian, Arran, Scotland). Camera cover is 5 cm across. 

Figure 5 Plane bed lamination in coarse 
and fino sand (Permian, Arran, Scotland). 
Camera cover is 5 cm across. 

Figure 7 Oblique section through grainfall 
lamination with interbedded sandflows in 
upper part (Pemian, Arran, Scotland). Cam- Figure 8 Sandflow cross strata, 20 cm thick, (arrowed top right) on plane bed lamination 
era cover is 5 cm across. over alluvial fan breccia and sandstone (Permian, Arran, Scotland). 



occur in regions of very variable winds amples of the above types of stratifica- Schenk, 1981; Hunter, 1981). 1) Plane- 
(low RDPIDP ratios). Wasson and Hyde tion have now been found in ancient bed lamination, produced by wind ve- 
(1983a) found that various bedforms eolian sandstones (Clemmensen and locities too high for ripple formation, is 
plotted in separate fields if wind vari- Abrahamson, 1983; Fryberger and analogous to the upper flat bed in 
abilitv was  lotted against "soread-out" 
sand thickness (~ i~ . -4 ) .   his indicates 
that the form of the dunes may be con- 
trolled both by wind regime and avail- 
ability of sand. What is missing here is 
any consideration of the ratio of flow 
saturation/deposition to flow undersatu- 
rationlerosion, which is basically what 
"spread-out" sand thickness measures. 

Textures 
Ahlbrandt (1979) summarized the tex- 
tural parameters of eolian sands in 
terms of three depositional sub-environ- 
ments, 1) well- to very well-sorted fine 
coastal dune sands. 2; ' X € q x  

9 - s o r t e d .  fine- to mediui-graiced 
~nland dune sands, and 3) poorly sorted 

Tnfe?aG;;e and serir sands. I h&e Figure 9 Sandflows on star draa overlying climbing translatent strata at the base of the 
mS vary in mean grai;l size from slipface and overlain by grainfall strata on the upper slipface (Recent, El Gran Desierto, 
about 1.6 to 0.1 ~~~t interdune Mexico). Slipface height seen is 20 m. 
and serir sands are'bimodal in the sand 
fraction. They also have higher silt and 
clay contents when compared with ad- 
jacent dune samples. In inland dune 
fields with predominantly unidirectional 
winds, there is progressively improved 
sorting and finer mean grain size down- 
wind from the sand sources, through a 
sequence of dome, transverse, barcha- 
noid and parabolic dunes. In reversing 
and multidirectional wind regimes, sand 
accumulates in dunes that have very 
slow net rates of migration. The clastic 
material in these dunes is a combina- 
tion of available source materials. 
Because of the fluctuating conditions, 
the crests and bases of the dunes tend 
to have more divergent means than in 
unidirectional wind regimes. Attempts 
to relate grain size properties to bed- 
form hierarchies have so far been un- 
successful (Wilson, 1973; Wasson and 
Hyde, 1983b). 

Sedimentary structures 
The scale of internal cross bedding in 
eolian dunes is determined by the size 
and rate of climb of the bedforms. In 
general, eolian and subaqueous bed- 
forms make similar structures (Rubin 
and Hunter, 1982), but the detailed 
structure of eolian lamination differs 

that of subaqueous lamination- Figure 10 Horizontal cross section of dune foreset cross stratification exposed on a 
Hunter (1977) proposed main planed-off sinuous transverse or barchanoid dune, showing distribution of stratification 
types of eolian lamination based on types. A - A' shows a vertical cross section through these laminations. Simplified from 
his study of  mall coastal dunes. Ex- Hunter (1977) using an example from Padre Island, Texas. 
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Figure 11 Wind ripples (maximum wave length seen is 5 cm) in fine sand (El Gran 
Desierto, Mexico) 

Figure 12 Wind ripples (maximum wave length seen is 25 cm) in coarse sand (El Gran 
Desierto, Mexico). 

Figure 13 Adhesion structures at margin of permanent salt lake (El Gran Desierto, Mexico). 

aqueous deposits (Fig. 5). 2) Climbing 
ripple lamination closely resembles 
subaqueous varieties, but the ripple 
foresets are difficult to recognize 
because of their low relief except in 
oblique sections (Fig. 6). Hunter (1977) 
distinguishes translatent strata (where 
only the bounding surfaces between 
migrating ripples are visible) from rip- 
pleform strata (where the ripple fore- 
sets can be identified). Both are in- 
versely graded and relatively closely 
packed. 3) Grainfall lamination is pro- 
duced in zones of flow separation 
(commonly in the lee of dune crests) 
by deposition from suspension (Fig. 7). 
Segregation of different grain sizes 
is relatively poor and laminae and 
grading are difficult to see. The aver- 
age porosity is about 40 per cent, due 
to a packing that is intermediate be- 
tween the closely packed traction 
laminae of planebed and climbing rip- 
ple laminae, and the loosely packed 
sandflow strata described below. 4) 
Sandflow lamination (avalanche cross 
bedding) is caused by slumping and 
consequent grainflow down slopes 
(Figs. 7 top, 8). Sandflow cross strata 
are loosely packed (average porosity 
45 per cent), interfinger with grainfall 
laminae near their base, and form 
lenses parallel to the slipfaces (Fig. 9). 

Internal structures are difficult to 
study in modem dunes, hence the em- 
phasis on stratification models. Large- 
scale cross bedding was formerly con- 
sidered typical of eolian sands, but 
large bedforms also occur in shallow 
shelf seas (Chapter 12) and in large 
deep rivers (Chapter 7), where the 
cross beds may resemble eolian cross 
bedding (Allen, 1982). Nevertheless, 
many superimposed sets, each thicker 
than d 10 m, occur far more cqm- 
m G  eolian than in other depo- - 

-1 environmegts. Eolian cross 
bedding can be deformed into huge 
convolutions, caused by slumping of 
water-saturated dune sands. Convolute 
stratification is found in ergs being inun- 
dated by the sea, but may also form by 
seasonal melting of ice in cold-climate 
dunes (Koster, 1988). 

Each type is found on different parts 
of a dune and can be recognised even 
where the dune is deflated. For ex- 
ample, the slipfaces (sandflow cross 
strata), saddles (climbing translatent 
strata) and the passage between the 
slipfaces and saddles (grainfall lamina- 
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tion) can be recognized in barchanoid 
dunes, even after deflation (Fig. 10). 
Further information on stratification 
types and their relationship to dune 
morphology is given by Hunter (1981), 
Hunter and Rubin (1983), Rubin and 
Hunter (1 983). 

Our knowledge of the larger internal 
structures of modern dunes is due 
almost entirely to the work of McKee 
(McKee, 1966; McKee and Tibbitts, 
1964; McKee and Douglass, 1971; 
McKee and Moiola, 1975) and Bigarella 
(Bigarella, 1972; Bigarella et a/., 1969). 
These studies are summarized in 
McKee (1 979). 

The most detailed studies were done 
in the White Sands dune field of New 
Mexico. This area is not analogous to 
most ancient eolian deposits because 
the dunes are composed of gypsum 
and are easily stabilized after Occa- Figure 14 Various lizard and beetle tracks on dune surface (El Gran Desierto, Mexico). 
sional wetting by rain. Also, we cannot Width of biggest track set is cm. 
be sure that the deeper structures relate 
to the modern wind regime. Therefore, 
an alternative approach to the under- 
standing of internal structures is the 
computer modelling of a diversity of mi- 
grating bedforms (Rubin, 1987). 

Interd-al part of the 
eolian bedform system (Ahlbrandt and 
Fryberger, 1981 ; Kocurek, 1981 b). , In- 
des~s~tU lh?&d_sand supply, inter- 
dunes consist of IagAeposits, c o a E  
garnets and small isolated dunes 
afiidsabknas. Here, the water table may 
E m r f a c e  and control the 
amount and type of sediment deposition 
(Stokes, 1968; Fryberger et a/., 1988). 
Because of the way in which sand is 
transported through the system, longi- 
tudinal bedforms tend to have coarse 
lag and coarse sand sheets and dunes 
in the interdune areas. Transverse bed- 
forms tend to have sabkhas and fine 
sand dunes between them (Glennie* Figure 15 Concentric grooves (0.5 to 1.0 m in diameter) created by plants moving in the 
.1970; Sharp, 1979). The size of inter- wind. photo courtesy Rodney Stevens. 
dunes is also dependent on sand 
supply and on the stage of develop- 
m&twof the surrounding erg. ~ o s t  
modern deserts have extensive inter- 
dunes because of their relatively 
recent development (Mainguet and 
Chemin, 1983). 

Surface structures are common on 
eolian bedforms and include. ripple 
marks (Figs. 2, 11, 12), adhesion struc- 
tures (Fig. 13), animal tracks (Fig. 14) 
and trails, and marks made by vegeta- 
tion (Fig. 15), rain, hail and lightning 
(Fig. 16). All may be preserved by r i p  

Figure 16 Fulgurite-sand fused by light- 
ening strike (Permian, Arran, Scotland). 
Pen is 7 cm long. 
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ple climbing and grainfall deposition 
(Ahlbrandt and Fryberger, 1981; 
Kocurek and Fielder, 1982; McKee, 
1982; Steidtmann, 1973). Between 
sand layers there may be soil horizons 
and plant and animal traces (Loope, 
1 988). 

The features described above 
suggest that the input for a facies mo- 
del should consist of 1) the different 
types of bedforms and interdunes in 
modern deserts, and 2) the types of 
stratification formed by the migration of 
different parts of the various bedforms. 
However, a good model must also con- 
sider how the characteristic strata of 
various combinations of migrating bed- 
forms can form thick, extensive ancient 
eolian sandstones. 

STRATIFICATION AND BOUNDING 
SURFACE MODELS 
Stratification results from the migration 
of bedforms as they climb at various 
angles and directions over one another 
(Fig. 17). Simple stratification models 
involve simple migrating bedform sys- 
tems and form simple architectural as- 
semblages. For example, simple trans- 
verse dunes migrating across a desert 
form tabular cross beds separated 
by planar bounding surfaces. Simple 
transverse dunes migrating over larger 
transverse draa form slightly more com- 
plicated patterns, including downwind- 
dipping second-order surfaces (dis- 
cussed below). However, bedforms 
generated by moving sand are rarely 
simple and are also affected by existing 
structures. Changing winds cause mod- 
ification of existing bedforms and these 
changing bedforms also interact with 
the wind to produce a variety of dis- 
equilibrium forms (Mader and Yardley, 
1985). 

The models of Figure 17 assume uni- 
directional climbing of ideal bedforms in 
a fully developed dune, draa and inter- 
dune system, but only indicate some of 
the possible stratification styles. Rubin 
(1987) has used computer models to 
show the enormous variety and com- 
plexity possible if the bedforms are 
neither climbing unidirectionally nor fully 
developed. 

Figure 17 Stratification models for simple 
and complex/compound dune types. Longi- 
tudinal and transverse sections are parallel 
and perpendicular to resultant wind direc- 
tions respectively. 



Bounding surfaces 
Where bedforms climb at angles lower 
than their windward slopes, the 
underlying and preceding bedforms are 
eroded. This leads to the formation of 
bounding surfaces that define sets of 
cross strata (Brookfield, 1977; Figs. 18, 
19). These bounding surfaces occur at 
all scales, and even translatent strata 
are really only ripple bounding sur- 
faces. Bounding surfaces can only farm 
from a migrating train of bedforms. 

First-order surfaces (Fig. 18) are flat- 
lying bedding planes cutting across all 
underlying eolian structures and are at- 
tributed to the migration of draa. 

Second-order surfaces (Fig. 18) com- 
monly lie between first-order surfaces 
and usually dip downwind with variable 
inclinations. These surfaces are attri- 
buted to transverse dunes climbing 
down the lee slopes of draa, or to lateral 
migration of linear dunes across the 
draa lee slope. 

Third-order surfaces form the bound- 
aries of bundles of laminae within co- 
sets of cross laminae, and are attributed 
to erosion followed by renewed deposi- 
tion due to local fluctuations in wind di- 
rection and velocity. They are reac- 
tivation surfaces. 

Simple dune and draa systems 
should lack the second-order surfaces. 
However, they occur only because few 
systems are in the dynamic equilibrium 
assumed in climbing bedform theories. 
Second-order surfaces can be formed 
by dunes periodically overtaking one 
another and coalescing (Mader and 
Yardley, 1985), and occur especially in 
seasonally reversing dune systems (Fig. 
20). All dune-draa systems must show a 
resultant sand drift except at the sand- 
flow nodes (Wilson, 1971). Net unidirec- 
tional climbing is thus a near certainty 
(Hesp eta/., 1989), although some star 
draa systems may only climb very 
slowly. Theoretical rnodels suggest very 
low rates of dune and draa climbing, 
since most eolian sandstones seem to 
preserve only a small basal part of the 
original bedforms. Nevertheless, the 
rnodels can be modified for steep rates 
of climb where necessary (Rubin and 
Hunter, 1982; Rubin, 1987). These 

eolian sandstones, truncating all under- 
lying surfaces. These supersurfaces 
form in response to external controls on 
the desert and are discussed in a later 
section. 

In deserts, many different systems 
are present, and it is necessary to con- 
sider the possible stacking of different 
systems during the evolution of a 
desert. This requires knowledge of the 
typical areal distribution of bedform 
types in a desert, and the vertical and 
lateral varisations in stratification formed 
as they migrate and the desert evolves. 

FACIES MODELS 
The facies models developed here are 
based on the two fundamental concepts 
discussed above. First, strata are gen- 
erated by hierarchies of migrating bed- 

Figure 18 First-order bounding surfaces are 
order surfaces are generated by the movemer 
lee slope. Third-order surfaces represent eoliar 

forms of differing sizes and shapes. 
These climb over one another at dif- 
ferent angles and in differing directions. 
The resulting bounding surfaces can be 
used to recognize the nature of the 
bedform systems in ancient eolian 
sandstones (Brookfield, 1977; Rubin 
and Hunter, 1982; Rubin, 1987). Se- 
cond, the stratification types vary in pro- 
portion and location in different types of 
bedforms in modern deserts. The strati- 
fication types, together with bounding 
surfaces, can be used to identify bed- 
forms in ancient eolian sandstones 
(Hunter, 1977). 

Application of studies of 
modern sediments 
There are many problems in using 
studies of modern eolian sediments to 

PATH OF DRAA 

generated by the migration of draa. Second- 
1t of individual dunes climbing down the draa 
I lamination. From Brookfield (1977). 

stratification models are for uniform as- 
Figure 19 Bounding surfaces, mostly first - Figure 20 Reversing barchanoid dunes 

semblages Of One type Of dune-inter- order, in the Jurassic Navajo Sandstone at between rows of large star draa; one is 
dune or draa-dune-interdune system. Page, Utah. Note decrease in thickness being traversed by the truck, others can be 

As as the surfaces dis- upwards toward contact with overlying fluvial seen in the distance. Note deflation sur- 
~ ~ s s e d  above, there may be other ex- sediment, suggesting decrease in bedform faces on lee slopes of both draas and 
tensive surfaces that cut across ancient size with time. dunes (El Gran Desierto, Mexico). 



formulate general facies models. Gen- are usually Quaternary in age (Wilson, 
era1 models must incorporate modern 1973). No thick eolian deposits compa- 
and ancient examples, as well as theo- rable to ancient examples seem to be 
retical results. Modern large eolian bed- forming today. Deposits observed today 
forms commonly rest on alluvium and are unlikely to be even approximately in 
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Figure 21 Synthetic model for desert with transverse bedforms. Vertical scale is exagger- 
ated, such that bedforms appear to be climbing too steeply, and the troughs shown in the 
transverse section are too concave. Only first-order surfaces are shown on the transverse 
section; some second-order surfaces are shown on the longitudinal section. For scale, the 
basin is at least 5 km across. 
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Figure 22 Synthetic model for desert with longitudinal bedforms in an enclosed basin. Note 
that some lateral migration of longitudinal star draas is permitted - without migration, ver- 
tical stacks of longitudinal-star draa deposits would be separated by thick interdraa lags, 
barchan dunes, and fluvial deposits (lags, dunes and fluvial deposits shown in black). For 
scale, the basin is at least 5 km across. 

equilibrium with present wind condi- 
tions. This is because large dunes and 
draa take thousands of years to re- 
equilibrate with changing wind condi- 
tions. Those observed today could not 
possibly have adjusted to the rapid al- 
ternations of climate and wind regimes 
during and since the Pleistocene (Wil- 
son, 1973). Ancient ergs may have 
formed under more uniform conditions, 
which might explain why ancient eolian 
sandstone systems appear simpler 
than modern ones. 

Stratification in Recent large dunes 
and draa of uncemented quartz sand is 
almost impossible to examine by trench- 
ing, because the trench walls rapidly 
collapse. Because of the Recent cli- 
mate and wind changes, any stratifica- 
tion observed in trenches would be 
difficult to relate to processes of forma- 
tion. Direct comparison between cross 
sections of modern dunes and ancient 
eolian sandstones is also difficult be- 
cause normally, only the lowest parts of 
eolian bedforms are presetved. Rates of 
bedform migration tend to be at least 
one order of magnitude greater than 
vertical buildup. It follows that only the 
lowest parts of the dunes are pre- 
served, and reconstruction of large 
bedforms depends almost entirely upon 
structures formed at their basal lee 
slopes. 

The two different models presented in 
Figures 21 and 22 are based on the mi- 
gration of predominantly transverse and 
predominantly longitudinal bedforms, re- 
spectively. These models are based 
largely on simplifications of the westem 
part of the Gran Desierto (Fig. 2B) and 
of the Fachi-Bilma erg (Fig. 2A). 

Transverse bedform model 
The transverse bedform model (Fig. 21) 
is based on unidirectional winds, with 
upward and lateral buildup of sand 
within an enclosed basin with marginal 
fans. The constriction of the fans keeps 
the first-order bounding surfaces hori- 
zontal; by contrast, on an unconfined 
extensive plain, these bounding sur- 
faces would tend to be convex-upward 
on a large scale.,The model involves 
the initial development of sand patches 
and barchan dunes with the onset of 
aridity, followed by the successive de- 
velopment of transverse dunes and 
compound transverse draa at the 
climax of aridity. Finally, with decreas- 
ing aridity and/or reduction in sand 



supply, there would be a gradual con- 
traction of the erg and eventual covering Boundln~ A 
over by fluvial or lacustrine sediments. surfaces 

Fluctuations during erg development 
lead to complex interfingering of fluvial 

19 __-- Upwind 
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and eolian deposits (Langford, 1989; 
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Draas dunes QTowards nearest erg margin 
patches and barchans are followed by TRANSVERSE SECTIONS 
linear dunes and linear complex draa, 
and eventually (in complex wind 
regimes) by star draa. These longitu- 
dinal patterns have rarely been recon- 
structed in ancient eolian sandstones. 
This is possibly because such bed- 
forms are characteristic of deserts with 
a net through-flow of sand and little de- 
position, or because such bedforms 
migrate laterally, laying down deposits 
that mimic those of transverse bed- 
forms (Hesp et a/., 1989; Rubin and 
Hunter, 1983). Changes in climate over 
a long period of time would probably 
lead either to partial preservation of the 
bedforms below a soil and alluvial 
cover, or almost complete deflation. 
Isolated sand lenses may be the only 
remnants of the large star draa. 

In both the transverse and longitu- 
dinal models, the thickest units are in 
the centre of the erg, where the largest 
bedforms occur. Erg migration may lead 
to systematic changes in the nature and 
thickness of eolian strata in specific 
areas (Porter, 1986). In an ideal desert, 
the thick compound superimposed 
cross strata would characterize the inte- 
rior. Toward the margins, there would 
be an increasing amount of thicker inter- 
dune deposits with smaller, simpler 
cross strata and possibly interbeds of 
fluvial deposits. The areal relationships 
and paleo-winds of such sequences are 
shown on Figure 23. 

Figure 23 (top) Synthetic transverse 
sections A and B, related to the nearest in- 
ferred erg margins and resultant wind 
direction. 

Figure 24 (right) Three dimensional 
sketches of facies based on foreset orien- 
tations and shapes, Bridgnorth Sandstone, 
Permian, Britain. Modified from Karpeta 
(1 990). 
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Application of models 
to ancient rocks 
Similar interpretations have been devel- 
oped for ancient ergs (Karpeta, 1990; 
Kocurek, 1981 a; Ross, 1983). Karpeta 
(1 990) distinguished six facies in 
the Permian Bridgnorth Sandstone in 
Britain, based on the nature of the strat- 
ification and orientation of the foresets 
(Fig. 24), as in the stratification and 

bounding surface models discussed 
above. He then grouped different facies 
into three facies associations, which 
were interpreted as various dune-inter- 
dune systems (Fig. 25). Kocurek 
(1981a) made a particularly detailed re- 
construction of the large Jurassic 
Entrada erg in the western U.S.A. 
Using stratification types, bounding sur- 
faces, foreset dip dispersion, and inter- 
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Figure 25 Facies associations in the Bridgnorth Sandstone, Permian, Britain. Modified 
from Karpeta (1990). Crabbing scour pit is a scour moving sideways across the slipface. 
Rippled plinth is a flat upwind surface with ripples. 

dune characteristics, he estimated the 
actual wavelength and sizes of the bed- 
forms and their distribution in the desert 
(Figs. 26, 27). This study remains the 
best published analysis of an ancient 
erg. Kocurek (1981a) also estimated 
the wavelengths of the individual draa 
from the intersection of first-order sur- 
faces with supposed synchronous 
horizons (supersurfaces, see below). 
These horizons represent major changes 
in the environment within an erg. 

SUPERSURFACES 
Kocurek's (1 981 a) supposed syn- 
chronous horizons that cut all earlier 
surfaces are now known as supersur- 
faces. They may consist only of a thin 
coarse lag between identical eolian 
sands, and can therefore be very diffi- 
cult to detect. These horizons separate 
stratigraphic packages and record major 
interruptions in basin history (Galloway, 
1989). They are bounding discontinu- 
ities (Chapter I) ,  and can be used to 
place eolian deposits within the context 
of allostratigraphy and sequence stratig- 
raphy. Although often considered iso- 
chronous on a geological time scale, the 
supersurfaces need not be. 

Origin of supersurfaces 
The origin of eolian supersurfaces has 
been considered most thoughtfully by 
Kocurek (1988), who placed the sur- 
faces into three broad categories. The 
categories are not mutually exclusive; 
for example, sea level changes may 
cause changes in climate. 

Climatic change 
Supersurfaces can form during the re- 
gional termination of an erg because 
of climatic change. Quaternary exam- 
ples are common. In the Sahel, south- 
ern Sahara, vegetation-covered dunes 
are now being reactivated due to over- 
grazing (Talbot, 1985). A similar stra- 
tigraphic break occurs in the rolling 
vegetation-covered Nebraska sand 
hills, which were once a large early 
Quaternary erg (Warren, 1976). In 
these examples, the form of the inac- 
tive erg is preserved beneath covering 
vegetation. The supersurface is essen- 
tially the complex rolling land surface 
that is forming as erosion smoothes the 
hills and causes deposition in the de- 
pressions. An unusual surface of this 
type surmounts the Permian Yellow 
Sands of northeastern England. Here, 



linear draa were rapidly buried by the 
flooding of the Zechstein Sea (Glennie 
and Buller, 1983; Steele, 1983). This 
flooding was so rapid that rounded pro- 
files of individual draa up to 50 m high 
are preserved below the overlying 
transgressive mudstones (the Marl 
Slate). However, most ancient ergs 
have undergone much greater erosion 
before being preserved (Langford and 
Chan, 1989). 

Changes of relative sea level, 
or tectonic setting 
The Gran Desierto (Fig. 28; 9, in back- 
ground) shows deflating bedforms 
around its western and southern 
margins due to a combination of cli- 
matic, sea level and tectonic causes 
(Blount and Lancaster, 1990). This de- 
flation results in supersurfaces of local 
or desert-wide extent. Many examples 
were noted by Blakey and Middleton 
(1983) in the Mesozoic of the western 
U.S.A. (Fig. 28). Supersurfaces of this 
type are especially common in coastal 
deserts where sea level changes di- 
rectly affect the desert (Chan and 
Kocurek, 1988). However, sea level 
changes can also affect groundwater 
levels farther inland, which in turn 
can cause chemical cementation and 
"fixing" of interdune and upwind sources 
(see Fig. 13). The dunes can then be 
entirely deflated, leaving a planar 
scoured or Stokes surface (Fryberger 
et al., 1988; Loope, 1985). Sand sheets 
may subsequently form on these sur- 
faces (Kocurek and Nielson, 1986). 

Migration of sand seas 
The lower and upper bounding surfaces 
of an eolian deposit may be formed by 
the migration of an entire sand sea 
through time (Porter, 1986). Within an 
extensive inland basin, changes in 
climate, sea level, tectonics or source 
could trigger the migration of Wilson's 
(1971) sand nodes. Migration of an erg 
within a basin could therefore lead to 
multiple, closely spaced, intersecting 
supersurfaces. However, there are no 
published examples of this. 

DYNAMIC INTERPRETATION 
Dynamic interpretations of both modern 
and ancient sand seas are controver- 
sial, because there is no consensus 
about what causes the form, shape 
and distribution of bedforms in modern 
deserts. Experimentation is difficult for 

bedforms larger than ripples. The larger 
the bedforms, the greater the lag 
effects, and the harder it is to determine 
whether they are adjusted to the cur- 
rent wind regime. The development of 
theoretical models relating bedform de- 
velopment to atmospheric structure, 
sand transport patterns and bedforml 
airflow interactions, may therefore be 
an important direction for future re- 
search. 
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from Kocurek (1981a). 
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INTRODUCTION 
A delta is a discrete shoreline protuber- 
ance formed at a point where a river 
enters an ocean or other large body of 
water. Many deltas cover a large area, 
and have been influenced by a variety 
of fluvial and marine processes. Sev- 
eral distinct sub-environments of de 
position can therefore be identified 
within a delta. This makes it difficult or 
impossible to characterize an ancient 
deposit as "deltaic" simply on the basis 
of a single core or outcrop section; a 
restored plan view of the system is 
necessary. Ancient deltas are eco 
nomically important because they are 
commonly associated with major coal, 
oil and gas reserves. As a result, 
deltas have been intensively studied, 
and deltaic facies models have become 
relatively well established. Readers are 
referred to several recent summaries for 
general information (Colella and Prior, 
1990; Whateley and Pickering, 1989; 
Elliott, 1986; Miall, 1984; Coleman and 
Prior, 1982; Broussard, 1975). 

HISTORICAL BACKGROUND 
The concept of a delta dates back to 
the time of Herodotus (ca. 400 B.C.) 
who recognized that the alluvial plain 
at the mouth of the Nile had the form 
of the Greek letter DELTA (Fig. 1). The 
first study of ancient deltas was that of 
Gilbert (1885), who described Pleis- 
tocene freshwater gravelly deltas in 
Lake Bonneville, Utah. Barrell (1912) 
extended Gilbert's ideas to the much 
larger scale of the Devonian Catskill 
delta in the Appalachians, and also pro- 
vided the first explicit definition of the 
essential features of a delta, as 

"a deposit partly subaerial built by 
a river into or against a body of 
permanent water. The outer and 
lower parts are necessarily con- 
structed below water level, but its 
upper and inner surface must be 
land maintained or reclaimed by 
river building from the sea. A delta, 
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therefore, consists of a combination 
of terrestrial and marine, or at least 
lacustrine strata, and differs from 
other modes of sedimentation in 
this respecf' (Barrell, 191 2, p. 381). 
Barrell therefore considered the rec- 

ognition of associated nonmarine 
facies crucial in distinguishing ancient 
deltas. 

Our understanding of modern deltas 
has developed during the last 40 
years, beginning with work on the Mis- 
sissippi Delta published in the 1950s 
and early 1960s (Shepard et a/., 1960). 
Scruton (1 960) recognized that deltas 
are essentially cyclic in nature and 
consist of a progradational, construc- 
tive phase usually followed by a ret- 
rogradational destructive phase 
coinciding with delta abandonment. He 
also illustrated a vertical "deltaic se- 
quence" (Scruton, 1960, p. 89) of 
coarsening- and sandier-upward bot- 
tomset, foreset and topset beds re- 
lated to the seaward migration of 
depositional environments. Although 
the Gulf Coast (Florida to Texas) con- 
tinues to be an important focus for re- 
search on modern and ancient deltas 
(primarily because of the economic im- 
portance of deltas in this region as oil 
and gas reservoirs), studies have 
spread worldwide. Coleman and 
Wright (1975) compiled data on 34 
modern deltas and developed a six- 
fold classification based on sand 
distribution patterns (Fig. 2). However, 
the most widely used classification 
scheme today is that of Galloway 
(1 975), who subdivided deltas ac- 
cording to the dominant processes 
controlling their morphology; rivers, 
waves and tides (see Chapter 1, Fig. 
7). Improvements in technology in the 
late seventies and early eighties, par- 
ticularly side-scan sonar imaging, led 
to the recognition of the abundance 
and importance of synsedimentary de- 
formation in the subaqueous parts of 
modern deltas (Coleman et a/., 1983; 

Winker and Edwards, 1983). Similar 
features have now been recognized in 
ancient deltas (Martinsen, 1989; 
Pulham, 1989; Nemec et al., 1988). 
The present research emphasis con- 
cerns the evolution of modern deltas in 
the context of eustatic sea level 
changes (Dominguez etal., 1987; Boyd 
et al., 1989; Williams and Roberts, 
1989; Carbonel and Moyes, 1987), and 
the application of the concepts of se- 
quence stratigraphy to ancient deltas 
(Galloway, 1989; Bhattacharya and 
Walker, 1991). 

DEFINITIONS 
Deltas are "discrete shoreline protu- 
berances formed where rivers enter 
oceans, semi-enclosed seas, lakes or 
lagoons and supply sediment more 
rapidly than it can be redistributed by 
basinal processes" (Elliott, 1986, p. 
113). By this definition, all deltas are to 
some degree river dominated. 

The sediment in a delta is normally 
derived directly from the river that feeds 
it. This contrasts with estuaries and 
many so-called tide-dominated "deltas", 
in which sediment is derived from the 
marine realm. These tide-dominated 
systems are dealt with in Chapter 11, 
although tide-influenced deltas are 
considered in this chapter. Where 
basinal processes redistribute sedi- 
ment to the point that the fluvial source 
and delta morphology can no longer 
be recognized, more general environ- 
mental terms such as paralic, strand- 
plain or coastal plain are preferable. 
The term delta has also been loosely 
applied to ancient facies successions 
that show a transition from marine to 
nonmarine, or which contain a marine- 
fluvial or lacustrine-fluvial interface 
(Alexander, 1989). Although a shore- 
line must be crossed in such a transi- 
tion or interface, the identification of 
the shoreline as specifically deltaic 
usually requires good three-dimen- 
sional control of facies patterns. This 
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may consist of maps of lithofacies dis- 
tributions showing a thickening and 
narrowing of the clastic succession 
toward the point of fluvial input, and 
the required seaward protuberance of 
the shoreline (Fig. 2). 

Deltas occur at a wide variety of 
scales ranging from large-scale depo- 
sitional systems such as the modern 
Mississippi delta, with an area of about 
28,500 km2, to components of other 
depositional systems such as flood- 
tidal deltas within barrier-lagoon depo- 
sitional systems (Chapter 10) or bay- 
head deltas within estuarine systems 
(Chapter 11). The larger-scale sys- 
tems will be reviewed in this chapter. 

DELTA-FORMING PROCESSES 
A delta forms when a river of sediment- 
laden freshwater enters a standing body 
of water, loses its competence to carry 
sediment, and deposits_:- 
form of the deltaic dep 
upon 1) whether the river outflow is" 
more dense (hyperpycnal flow), equal@ 
dense (homopycnal) or less dense (hyB 
popycnal)?than the standing body oY 
water; and 2) the extent to whickt5e 
deposits are reworked by marine (wave 

re Tiyperp)fBnaT aid * 
s relatively "carst? 

grained, small, steeply dipping elongatea 
deltas tend to'forfi. Finer grained ma-* 
terial may be deposited fucther off- 
shore as density underflows. This kind 
of deposition is common where sedi- 
ment-laden streams enter freshwater 
lakes, as occurs in many alpine or 
periglacial environments (Chapter 5). 
Such mouth bars have been referred to 
as inertia dominated (Bates, 1953). 

In homopycnal settings there may 
be a greater degree of mixing between 
the river and standing body of water. 
These situations are also common in 
fresh water deltas, especially where 
the suspended sediment load is high. 
I n  shallow. watei:Trimim-.at:th~33d* 
fdauses rapid decderationand devel--r 
opment of a middle-ground bGe1hat-" 
tends - to - - cause wa..a3-r the=associated distdbu-" 
tary to bifurcate (Wright, 1977). So-" 
called f r i c t i o n - d o g m b & a d  
also )el?,dG&&&~~l~~a~~fia~p~~g.a~,dd 
,may be dominated by traction curreiit 

steeply dipping topset and bottomset sea water (hypopycnal flow). 
beds. They are characteristic of the ~n~'Jd'sedl"m@rrtd~s!rCj~~f~fvely fine; 
small gravelly freshwater deltas de- igralfied, and rends to be, carried far- 
scribed by Gilbert (1885) and now cgm- ther out into the receiving basin as a! 
monly termeflfibe78-ty.ps.Cfelhs"7; ' buoyant ~ j lurne,~esul t in~ in lower de- 

In most cases where a river enters positional slopegand more extensive 
salt water, the density of the river plus (deltaic dWaPits! These are sometimes 
sediment load is less than that of the referred to as buoyancy-dominated 

.. - . . . ' . : .'.' .... 
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Figure 1 Environments and facies in the modern Nile delta. Only the Rosetta and Damietta 
Branches are presently active. Stipple north of delta margin indicates older reworked delta 
sands (Scheihing and Gaynor, 1991) rather than active "sand plumes" (Coleman et a/., 
1981). Since construction of the Aswan Dam, water and sediment discharge to the delta 
have decreased, and the entire delta is undergoing transgression. After Fisher et a/. (1969) 
and Sestini (1989). 
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Figure 2 Sandbody geometries of the six delta types of Coleman and Wright (1975) plotted 
on the river-, wave- and tide-dominated tripartite classification of Galloway (1975). 
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mouth bars. In any given river mouth or river mouth sediments (Martinsen, 
delta, inertial, frictional, and buoyant 1990; Pulham, 1989; Harris, 1989). 
forces may be operative in varying pro- Deltas comprise three main subenvir- 
portions. Recent work has attempted to onments; theWta :p ta i~  (where river 
distinguish the relative importance of processes dominate), dwdelta from 
these processes in classifying ancient (where river and basinal processes are 

Figure 3 Representative modern examples of river-dominated, wave-dominated and tide- 
influenced deltas. Modified from Fisher et a/. (1969). River-dominated deltas are classified 
into lobate (shoal-water), and elongate (deep-water or birdfoot deltas). In the Mahakham 
example (after Allen et a/., 1979), delta front deposits comprise sandy siltstones and mud- 
stones. 

Figure 4 Development of a shallow water delta in Atchafalaya Bay, Mississippi Delta. A) 
River-dominated lobe forms by the coalescing of distributary mouth bars (black), suggesting 
friction dominance. 0)  As the delta grows, the mouth bars accrete upstream and downstream 
(compare. 1976 and 1982 shorelines). After Van Heerden and Roberts (1 988). 

both important) and th@p&delt~(where 
basinal processes dominate). several 
examples are shown in Figure 3. 

Qlelta plains+ulually contain @Rib@ 
*@ry channt$ls and a wide variety of non- 
marine to brackish environments in-. 
biuding\swamps, marshes, tidal flats, an& 
! interdistributa@?hs1ys, 

Tpe delta f?%$ is the site of much of 
thefactive deposition in d e l t c  environ- ; 
rnents, particularly at the mouths of dis- 
tributaries where the coarsest sediment * -  

is deposited in distinct bars. Distributay 
fm~u th  b a a  (also referred to as stream 
mouth or middle-groundbbaisj are rela- 
tively small features in modern deltas; 
their development is influenced by 
marine processes and grain size. In 

Pdbeper water mud-dominated deltas- 
that build into relatively quiet marine 
basins (low tidal range, low wave 
action), the positions of distributary 
channels may be fixed for long periods. 
LThg sandier distributarv mouth bars 
!hen prograde to form elongate b e  
,finaers. as in the modern Mississippi 
"birdfoot" delta;(Fig. 3). By contrast, in 

Fsiltier or sandier systems deposited in 
shallower waterj distributaries switch 

, 'more rapidly and coalesce to f o m r e l  
ToDate deltas. as76the Lafourche (Fx . - 
$Zid74t~haf~la~a (Fig. 4) deltas. 

The prodelta is the area where fine 
1 material settles quietly out 'of SUSjEn* 
sionblt is commonly extensively biotur- 
bated, and merges seaward with fine- 
grained sediment of the basin floor& The 
preservation of some silty lamination is 
commonly taken to mark the influence 
of the delta, as opposed to total biotur- 
bation of the basin floor sediments. 
Where the sediments are rhythmically 
laminated, there may be a tidal influ- 
ence (Smith eta/., 1990). 

Rpart from the nature of the fluvial- 
input and the reworking of the deposits 
by waves and tides,Fothet factors may- - - 
also influence the deita form. Coleman 
and Wright (1975) emphasize the ge- 
ometry and nature of the receiving 
basin, the nature of the drainage basin, 
the tectonic setting, the gradient of the 
shelf, and the climate. In addition, rela- 
tive sea level changes (due to the inter- 
action of eustasy and rates of sub- 
sidence) will influence the extent of 
delta growth and destruction. Reading 
and Orton (1991) also emphasize that 
sediment size and compositions affect 
the nature and distribution of deltaic 
facies. 
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These factors are not all independent. 
Sediment type and rate of supply, for 
example, will be a function of the size, 
relief, and climate in the drainage basin. 
Relief may be dependent on the tec- 
tonics of the drainage basin. Wave or 
tide energy may be a function of 
eustasy, shelf slope, size and shape of 
the receiving basin, and climate. 
Sediment type and rate of supply were 
also influenced by the absence of land 
plants in pre-Devonian rocks, resulting in 
higher sedimentation rates and a greater 
proportion of fan-deltas (Mia11,1984; 
Stow, 1986).i:Fan~deltas m u r  where al-' 
luvial fan systems, consisting of many 
rivers, build directly into a standing body, 
of water with no intervening coastal-or, 
delta plain and are usually coarse 
grained. ThB topic is dealt with most re- 
cently by Colella and Prior (1 990). 

BASIC DELTAIC MORPHOLOGY 
The term delta includes all the delta 
plain, delta front and prodelta deposits 
of a particular river. R delta may be 
composed of severai~distinct lobes, 
which stack irregularly or shingle side 
by side as the river changes position- 
from time to time.iThus one lobe may 
be forming while earlier lobes are sub- 
siding and being transgressed. 

Deltas basically consist of a sanm 
Tramework fleshed out with finer 
grained deposits In river-dominated 
systems such as the Mississippi, the 
sandbodies reflect positions of distribu- 
tary channels, and generally trend per- 

pendicular to shoreline. tFiner grained ! ~ v a v e - d o m i ~ p p a P 4 C S t . ~ t Y  ...*- m.-- . fo-be 
sediment is deposited as overbank ma- moredb%ate and to have smooth; 
terial during flood stages of the river, on 
the floodplain', in bays, swamps, 
marshes, and ?n -other standing bodies ' 
of water, commonly as crevasse splays 
(Fig. 5). 
~"W[th increasing wave influenee: thea. 

'sand fra-eTds to, b-e.- ~ e . w o r m  
-alonqshore and the fi&r fraction swep@ 
out to sea7as in the Rhone delta in 
southern France (Fig. 3). S a ~ ~ o c h s ,  
trend parallel to the shoreline, in";1"? 
within the delta properrfines only accu-' 
mulate in lagoons behind the s h o d  
parallel beaches and beach ridges?" 
This spectrum of delta morphologies is 
shown in Figs. 1, 2 and 3. These dif- 
fering processes and morphologies 
form the basis for delta classifications. 

CLASSIFICATION OF DELTAS 
The commonly used tripartite classifi- 
cation (Figure 6 in Chapter 1, from 
Galloway, 1975) is based on the rela- 
tive importance of fluvial processes 
versus basinal processes (waves and 
tides, Fig. 2). FlbVIaily dominated f 
:deltas tend to display an overall digis 
tate morphology. These types of deltas 
have also been termed "high-construc- 
tive" by Fisher et a/. (1 969). In contrast, 

Uarcuate to cuspate margins (Figs. 1, 2 
and 3). These were termed "high-de- 
structive" (Fisher et al., 1969), but 
because all deltas are to some degree 
"constructive", the term "high-destruc- 
tive" is misleading. Wdal prtrcesses* 
goform sandbbdies ohhnfed parallel to 
the directions of the tidal currents; 
Yhese are roughly pepzndicular to re- 

/ gional shorelines,fbut may be parallel' 
to the banks of estuaries and large em- 
bayments of th$ coastline!. 

Coleman and Wright (1975) recog- 
nized that the sandbody geometry of a 
delta should uniquely reflect the rela- 
tive importance of fluvial and marine 
processes. All of their delta geometries 
(Fig. 2) emphasize narrowing and 
thickening of sands toward a point (i.e., 
fluvial) source, but the seaward mar- 
gins differ as explained above. 

More recent work on deltas at conti- 
nental margins has resulted in recog- 
nition of a new type of delta, termed a 
!%elf margin or shelf ,edge delta - ."-- 
(Edwards, 1981 ; Fig. 6). Sandbodiesri'n 
these seftings are ofttn__aligned along 
,strike, but are controlled -by large-scale 
and rap'id _subsidence along growth 
'faults, rather than wave processes. , 

Figure 5 Infilling of interdistributary bays 
by historically dated crevasse "subdeltas" 
in the modern Mississippi birdfoot delta. Figure 6 Block diagram contrasting lobate shoal-water (or shelf phase) deltas and shelf 
Simplified from Coleman and Gagliano edge deltas. Note thickening of facies across growth faults i~ the shelf edge delta. After 
(1964, Fig. 5). Edwards (1 981). 



FACIES SUCCESSIONS WITHIN 
DELTAIC DEPOSITIONAL SYSTEMS 
In addition to sandbody geometries, 
Coleman and Wright (1975) presented 
a series of composite vertical facies 
successions through the prodelta, del- 
ta front and delta plain environments 
of each of their delta types. Idealized 
facies successions represent "norms", 
and may be very useful points of refer- 
ence for outcrop studies where three- 
dimensional control may be limited, 
but, as with all norms, they should not 
be used unthinkingly. Typical facies 
successions through the dominantly 
marine (prodelta and delta front) and 
dominantly nonmarine (delta plain) 
parts of deltas, mostly in river- and 
wave-dominated settings, are outlined 
below. 

Prodelta and delta front 
successions 
@?Tatlation of a delta bbe will tend to2 
pmduce a single, relatively thick coaTd- 
bning-upward facies successior? (Fig. 7) 
Bhowing a transition from mudd ie  
fhcies of-the piodelta into the sandier 
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Vacies ot the deltX front and mouth bar 
environments (Elliott, 1986; Coleman 
and Wright, 1975). Thicknesses may 
range from a few metres to a hundred 
metres depending on the scale of the 
delta and the water depth.'ContTTued 
progradation may result in delta plais 
facies ovPHyiRg the delta frcmtsands in. 
a continuous succession.~6VV(?ver, cTel- * 

?a front sands may be-partially eroded* 
by-progradation of the distributarp 
channel over its own mouth bar (Fig. 7). 
Commonly, progradational delta lobe 3 
successions are truncated by thin trans-s 
bressive aband6nh"eX-~k5~Wg. 8). 

In shelf edge deltas .fFig. 6), thick 
coar~;i~g-~~pwafidelta fiont succa 

isions are commonly completely pre- 9 

Served in thicker depzsils across thd 
'seaward downthrown portion of growth* e 
faults!%h=4he ghatlower landward pofi 
tions, greater reworking by shalTow-" 
marine processes can result in mars 
complex facies successions=(Winker 
and Edwards, 1983). 

The specific nature of the facies in 
prograding prodelta and delta front 
successions will depend on the pro- 

Figure 7 Tfiidal .coarsening-upward facies succession formed as a result of prograding 
mltaic lobes and mouth bars. Mississippi example shows a composite of a thicker mouth bar 
succession below and the more irregular bay fill successions above. From Elliott (1986); 
modified after Coleman and Wright (1975). Rhone example (left) shows progradation of a 
mouth bar forming an asymmetrical coarsening-upward succession, whereas Rhone exam- 
ple (right) shows truncation by a distributary channel, and has a more symmetrical profile. 
Rhone examples from Elliott (1986; modified after Oomkens, 1970). 

RHONE 

60-150 M C-U 

MOUTH BAR SUCCESSION TRUNCATED 
PROGRADATION BY 13 M F-U CHANNEL 

cesses influencing sediment transport, 
deposition, and reworking. In addition, 
coarsening-upward facies successions 
can be produced by the progradation 
of other types of depositional systems, 
as discussed in the definitions above. 

- -. . - 
re: . - .  = 0 - - 

- - - 
0 - - - 
f e 

River-dominated deltas 
rfTiQb~dorninated deltas, &mddia 
w% 
massive to well stratified and may 
ishow gradebedd ing  (F~gs. 7 and 
$A). The graded beds may result from 
I )  the settling of material carried out in 
suspension as a buoyant plume& or 2) 
from density undeiflows generated aJ 
the river mouth- during times of high 
dibchBrge*'(Wright et a/., 1988). The 
amount of bioturbation is variable, de- 
pending on rates of sedimentation and 
grain size of sediment supplied. Wave- 
formed structures are uncommon. 

FILL; FLUVIAL-DISTRIB. 

70 M C-  U SUCCESSION ; 
PROGRADING 
COASTAL BARRIER 

&edimeri~d6foriafion features, 
bresultina from hiah sedimentation , " " 

rates, are common in river-dominated- 
deltas,; and may" b-e on 'a  very large & 
scale and involve large proportions of 

55 

'the delta;-front sediment$, as in 'the 
Missssippi TColeman eta/., 1983). 

front facies show the 
'predominance of dE~osition""by7luvial 
processes in distributary mouth bar 
environments. v5 may include unidi- 

frectional current ripples and cross 
"bedding or ~ s s i v e  gratfed-6e6; d e - w  
pending on the importance of  frictional^^ 
versus inertial processed (Martinsen, 
1990). High rates of deposition may 
result in rapid burial, and preservation -nt 

of the fluvially formed structures. Varia- 
tions in discharge in the fluvial system 
may produce a somewhat irregular 
coarsening-upward, with interbedded 
burrowed mudstones throughout the 
succession (Fig. 8 A ) f ~ S W e d  organit 
,matter is commonly high in river-dmi- 
nated delta fronts.-Fresh or brackish 
water influence may be reflected in 
brackish faunal and trace faunal as- 
semblages (Moslow and Pemberton, 
1 988; Bhattacharya and Walker, 1 991), 
syneresis cracks (Plurnmer and Gostin, 
1981), and early diagenetic siderite 
(Coleman and Prior, 1982; Bhattacharya 
and Walker, 1991 ). 

Wave-dominated deltas 
*Storm- and wave~dominated deltas 
,commonly consist of a series of pro- 
grading beach and beach-ridge cow- 
plexes, with sand fed from a nearby 
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Flgure 8 A) (above left) Comparison of 
delta front successions in river-dominated, 
wave-influenced, and wave-dominated 
deltas in the Upper Cretaceous Dunvegan 
Formation, Alberta. After Bhattacharya and 
Walker (1991). The river-dominated succes- 
sion is the most irregular. Basal mudstones 
are increasingly bioturbated with decreasing 
fluvial influence. B) (above) facies legend 

. for Dunvegan figures 8,9 and 10. 

Figure 9 (left) Comparison of distributary 
channel fill successions in fluvial- and 
marine-dominated deltas of the Dunvegan 
Formation (Cretaceous, Alberta). In the 
marine-dominated system, the distributary 
fill reflects transformation of the distributary 
into an estuary. After Bhattacharya and 
Walker (1991). Arrow indicates transgres- 
sion. 



----- - - - -. . -. . - - -- .. _. . ._ - _.. 

9. DELTAS 163 

river (e.g., Rhone). $qe delta 'front-! Tide-influenced deltas t r & m W h @ ~ a n l 1 ' B ~ ~ t h e f  %iBs reflem 
(Figs. 7 and 8 [wave-dominated Tidally influenced prograding delta "tidal influence. smith et a/. (1990) de- 
column]) Ps ~lsually characterized by"a fronts, such as the Fraser in Canada, scribe tidal rhythmites (see Chapter l l )  
&Eati-wsly continuous coarsenine the Mahakham in Indonesia, and the in glacio-marine prodelta sediments in 

-<.,%i%rA%.=-. -, 
IJpwZiFa-s success~on character- Niger in Africa, also show an overall Alaska and suggest that similar pro- 
[stic of a wave-dominated shoreface $ 
(Chapter 12). The proportion of wave- , i 

thin irregular cycles and overall increase in 
proportion of nonmarine facies upward. Figure 11 Ancient examples of dendritic "shoestring" sandstones interpreted as river-dorni- 
After Bhattacharya and Walker (1 991). nated, elongate deltas. A) Pennsylvanian Booch sandstone (Oklahoma), after Busch (1971). 
MFS, maximum flooding surface. B) Muldon delta (Pennsylvanian, Mississippi/Louisiana) after Cleaves and Broussard (1980). 
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cesses may be applicable to nonglacial 
meso- and macro-tidal deltaic settings. 
Leithold et a/. (1989) and Kreisa et a/. 
(1989) document tidal cyclicity in 
ancient prodelta sediments. 

TCd% Indicators. in delta front sands 
rinclude herr6gbone cross bedd i f j i da l  ' 
bundles, 4nd reactivation surface3 
(Chapter 1 I ) ,  although these features 
are also found in many nondeltaic tidal 
settings. Some of the "tide-dominated 
deltas" that have been identified in the 
literature fall equally well into other de- 
scriptive settings, for example, offshore 
tidal sand ridges (Klang-Langat in 
Malaysia) or estuaries (Ord River in 
Australia). We therefore emphasize that 
the deltaic terminology can only be 
applied where three-dimensional control 
exists and where the systems clearly 
show evidence of seaward progradation. 

Figure 12 Major deltaic lobes of the Mississippi Delta; 1 - Outer Shoal, 2 - Maringouin, 3 - 
Delta plain successions Teche, 4 - St. Bernard, 5 - Lafourche, 6 - Modern. Lobes 1-3 (plain) belong to transgressive 
Distributary channels systems tracts (TST), and lobes 4-6 (stippled) belong to a highstand systems tract (HST) (see 

Facies successions through distribu- Fig. 13). Heavy dots indicate subaqueous sand bodies; in lobe 1, Outer Shoal and in lobe 2, 
Ship Shoal. The heavy line, particularly around the margins of lobes 4 and 5, indicates barrier 

taries (Fig' 9, are erosionally based' islands. The line A-A' shows the location of Figure 13. Simplified from Boyd et al. (1 989). 
Filling commonly takes place after 
channel switching and lobe abandon- 
ment. At this time, the distributary 
channel may develop into an estuary, 
and the fill is commonly transgressive 
(see also Chapter 11). lT@%id@vsuc+ 
tesxan wT~.tefid:-F6W1e upwarQt. with 
some preserved fluvially derived facies .: 
at the base3 and a greater propqrtion of 3 

marine facies in the upper part of the $ 

channel fill. The extent of marine facies 
development will depend on the degree 
of fluvial dominance. Examples of these 
different types were presented by Bhat- 
tacharya and Walker (1991) from dis- 
tributaries in Cretaceous deltaic 
systems in Alberta (Fig. 9). 

The overall proportion of distributary 
channel facies is a function of the type 
of delta. In general, the more wave- 
dominated the delta, the greater will be 

Figure 13 Sequence stratigraphic inter- 
pretation of the Mississippi delta plain based 
on identification of a major eustatically en- 
hanced transgression between the Techel 
Maringouin delta complex (TST, lobes 2-3), 
and the younger LafourchelModem complex 
(HST, lobes 4-6). The cross section shows 
the major systems tracts, located in Figure 
12. The sea level history chart shows auto- 
cyclic and allocyclic units; the major lobes 
are interpreted as autocyclic in origin, while 
the lobe complexes are allocyclic. After 
Boyd et al. (1 989). 
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the proportion of lobe sediment with 
more limited amounts of interlobe and 
distributary channel facies. 

lnterdistributary areas 
lnterdistributary and interlobe areas 
tend to be less sandy, and commonly 
contain a series of relatively thin, 
stacked coarsening- and fining-upward 
facies successions (Fig. 10). These 
are usually less than ten metres thick, 
and much more irregular than the suc- 
cessions found in prograding deltaic 
lobes (compare Figs. 8 and 10; also 
see Elliott, 1974). The proportion of 
lobe versus interlobe successions will 
depend on the nature and type of delta 
system and will tend to be greater in 
more river- or tide-influenced systems 
and less in wave-dominated deltas. 

lnterdistributary areas in 
river-dominated deltas 
An interdistributary bay is filled by over- 
bank spilling of fine-grained material 
from the river during flood stages. 
There is an overall shallowing-upward 
facies succession, associated with a 
trend from more marine to more non- 
marine facies, but commonly without 
the deposition of thick sands (Fig. 10). 

REOCCUPATION * 

This represents the transition from off- 
shore prodelta mudstones into delta top 
facies without the development of a 
sandy shoreline (Walker and Harms, 
1971; Bhattacharya and Walker, 1991). 
The muddy nature of interdistributary 
bay successions may be punctuated by 
sandy crevasse splay or channel de- 
posits that may produce thin coars- 
ening or fining cycles (Coleman and 
Prior, 1982; Elliott, 1974). The succes- 
sion may grade into rooted coaly mud- 
stones or coals representing a variety 
of swamp, marsh and lacustrine envi- 
ronments. In addition, beach sands as- 
sociated with the development of 
barrier strandplains, spits, or cheniers 
may be present at the tops of these 
successions, although they will prob- 
ably be relatively thin. Interlobe areas 
may also act as the locus for prograda- 
tion of the next lobe and may be ero- 
sively truncated by younger distributary 
channels. 

lnterdistributary areas in 
wave-influenced deltas 
lnterdistributary bays may often be 
completely closed off by barrierlbeach 
complexes in wave-dominated deltas 
(e.g., the Nile, and the Sao Francisco in 

EROSIONAL HEADLAND 
I I 

SUBSIDENCE 

3 BARRIER ISLAND ARC 

Brazil), resulting in extensive back- 
barrier lagoons. These may be filled 
from the landward side by progradation 
of bayhead deltas or from the barrier 
side by storm washovers (as discussed 
in Chapter 10). Deposits are commonly 
organic-rich, with marsh vegetation or 
mangroves. 

lnterdistributary areas in 
tide-influenced deltas 
Tidal processes may be important in 
interdistributary bays (even in river- 
dominated deltas) resulting in tidally 

Figure 15 Transgressive surface (T) 
capping interdistributary sediments of the 
Dunveqan Formation. The surface 
separates nonmarine heterolithic sand- 

Figure 14 Stages in the evolution of a delta, based on Mississippi examples. Note the contrast stones and mudstones containing root 
between the constructional (active) phase (panel 1) and the transgressive destructional (or non- traces (R) below, from the deeper marine 
deltaic) stages (panels 2-4). In panel 1, levees and delta front sands are stippled, and mouth mudstones (M) above. Note the absence of 
bars are black. In panels 2-4, stipple indicates sand that is reworked during transgression. This an intervening shoreline sandstone or 
reworking forms barrier island arcs (panels 2-3), which can be submerged to form inner shelf distinctive transgressive lag. From well 12- 
shoals (panel 4). Simplified from Boyd and Penland (1988). 31-62-2W6, 7556 feet. Scale in cm. 
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influenced facies such as tidal flats or 
tidal channels (Allen et a / . ,  1979; 
Ramos and Galloway, 1990). These 
are especially common in modern tid- 
ally influenced deltas such as the 
Niger, Fraser, and Mahakham deltas. 
Ancient examples of tidally influenced 
facies in delta plain settings include 
those published by Ramos and 
Galloway (1 990), Eriksson (1 979) and 
Rahmani (1988). 

CASE STUDIES OF MODERN 
DELTAS AND THEIR ANCIENT 
COUNTERPARTS 
The delta models described above are 
based on the morphologies and facies 
patterns of several modern deltas. A 
few case studies will be discussed, to 
place the facies successions into a 
larger context. 

NORTHWEST 
\ 

River-dominated deltas 
The modern Mississippi birdfoot lobe 
(Balize delta) is the type example of 
an elongate, river-dominated delta 
(Fig. 3). It is characterized by a 
skeleton of radiating, shore-normal bar 
finger sands that formed by the pro- 
gradation of distributary mouth bars 
(Fisk, 1961). The very straight nature 
of the bar fingers is largely due to lack 
of reworking of sands in the marine 
environment and the muddy nature of 
the sediments; wave action is slight 
and the tidal range is very low. The 
birdfoot is also situated in relatively 
deep water, close to the edge of the 
continental shelf, where the subaerial 
levees of the distributaries can only 
build straight forward on top of the 
mouth bar deposits. Overall, the facies 
are dominated by muds with well-de- 

veloped coarsening-upward mouth bar 
successions (Fig. 7) within the bar 
fingers. Associated sands in the imme- 
diate subsurface (Coleman, 1981) 
show a greater degree of strike align- 
ment related to growth faults. The rate 
of fluvial sediment input is so great, 
and the marine processes relatively so 
weak, that the skeleton of bar finger 
sands, radiating from the Head of 
Passes, has developed during the last 
600-800 years. The skeleton has been 
fleshed-out by deposition in interdis- 
tributary bays from historically dated 
crevasses in the channel levees (Fig. 
5). Each bay fill is in effect a small 
delta, building from the crevasse in the 
levee. 

The modern Mississippi birdfoot 
delta owes its morphology to an un- 
usual set of circumstances (very high 

SOUTHEAST 

Figure 16 Subdivision of the Dunvegan clastic wedge into seven allomembers (A to G) bounded by major marine flooding surfaces. The al- 
lomembers contain offlapping shingled units (numbered) which provided the basis for mapping discrete deltaic depositional systems. The 
cross section is based on hundreds of well logs and cores, and is condensed from Bhattacharya and Walker (1991). 



river input into a relatively deep marine 
basin with low wave action and tidal 
range). The birdfoot is artificially main- 
tained in its present position by the 
U.S. Army Corps of Engineers, who 
restrict or prevent the diversion of the 
Mississippi River into other channels 
hundreds of kilometres upstream, and 
who protect the banks and dredge the 
channels within the birdfoot to keep 
the shipping channel to the port of 
New Orleans open. 

RIVER-DOMINATED DELTA 

WAVE - INFLUENCED DELTA 

WAVE-DOMINATED DELTA 

- 
BARRIER ISLAND 

Figure 17 Spectrum of sandbody geome- 
tries shown bv sandstone isolith maDs of 
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Despite the artificial setting of the 
Mississippi birdfoot delta, there do 
appear to be some Paleozoic analogs 
(Fig. 1 1 ; Busch, 1971 ; Cleaves and 
Broussard, 1980). Similar analogs 
have been described from the subsur- 
face of the Texas Gulf Coast (e.g., 
Fisher et a/., 1969), and Ayers (1 986) 
documented elongate and lobate del- 
tas in Cretaceous lacustrine strata in 
the Western Interior Seaway of North 
America. 

By contrast, river-dominated deltas 
in shallower water are characterized 
by a greater degree of lobe and river- 
mouth switching, which tends to form 
thinner and more lobate deltas. Most 
of the other lobes in the Mississippi 
delta plain were deposited in shallower 
water than the modern birdfoot delta. 
They are lobate in shape and the best 
example is the Lafourche delta lobe 
(Fig. 3). 

There are many well-documented 
examples of ancient river-dominated 
deltas of this type (e.g., Elliott, 1975; 
Bhattacharya and Walker, 1991; 
Bhattacharya, 1991 ; Miall, 1976; 
Horne et a/., 1978; Pulham, 1989). 
Cretaceous and Tertiary examples in 
the Gulf Coast are summarized by 
Fisher and McGowen (1967) and 
Galloway (1 975). 

Lobe abandonment in 
the Mississippi Delta 
As well as the present birdfoot, there 
are several distinct older lobes (Figs. 
12,. 13). These have been abandoned 

due to river avulsions, and regional 
subsidence is now causing them to 
sink beneath the waves. In the earliest 
stages of transgression, sand is win- 
nowed at the lobe margin to form 
beaches and beach ridges (Fig. 14). 
During storms, sand is washed over 
the beach ridges onto the abandoned 
delta top, and the beach - beach-ridge 
complex moves landward, keeping 
pace with the transgressing sea. The 
preserved deposits of this transgres- 
sion consist essentially of washovers 
and beaches, although as older 
beaches are in turn transgressed, the 
beach stratification is extensively bio- 
turbated. Thus a transgression of this 
type might be identified by a thin (tens 
of centimetres) bioturbated sandstone 
(with other coarse winnowed frag- 
ments, pebbles and shells) resting 
abruptly on vegetated delta top facies 
with in situ root traces. 

In some of the Mississippi lobes, the 
rate of subsidence has been so great 
that the delta top has become sub- 
merged as a shallow sea, before the 
passage of the beach-ridge complex; 
this has been stranded out to sea as a 
barrier island. An example is the St. 
Bernard Lobe (Figs. 12, 14), which is 
now separated from the Chandeleur Is- 
lands (barrier) by Chandeleur Sound. 
The sound is protected by the barrier 
from most wave action, and the contin- 
uing transgression of the St. Bernard 
lobe is extremely quiet, with no wave 
action and no winnowing of the edge of 
the lobe. It follows that no distinct win- 

shingles within various allomembers in the 
Upper Cretaceous Dunvegan Formation Figure 18 Reconstruction of a river-dominated delta in shingle El of the Dunvegan, based 
(Alberta). Based on data presented by on sand isolith maps (Fig. 17) and facies successions in cores (Figs. 8, 9 and 10). Modified 
Bhattacharya and Walker (1991). after Bhattacharya (in press) and Bhattacharya and Walker (1991). 
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nowed deposit or transgressive lag will 
be formed. Instead, brackish-water and 
marine mudstones will overlie delta top 
mudstones and siltstones (with in situ 
root traces) with the most subtle and 
imperceptible transition (i.e., the trans- 
gression of the mainland in Stage 2 of 
Figure 14). A possible ancient analog 
for subtle transgression is shown in 
Figure 15, from the Cretaceous 
Dunvegan Formation in Alberta. In al- 
lostratigraphic terminology, these 
subtle surfaces are important bounding 
discontinuities; they could easily be 
overlooked in the stratigraphic record. 

The Dunvegan Delta 
The Dunvegan Formation of Alberta 
represents a heterolithic wedge of mud- 
stones and sandstones, up to 300 m 
thick, deposited from the actively rising 
Western Cordillera into the adjacent 
Cretaceous Interior Seaway. The term 
"Dunvegan Delta" has been applied to 
this entire undifferentiated sedimentary 
package. 

In a study area of about 30,000 km2 
in the subsurface of Alberta, 
Bhattacharya and Walker (1 991) rec- 
ognized seven through-going trans- 
gressive surfaces. These were used to 
subdivide the Dunvegan wedge into 
seven allomembers (Fig. 16). Each of 
the allomembers could be further sub- 
divided into several shingled offlapping 
units separated by less extensive sur- 
faces of transgression and regression. 
The discontinuity-bounded shingles 

and allomembers provided the strati- 
graphic basis for facies mapping and 
paleogeographic reconstruction. 

Sandbody geometries within indi- 
vidual shingles (Fig. 17) revealed a 
wide range of deltaic to shoreline 
related depositional systems, including 
some superb examples of ancient 
river-dominated deltas (Fig. 18; Bhatta- 
charya, 1991). The abundance of core 
data allowed reconstruction of the 
lateral facies relationships both down 
dip (Fig. 19) and along depositional 
strike. The cores also facilitated the de- 
velopment of summary vertical facies 
successions for the various compo- 
nents in the different deltaic systems 
(Figs. 8, 9, and 10). 

Wave-dominated deltas 
Well-studied modern wave-dominated 
deltas include the Rhone (France; 
Oomkens, 1970), Nile (Egypt; Sestini, 
1989), and Tiber (Italy; Bellotti et a/., 
1989). These deltas are built of broad 
sandy lobes with an arcuate to cuspate 
geometry (Figs. 1, 2 and 3). The 
Rhone (Fig. 3) has at least two major 
lobes, whereas the Nile (Fig. 1) repre- 
sents a single broad lobe with two 
presently active distributaries. These 
deltas prograde as sand, supplied by 
one or more distributaries, is reworked 
along the shoreface by wave-induced 
currents, and deposited in the 
shoreface, and in beach and beach- 
ridge complexes. Beach-ridge com- 
plexes can detach from the delta to 

form spits, cutting off lagoons behind 
the spits (Fig. 20). Distributary feeder 
channels make up only a small part of 
the areal facies distribution. Other as- 
sociated channelized facies include 
tidal inlets within the spit and barrier 
sands. 

The Sao Francisco delta of Brazil 
has long been quoted as the classic 
example of a wave-dominated delta 
(Coleman and Wright, 1975). However, 
recent work by Dominguez et al. 
(1 987) has emphasized the importance 
of sea level fluctuations on delta devel- 
opment, particularly a relative fall of 
about 5 m during the last 5000 years. 
This fall has made a new source of 
sand available to the shoreline, namely 
the inner shelf. These sands are incor- 
porated into the longshore drift, and 
are deposited at places where the 
Ion shore drift system is interrupted, 
such as at river mouths. These pro- 
cesses are illustrated in Figure 12 of 
Chapter 12. Dominguez et a/. (1987, p. 
125) note that "along the Brazilian 
coast, sediments provided in this way 
were more important than the fluvial 
input". Nevertheless, the Sao 
Francisco can still be regarded as a 
delta, because it is a "protuberance in 
the shoreline at a point where a river 
enters the ocean". 

Wave-dominated deltas have been 
identified in the geological record. One 
of the best examples occurs in the 
Upper Cretaceous San Miguel For- 
mation in the subsurface of Texas 

OFFLAPPING DELTAS 
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Figure 19 Dip-oriented well log (A) and core (8) cross sections of the Upper Cretaceous Dunvegan Formation, showing offlapping clinoforms. 



(Weise, 1980). lsopach maps of ten 
sandy stacked lobes in the San Miguel 
showed a wide variety of different sand- 
body morphologies (Fig. 21), including 
some text-book examples of wave- 
dominated cuspate deltas. Weise 
(1980) related the differences in sand- 
body geometry to differences in wave 
and fluvial energy. Limited core infor- 
mation suggested that many of the 
sandbodies were extensively reworked, 
giving the facies the signature of storm- 
and wave-dominated shelf sandbodies 
(Chapter 12). The sandbody geome- 
tries, however, are more suggestive of 
a deltaic origin. 

Wave-influenced deltas 
Wave-influenced deltaic systems show 
facies successions that are intermediate 
between the river- and wave-dominated 
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end members. Examples from the 
Upper Cretaceous Dunvegan Formation 
in Alberta (Fig. 8, middle column; 
Bhattacharya and Walker, 1991) and 
from the Carboniferous (Namurian) of 
Western Ireland (Pulham, 1989) show 
well-developed coarsening-upward 
facies successions. In the Dunvegan, 
plan view geometries shown in isopach 
maps (Fig. 17) clearly establish the 
deltaic origin. Soft sediment deformation 
features, relatively little burrowing, and 
abundant graded bedding are common 
in the prodelta mudstones (as in the 
prodelta mudstones in many river-domi- 
nated deltas), and indicate relatively 
high sedimentation rates (Fig. 8, middle 
column). The delta front sandstones, 
however, are wave rippled to hummocky 
cross stratified, suggesting that storm 
and wave processes were significant. 

Figure 20 Gascoyne River delta, Western Australia. R = river flow; A = alongshore drift; 
W = wave reworking of deltaic sediments onshore; L = lagoon cut off by alongshore drift of 
sand. Photo courtesy of Dave Feary. 
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F(gwe 21 Spectrum of river-dominated (left) to wave-dominated (right) deltas in the Upper 
Cretaceous San Miguel Formation (Texas) after Weise (1980). The isopach maps are con- 
knred in 20 foot (6.1 m) intervals, with maximum thicknesses of about 120-140 feet (36-43 m). 

Tide-influenced deltas 
Mixed-influence deltas show a combi- 
nation of the effects of river, wave, and 
tidal processes. The Niger (Africa; Fig. 
22) and Mahakam (Indonesia; Fig. 3) 
are classic examples (Allen, 1965; 
1970; Allen et a/., 1979). The Niger 
(Fig. 22) comprises a well-developed, 
sandy wave-dominated beach ridge 
system cut by numerous tidal channels, 
with an extensive tidally influenced 
delta plain behind. Sandy distributary 
mouth bars are also present. 

Tides also affect sediment transport 
patterns in the Niger. During flood tides, 
sediment is trapped on the delta plain 
but is flushed seaward during ebb tides, 
in similar manner to that described by 
Smith et a/. (1990). Prodelta sediments 
in the Niger comprise heterolithic mud- 
stones, silts and sandstones. 

Tidal ranges in the Mahakam delta 
area are in the 2-4 m (mesotidal) range 
(Allen et a/., 1979), although wave 
energy is far less than in the Niger. 
Sand is relatively minor in the system 
and is largely confined to the distribu- 
taries and tidally modified mouth bars 
(Fig. 3). Interdistributary tidal channels 
may actually incise deeper than the dis- 
tributary channels, but are usually mud 
filled. Beach ridges are developed, but 
are composed of retransported lignite 
rather than quartz sand. Mapping on 
the basis of sandbody geometry indi- 
cates a dendritic, shoestring pattern, 
similar to those shown in Fig. 11; in the 
absence of core information, the tidal 
influence might easily be overlooked. 

Ancient tide-influenced deltas have 
been described from the subsurface 
underneath the modern Mahakham 
(Verdier et a/., 1981), from the Precam- 
brian in South Africa (Eriksson, 1979), 
and the Eocene of Oregon (Kreisa et 
a/., 1 989; Leithold eta/., 1 989). 

Shelf edge deltas 
Shelf edge deltas (Fig. 6) are better 
known from Quaternary and older units 
beneath the Rhone shelf (France, 
Tesson et a/., 1990) and the Gulf Coast 
(Suter and Berryhill, 1985; and Ed- 
wards, 1981). The modern Mississippi 
is probably the closest modern 
analogy. In many shallow shelf settings 
and shallow epeiric seaways, where 
fault-induced subsidence is not a sig- 
nificant control, sand thickness and 
facies maps are good indicators of 
delta type (e.g., Horne et a/., 1978; 
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Cleaves and Broussard, 1980; Weise, 
1980; Bhattacharya and Walker, 1991). 
In shelf margin deltas, percentage sand 
maps, rather than sand thickness, may 
show geometries more comparable 
with those of Coleman and Wright 
(1975). Thus they may give a better in- 
dication of the degree of wave versus 
fluvial influence (Fig. 23; Winker and 
Edwards, 1983; Duncan, 1983). 

In outcrop, shelf edge deltas may 
show spectacular soft sedimentary de- 
formation features (Fig. 24) related to 
growth faults and shelflslope instability, 
analogous to those seen on seismic 
sections (Coleman et a/., 1983). 

STRATIGRAPHIC ARCHITECTURE 
AND LATERAL FACIES 
VARIABILITY 
Deltaic deposits are characterized by a 
prograding clinoform geometry (Fig. 19, 
25, 26; Berg, 1982), as was first recog- 
nized by Barrell (1912) and Scruton 
(1960). This geometry can be seen in 
downdip seismic profiles of modern and 
ancient deltas, and can be recon- 
structed in core and well-log cross sec- 
tions (Fig. 19; Bhattacharya, 1991). It 
can also be seen in rare outcrops (Fig. 
26), where there is enough lateral conti- 
nuity of exposure to show the facies re- 
lationships and facies geometry. Berg 
(1 982) discussed typical seismic facies 
in deltaic depositional systems and sug- 
gested that s&y-wav~~dominated 
systems tend_to__be_haracterizeddby a 
m~eeshinu1ed~@f_e.rn. The +-- - ".-- muddier 7 
river-dominated delta types-tend to I 

(Fig. 258). Offlapping clinoformal ge- 
ometries have also been recognized in 
the Late Quaternary wave-dominated 
sediments of the Rhone shelf (Tess.on 
et2kG 1$$Q and in many other studrs 
(Suter and. Beyhi!!,. 198% Brown and_ 

~ i ~ u r e  26). 
Depositiona! clinofp_[m gradients 

ha=ssrange of values in di'f 
ferent settings. Clinoform gradients of 
shelf edge deltas in the Gulf of Mexico 
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Figure 22 Environments and facies in the modern Niger delta, a mixed wave- and tidsin- 
fluenced delta. A) Plan view, showing overall cuspate shape (wave influence) and mean- 
dering channels within mangrove swamps (tide influence). 6) Schematic facies distribution 
from landward to seaward. Modified after Allen (1970). 



(Suter and Berryhill, 1985). Gradients 
of the Rhone shelf edge de%iVe?= \ .- 

\age about 11a14.4.. - ill- 1 degie'e, whereas gradi- 
Trig in late Cretaceous deltas in the 

' 
Alberta basin average 0.1 degrees. 
The much higher slopes in the Gulf 
Coast and Rhone shelves result in 
greater instability of the shelf edge 
sediments where large-scale synsedi- 
mentary deformation features are 
common. Soft-sediment deformation 
features in the Alberta examples are 
apparently limited to loading rather 
than large-scale slumps, slides, or 
growth faults. 

- - -- - -- 
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The clinoform model provides a norm 
that predicts that surfaces should dip 
seaward as facies become finer-grained. 
Along strike, facies relationships may be 
less predictable and depositional surfaces 
may dip in different directions. This is par- 
ticulariy so in more river-dominated deltas 
where along-strike reworking is not signifi- 
cant and abrupt facies transitions may 
ockur between distributaries and interdis- 
tributary areas (Bhattacharya,l991). 
Overlapping delta lobes result in lens- 
shaped stratigraphic units that exhibit a 
mounded appearance on seismic lines 
(Fig. 25A). 

SLICK SAND 
UPPER WlLCOX 

SANDSTONE 

crtm interval 

Figure 23 Per cent sandstone, and net sandstone thickness maps of the Eocene Slick 
Sand (interpreted as a shelf edge delta), Texas Gulf Coast. Per cent sandstone map gives 
best indication of lobate nature. Growth faults (heavy lines on net sandstone thickness map) 
have a fundamental control of facies distribution, with thickening on the downdip (south- 
eastern) side. After Winker and Edwards (1 983). 

DELTAIC SYSTEMS TRACTS 
Systems tracts (linkages of related con- 
temporaneous depositional systems) 
form an important conceptual frame- 
work for understanding the larger scale 
relationships between depositional 
systems. They also help in the interpre- 
tation of relative sea level changes and 
allow sedimentary rocks to be studied 
in the context of sequence stratigraphy 
(Brown and Fisher, 1977; Van Wa- 
goner et a/., 1990). Deltas deposited 
during times of relatively high sea level 
(highstand systems tracts) are usually 
confined to the shelf and deposited in 
shallow water. These shallow water 
deltas are characterized by rapid lobe 
switching. In  fluvially dominated 
systems, Lafourche-type shoal-water 
lobate deltas are formed (Figs. 3, 6). 
During times of sea level fall, elongate 
deltas may result from progradation into 
deeper water on the mid to lower shelf, 
especially when sediments are rela- 
tively fine grained. If sedimentation rate 
just keeps up with relative sea level fall, 
lobe and channel switching will be sup- 
pressed, enhancing the elongate geom- 
etry. These types of elongate deltas 
have been discussed by Suter and 
Berryhill (1985) and Galloway (1975). 

Deltas deposited after a relative fall 
of sea level (lowstand or shelf margin 
systems tracts) commonly overlie an 

Figure 24 Growth fault (top right to bottom 
left), with thickening of the main sandstone 
(SS) beds toward the fault; this indicates that 
the fault was active during sand deposition. 
Fault activity is also indicated by the curva- 
ture (rolling over) of the sandstones toward 
the fault. The fault stopped mobing after de- 
posotion of these sandstones, and a trian- 
gular (T) wedge of sediment was deposited 
before the uppermost layers were deposited 
flat across the area. Foohagh Point, County 
Clare, western Ireland; Pennsylvanian 
Central Clare Group. 
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incised topographic surface caused by 
the preceding fall. Lowstand deltas 
commonly prograde into deeper water 
than deltas confined farther landward 
on the shelf and their morphology may 
be partly controlled by the underlying 
topography. This topography may also 
be controlled by seaward-directed 
growth faults, especially in passive 
margin settings, resulting in sandbodies 
oriented parallel to depositional strike 
(Fig. 6). Wave power is commonly more 
concentrated at the shelf edge resulting 
in wave- and storm-influenced deltas. 
Examples include the Quaternary low- 
stand deltas on the Northwest Gulf 
Coast (Suter and Berryhill, 1985), and 
interpreted wave-dominated shelf edge 
deltas associated with the Rhone 
(Tesson et a/., 1990). 

During times of active sea level rise, 
(transgressive systems tracts) deltaic 
deposition will commonly be sup- 
pressed because river-borne sediment 
accumulates on the aggrading flood- 
plain. Where active deltaic deposition 
does occur, the fluvial influence is 
minimal and tide- and wave-dominated 
deltas will tend to dominate. Perhaps 
more importantly, flooding of river 
valleys during transgression forms es- 
tuaries. In many estuaries, the constric- 
tion amplifies the tidal range, forming a 
series of tidally influenced sandbodies 

Figure 25 Typical stratigraphic geom- 
etries of deltaic depositional systems 
showing offlapping clinoforms. A) schematic 
from Berg (1 982). B) offlapping clinoforms in 
the Mississippi delta plain (after Frazier, 
1974). C) Seismic (sparker) profile through 
the modem Brazos delta showing offlapping 
clinoforms, and thickening of section across 
growth faults. A similar thickening is seen in 
sediments of the modern Mississippi Delta 
lobe (Fig. 12). Compare with Fig. 19. 

Figure 26 Seaward-dipping clinoform 
beds in river-dominated delta front sand- 
stones of the Upper Cretaceous Ferron 
Member of the Mancos Shale, Utah. Photo 
has been reversed so that beds are shown 
dipping to the right (compare with Figure 
25). Deltaic beds pass laterally into 
prodelta shales of the underlying Tununk 
Member. Width of outcrop about 340 m. 

parallel to the trend of the estuary. 
Some of these sandbodies have been 
termed "tide-dominated deltas" (e.g., 
the Ord in Australia, Coleman and 
Wright, 1975). Similarly, continued 
transgression may result in a series of 
tidally influenced sandbodies on the 
shelf. Some of these have also been 
termed deltas (e.g., the Klang-Langat 
in Malaysia, Coleman and Wright, 

1975). In  this edition of Facies 
Models, these so-called "tidal deltas" 
are discussed along with other tidally 
influenced sandbodies in Chapter 11. 
The transgressive to relatively high- 
stand position of sea level today may 
result in the present preponderance of 
estuarine shorelines and tidally domi- 
nated shelf sandbodies. In the past, 
during times when sea level was 

A 
DELTA PLAIN 

SEA FLOOR 

STRIKE 
SECTION 

B OFFLAPPING DELTAIC SYSTEMS 
MISSISSIPPI DELTA PLAIN 

(anor Fruler, 1~74)  

c BRAZOS DELTA 

0 
VERTICAL EXAGOERATION = 18 X - 0.1 

- 0.2 

- 0.3 

- 0.4 

- 0.5 

sec 
b 



either stable or falling, there may have 
been fewer tidally dominated sand- 
bodies. 

The concept of systems tracts also 
provides a way of linking the different 
types of depositional systems reviewed 
in this book. Active development of 
deep water submarine fans is com- 
monly related to the development of 
shelf edge deltas in lowstand systems 
tracts. Development of fans may also 
correlate with the incision of alluvial 
systems in a landward direction. Active 
submarine fan development commonly 
ends with a rise of relative sea level, 
and may coincide with development of 
shoal water deltas in a transgressive or 
highstand systems tract. Thus the gen- 
eralizations embodied in the definitions 
of systems tracts allow the tracts to be 
used predictively in the sense of large- 
scale facies models. Thus one part of a 
given systems tract may be important in 
predicting the appearance and nature 
of a related part. 

AUTOCYCLIC AND 
ALLOCYCLIC CONTROLS OF 
DELTA DEVELOPMENT 
The paralic setting of deltaic deposi- 
tional systems means that they tend to 
be very sensitive indicators of relative 
sea level change. The repeated devel- 
opment of similar facies successions 
('cyclicity") due to switching delta lobes 
is a very common feature in many 
deltaic depositional settings, such as 
coal-bearing successions in the Penn- 
sylvanian of the U.S. (Horne et a/., 
1978), the Carboniferous cyclothems of 
the U.K. (Elliott, 1975; Pulham, 1989), 
and the Devonian Catskill deltaic 
wedge of the Appalachians (Woodrow 
and Sevon, 1985). The cause of this 
cyclicity has long been a matter of 
debate, comparing and contrasting au- 
tocyclic and allocyclic processes. 
Autocyclic processes are intrabasinal 
in origin, and are related to the sedi- 
mentological behaviour of the deposi- 
tional system. In deltaic systems they 
include lobe switching and river avul- 
sion. Allocyclic processes are extra- 
basinal in origin and can include 
eustasy, tectonics in the source area 
and receiving basin, climate and other 
factors. Allocyclic processes tend to 
produce more widespread effects. 

In many deltas, the switch from one 
lobe to another is due to river avulsion 
(an autocyclic change). As the older 
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lobe subsides, its coarsening-upward 
facies succession is capped by a boun- 
ding discontinuity or marine flooding 
surface (Chapter 1) due to local trans- 
gression. A group of delta lobes, repre- 
sented by a group of shingled and/or 
stacked coarsening-upward facies 
successions (perhaps formed in a high- 
stand systems tract), might be sepa- 
rated from another group of lobes by a 
more extensive bounding discontinuity 
(formed during a eustatic rise of sea 
level (an allocyclic change). The re- 
gional transgression would lead to the 
development of a transgressive systems 
tract, topped in turn by a maximum 
flooding surface, before re-establish- 
ment of the next deltaic system of the 
highstand systems tract. 

AUTOCYCLIC AND ALLOCYCLIC 
EVOLUTION OF THE MODERN 
MISSISSIPPI DELTA PLAIN 
Until very recently, the seven succes- 
sively younger overlapping delta lobes 
that make up the Mississippi delta plain 
were interpreted to have formed as a 
result of autocyclic processes, with 
major river avulsions leading to lobe 
switching (Scruton, 1960; Kolb and van 
Lopik, 1966; Frazier, 1967). Shifts in 
the shoreline position were local, and 
applied to individual lobes rather than 
the delta complex as a whole. In this in- 
terpretation, the transgressive abandon- 
ment facies capping one lobe are 
time-equivalent to an entire, actively 
prograding lobe elsewhere. 

This model of Mississippi delta devel- 
opment has recently been modified due 
to the discovery of a eustatically en- 
hanced transgressive surface of erosion 
(Boyd eta/., 1989). The surface is dated 
about 3340 years ago, and separates the 
older Maringouin-Teche delta complex 
from the younger Lafourche-St. 
Bernard-Modern complexes (Fig. 13), 
strongly suggesting an allocyclic control. 
The older Maringouin-Teche system is 
interpreted to represent deposition of 
progressively backstepping lobes, 
formed during an overall transgression, 
which culminated in the laterally exten- 
sive Teche shoreline. The younger lobes 
prograded during the ensuing highstand, 
to form a highstand systems tract. All 
lobes except the modern birdfoot are 
presently being transgressed as the delta 
complex subsides (due to underlying tec- 
tonic control in the Gulf of Mexico). 

The less extensive transgressive 

surfaces (marine flooding surfaces) 
between successive lobes within the 
transgressive and highstand systems 
tracts are interpreted as autocyclic in 
origin (Fig. 13). They are different from 
the more extensive eustatically en- 
hanced allocyclic transgressive sur- 
face of erosion that separates the two 
major delta systems. As discussed 
earlier, the expression of some of the 
marine flooding surfaces may be ex- 
tremely subtle. 

The youngest (Balize) Mississippi 
delta lobe shows some similarities to 
the Quaternary lowstand shelf edge 
deltas described by Suter and Berryhill 
(1985), deposited during the late 
Wisconsinian drop of sea level. This is 
clearly the result of an artificially con- 
trolled increase in sedimentation rate 
resulting from the efforts of the U.S. 
Army Corps of Engineers to keep the 
existing distributaries open. Human in- 
terference is clearly at odds with the 
autocyclic tendencies of the Missi- 
ssippi River, which is presently at- 
tempting to switch into the course of 
the Atchafalaya River and flow into 
Atchafalaya Bay. 

OTHER EXAMPLES OF 
ALLOCYCLIC CONTROL 
IN DELTA DEVELOPMENT 
In many delta studies, it is difficult to 
separate autocyclic and allocyclic con- 
trols, although as a rule, bounding 
discontinuities developed during auto- 
cyclic changes tend to be more wide- 
spread. The problem may be com- 
pounded if other factors (e.g., sedi- 
mentation rates) are important. For 
example, Winker (1982) has shown that 
progradation of pre-Pleistocene shelf 
margin deltas was not synchronous 
across the Gulf Coast and therefore 
argues against a purely eustatic 
control. Rather he invokes an allocyclic 
control caused by increases in sedi- 
mentation rates induced by periods of 
tectonically induced uplift in the associ- 
ated Cordilleran drainage basins. This 
resulted in localized deposition of shelf 
margin systems tracts. Human interfer- 
ence can also be regarded as extra- 
basinal (allocyclic), and has affected 
other rivers than the Mississippi. In 
Italy, the progradation of the Po delta 
(Nelson, 1970) has largely been 
caused by man-made efforts to main- 
tain the course of the Po River, re- 
sulting in an increase in long-term 
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sedimentation rate. In contrast, the Nile 
delta (Sestini, 1989) is currently under- 
going an overall transgression as a 
result of decreasing sedimentation 
rates caused by construction of the 
Aswan Dam farther upstream. 

Allocyclic processes (such as a low- 
ering of relative sea level) may result 
in valley incision and juxtaposition of 
unlike facies. In the Upper Cretaceous 
Horseshoe Canyon Formation in Al- 
berta, estuarine valley fills are incised 
into the older deposits of wave-domi- 
nated prograding shorefaces and 
deltas (Rahmani, 1989). These deltas 
had been previously interpreted as tide 
dominated. However, it is now realized 
that the tidally dominated estuarine 
valley fills are not genetically related to 
the older prograding shorefaces char- 
acterized by hummocky and swaly 
cross stratification, and interpreted as 
wave- and storm-dominated. As has 
been shown above (Fig. 14), during 
transgression, a deltaic depositional 
system may evolve into an estuary or 
barrier island system, thereby losing its 
deltaic character. The transgressive de- 
posits are commonly underlain by a 
transgressive surface of erosion, re- 
sulting in facies that are genetically un- 
related to the underlying progradational 
deltaic phase (Fig. 8). 

In the Dunvegan example discussed 
above (Fig. 16), the basin-wide allo- 
member-bounding transgressive sur- 
faces were interpreted as allocyclic in 
origin, resulting from times of tectoni- 
cally induced increases in subsidence. 
In contrast, most of the less extensive 
shingle boundaries were interpreted as 
autocyclic (Bhattacharya, 1988). Pro- 
gradation of the Dunvegan wedge as a 
whole has been inferred to be partly 
forced by a eustatic drop of sea level 
(Bhattacharya, 1988). 

CONCLUSIONS 
This chapter has attempted to look at 
the traditional river-, wave- and tide- 
dominated deltaic facies models, incor- 
porating the latest ideas of fluctuations 
of relative sea level. Deltas are com- 
plex three-dimensional progradational 
depositional systems. However, in re- 
sponse to changes in controlling pa- 
rameters, the deltas may be trans- 
formed into other depositional systems 
and vice-versa. An increase in sedi- 
mentation rate, or a channel avulsion, 
could transform a prograding strand- 

plain into a delta. Alternatively, given a 
steady rise of relative sea level, a river 
channel or distributary might widen into 
an estuary with tidally influenced sand 
bars (i.e., a tidal "delta" such as the 
Ord River in Australia). The estuary 
might in turn be drowned, and the 
system would evolve into a series of 
shallow-marine, tidal sand ridges 
(Yang and Sun, 1988). 

In other settings, waves are impor- 
tant in modifying deltaic sediments 
during transgressions. Around the mar- 
gins of the Mississippi delta, such mod- 
ification has produced winnowed 
sandbodies that began as beach ridge 
complexes, were detached as barriers, 
and have now been drowned as shoals 
(e.g., Ship Shoal in Fig. 13; Penland et 
a/., 1987). Depending on the larger 
stratigraphic context, these may be re- 
garded as components of deltaic 
systems or as distinct depositional 
systems. 

The definition and understanding of 
a depositional system depend partly 
upon the scale of observation and ob- 
jectives of the study. The distribution of 
sand at the surface in many modern 
deltas may not characterize the sand- 
body geometry in the immediately un- 
derlying deposits. In many so-called 
tide-dominated deltas, transgressive 
reworking of the uppermost veneer of 
sediments (i.e., destructional phase) 
may not reflect the sedimentary pro- 
cesses in the major proportion of the 
underlying regressive deltaic package 
(i.e.,constructional phase). The same 
may be true for modern wave-domi- 
nated deltas such as the Nile. This 
delta is currently being transgressed, 
but it contained better developed lobes 
in the past and may have been more 
river dominated (Sestini, 1989). Never- 
theless, the important point is the un- 
derstanding of how environments 
change as the controlling parameters 
(particularly relative sea level) change, 
rather than assigning names to deposi- 
tional systems. These changes are 
now becoming fairly well understood in 
many deltaic settings, and deltaic sys- 
tems are therefore ideal for testing 
other stratigraphic concepts, and for 
making predictions about other parts of 
a basin. This perhaps explains the pre- 
sent emphasis on deltas and shore- 
lines in sequence stratigraphic models 
(Van Wagoner eta/., 1990; Boyd et a/., 
1989; Bhattacharya and Walker, 1991). 
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INTRODUCTION 
In the simplest sense, modern barrier 
islands consist of long, narrow sand bo- 
dies that separate offshore muddy sedi- 
ments from lagoonal muddy sediments. 
However, barrier island systems seldom 
retain their initial geometry and facies 
relationships when preserved in the ge- 
ological record. Relative fluctuations of 
sea level result in their preservation 
either as transgressive lagoonal and 
back-barrier deposits, or as regressive 
(pmgrading) shoreface successions. In 
the latter situation, the lagoon com- 
monly fills in, and the barrier system be- 
comes a prograding strandplain. 

This chapter focuses on transgres- 
sive barrier island and related estuary 
and lagoon environments in wave-dom- 
inated settings, where tidal ranges are 
usually micro (0-2 m) or mesotidal (2-4 
m). It has been estimated that only 
about ten per cent of the world's barriers 
occur on coastlines where the tidal 
range exceeds 3 m (Glaeser, 1978), 
and barrier islands are extremely rare in 
macrotidal (greater than 4 m) coastal 
areas. 

The objectives of this chapter are 1) 
to describe the facies and environ- 
ments of transgressive barrier.island 
and estuary systems, 2) to document 
the various facies successions formed 
during barrier evolution, and compile 
these successions into depositional 
models for use in interpreting ancient 
rocks, and 3) to relate the models to 
concepts of allostratigraphy and se- 
quence stratigraphy. 

DEPOSITIONAL SETTING OF 
BARRIER ISLAND AND 
ESTUARINE SYSTEMS 
Wave-dominated shorelines in inter- 
deltaic and nondeltaic coastal regions 
are characterized by elongate, shore- 
parallel sand deposits. These can occur 
as 1) a single mainland-attached beach 
(Fig. 1 A), 2) a broader strandplain con- 
sisting of multiple parallel beach ridges 

(Fig. 1 B), 3) a broad regressive barrier 
island also composed of multiple paral- 
lel beach ridges (Fig. lC), or 4) a 
narrow transgressive barrier island (Fig. 
ID). The barrier islands are wholly or 
partially separated from the mainland by 
a lagoon, estuary or marsh. A regres- 
sive barrier (Fig. 1C) is similar to a 
strandplain (Fig. 1 B), but the latter is 
much wider and connected to the main- 
land. Strandplains also lack extensive 
enclosed lagoonal environments and 
tidal channels. As regressive barriers 
build seaward, the associated lagoon 
and tidal channels commonly fill in, and 
the barrier develops into a strandplain. 
These regressive barrier deposits and 
genetically related strandplains are dis- 
cussed in Chapter 12. 

Barrier island chains contain three 
main geomorphological elements (Fig. 
2), 1) the sandy barrier islands them- 
selves, 2) the enclosed lagoons or es- 
tuaries behind the barriers, and 3) the 
tidal channels that cut through the bar- 
riers and connect the lagoons to the 
open sea. Thus the barrier island sys- 
tems contain three major clastic depo- 
sitional environments (Fig. 3), 1) the 
subtidal to subaerial barrier-beach- 
dune complex, 2) the subtidal-intertidal 
lagoon, tidal flats and marsh, and 3) the 
subtidal-intertidal channels and tidal 
delta complexes. In strandplain settings 
(Fig. 1 B) the subaerial beach-dune 
complex would be the dominant depo- 
sitional environment, whereas in bay- 
mouth-barrier systems (Figs. 1 C, D), 
subtidal lagoonal, estuarine, tidal chan- 
nel and tidal delta environments would 
be most prevalent. Thus barrier islands 
are composite depositional systems, 
each displaying a combination of the 
three environments, within the broad 
spectrum of depositional settings ranging 
from barrier island to strandplain. 

In transgressive settings, there is 
also a spectrum of depositional settings 
ranging from 1) barrier islands that 
protect lagoons with few rivers flowing 

into the lagoons (Fig. 4A), through 2) 
more extensive lagoons with several 
drowned river mouths (Fig. 4B), into 3) 
funnel-shaped drowned river valleys 
(estuaries) with few or no barriers at 
the estuary mouth (Fig. 4C). This gra- 
dational relationship between lagoons, 
lagoonal estuaries and estuaries (Fig. 
4) was related to tidal range by Hayes 
(1975, 1979). Hayes observed not 
only that barrier islands were rare on 
macrotidal coastlines, but that there 
were morphological differences be- 
tween barrier islands on microtidal and 
mesotidal coastlines. Microtidal barrier 
islands tend to be long and narrow, 
with abundant storm washover fea- 
tures (Fig. 5) but few well-developed 
tidal channels and associated tidal 
deltas. Because there are few chan- 
nels, storm surges tend to overtop the 
barrier forming extensive overwash 

Figure 1 Generalized diagram illustrating 
the morphological relationship between 
beaches, strandplains and barrier islands, 
in regressive and transgressive settings. 



conduits. Mesotidal barrier islands tend 
to be shorter and stunted, and charac- 
terized by large well-developed tidal 
channels and tidal deltas. According to 
Hayes (1 975, 1979), microtidal barrier 
islands can be considered to be wave- 
dominated as opposed to mesotidal 
barriers which are affected by both 
wave and tidal current processes. 

In general, wave-dominated coasts 
will be subjected to low tidal ranges 
and tide-dominated coasts to high tidal 
ranges. However, as pointed out by 
Reinson (1981) and Davis and Hayes 
(1 984). exce~tions to this aeneraliza- , . 
iion are common due to other control- 
ling factors such as wave energy and 
tidal prism. In particular, the overprint- 
ing by the tidal prism can also produce 
tide-dominated morphologies on 
coasts with microtidal ranges. 

ORIGIN AND OCCURRENCE OF 
BARRIER ISLANDS AND 
ESTUARIES 
Barrier islands 
The three main hypotheses for the 
origin of barrier islands have been re- 
viewed at length by Schwartz (1973), 
Swift (1975), Field and Duane (1976), 
and Kraft and Chrzastowski (1985). 
They include I )  the aggradatibn and 
emergence of submarine bars, 2) spit 
progradation parallel to the coast and 
segmentation of the spit by channels, 
and '3) isolation of beach and beach- 
dune complexes due to coastal sub- 
mergence. The controversy remains 
largely unresolved because most of 
the evidence pertaining to origin has 
usually been destroyed by subsequent 
modification. 

Swift (1975) and Field and Duane 
(1 976) consider that barrier formation by 
the emergence of submarine bars is in- 
significant compared to the other two 
mechanisms. This is because a sub- 
marine bar would have to aggrade 
through the surf zone; it is more likely 
that wave action would wash away the 
bar crest and prevent emergence. Swift 
(1 975) favours submergence of coastal 
plain beach-dune complexes as the 
most important mode of formation. This 
mechanism is pictured elsewhere in this 
book (Figure 14 of Chapter 9), with ref- 
erence to barriers around parts of the 
Mississippi Delta. With an overall sea 
level rise during the Holocene, it is cer- 
tainly the most feasible mechanism for 
explaining the evolution, if not the initial 

- 

origin, of most of the extensive barrier 
island regions existing today. 

Spit progradation parallel to the coast 
initiates and modifies modern barriers. 
Many extensive barrier island chains 
probably have had a composite mode 
of origin, both by spit progradation and 
coastal submergence. Variations in 
sediment supply and wave climate 
could easily induce periodic spit elon- 
gation in specific localities while sub- 
mergence of coastal ridges was oc- 
curring on a more regional scale. 

Barrier islands and strandplains are 

more prevalent in coastal settings 
which have a low-gradient continental 
shelf adjacent to a low-relief coastal 
plain, an abundant sediment supply, 
and moderate to low tidal ranges 
(Glaeser, 1978). Both the shelf and 
coastal plain are composed of uncon- 
solidated sediments which provide a 
source for the littoral drift necessary to 
accrete barrier islands. 

Estuaries 
Estuaries are found worldwide in all 
types of climates and tidal conditions 

Figure 2 Oblique aerial view in September, 1980, of a small barrier-island system on the 
northeast coast of New Brunswick, showing the linear barrier-beach (B), the tidal inlet (I) 
through the barrier, and the lagoon (L) behind the barrier. Note the flood-tidal delta (F) and the 
back-barrier marsh (M) developed on abandoned delta deposits. 

DUNES 

Figure 3 Block diagram illustrating the various subenvironments in a transgressing barrier- 
island system. Note the development of bounding discontinuities (undulating lines) below the 
transgressing marsh, and in the shoreface. 
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Rgure 4 Diagram illustrating the grada- 
morphological relationships between Figure 5 Oblique aerial photo of the barrier beach at Cavendish, Prince Edward Island, 

Lagoons ( A ) f  lagoona' estuaries (B)l Canada, illustrating lobate washover fan deposits (W) extending into the lagoon (left). The 
drowned estuaries and dune ridge (D) is dissected by many washover channels. Note the occurrence of a dual bar 
benier-islands. system (delineated by the zones of breaking waves) in the nearshore zone (right). This is a 

microtidal area, with a tidal range of about 0.7 m. Photo taken in September, 1980. 
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Rgure 6 Classification of estuaries (based on volume of the tidal prism) illustrating morphological, oceanographic, and sedimentological charac- 
teristics of each estuary type. See Ashley (1988) and Cook and Mayo (1977) for Great Sound and Broad Sound examples, respectively. 



(Olausson and Cato, 1980). They are 
best developed on mid-latitude coastal 
plains, with wide continental shelves 
that are undergoing marine submer- 
gence. Estuaries also occur on coasts 
with overdeepened valleys resulting 
from glaciation or tectonic activity. How- 
ever, the underlying reason for the exis- 
tence of estuaries is the Holocene rise 
of sea level. This began about 15,000 
years before present (B.P.), when sea 
level was about 120 m below its 
present level (Emery, 1967; Milliman 
and Emery, 1968). The rapidity of sea 
level rise during early Holocene was in- 
strumental in the formation of estu- 
aries, because river valleys were 
inundated so quickly that infilling could 
not keep pace with the rise of sea 
level. From about 3,000 years B.P. to 
the present, sea level has been rising 
relatively slowly, and the rate of in- 
filling of estuaries over that time period 
has been rapid (Meade, 1969). Thus 
the formation and lifespan of an 
estuary depends on the balance be- 
tween relative sea level rise and 
volume of sediment input (Nichols and 
Biggs, 1985). Clearly, with respect to 
the ancient record, estuarine deposits 
provide evidence of transgressive 
events, and form part of the transgres- 
sive systems tract. 

ESTUARINE SYSTEMS - 
DEFINITION AND CLASSIFICATION 
There is presently much debate as to 
what constitutes an estuary. Most geol- 
ogists think of an estuary as a drowned 
river valley, whereas hydrologists con- 
sider bodies of water to be estuarine if 
the salinity is less than that of seawater. 
Oceanographers regard estuaries as 
bodies of water in which river water 
mixes with and dilutes seawater. The 
most widely used, and best general 
definition states that "an estuary is a 
semi-enclosed coastal body of water 
which has free access to the ocean and 
within which seawater is measurably di- 
luted by freshwater from land drainagen 
(Pritchard, 1967). 

The oceanographic and geomorpho- 
logical classifications of estuaries 
(Pritchard, 1967; Fairbridge, 1980; 
Kennedy, 1982; Nichols and Biggs, 
1985) are not very useful for delin- 
eating estuarine facies or character- 
istic facies successions that can be 
used to interpret rock sequences. The 
sedimentological and morphological 

classification proposed here for 
coastal plain estuaries (Fig. 6) is prob- 
ably applicable on a worldwide basis, 
and can be applied to the interpreta- 
tion of ancient estuarine sequences, 
as will be shown later. 

The classification (Fig. 6) is based 
on the premise that the interaction of 
the tidal prism and freshwater dis- 
charge are responsible for generating 
characteristic circulation types and 
sedimentary response patterns. In 
coastal plain settings, the volume of 
the tidal prism in microtidal and 
mesotidal estuaries increases with 
estuary surface area. At any given 
time during a transgression, the es- 
tuary surface area is a function of 
drainage basin area and therefore 
freshwater discharge. In macrotidal 

estuaries, tidal prism is largely a func- 
tion of tidal range, which completely 
overwhelms the effects of freshwater 
discharge. As mentioned previously, 
obvious wave-dominated coasts gen- 
erally experience relatively low tidal 
ranges, and the effects of ever in- 
creasing tidal range (from microtidal to 
high mesotidal) are clearly evident in a 
spectrum of depositional morphologies 
(Hayes 1975, 1979). The classification 
recognizes such a spectrum of estu- 
arine types (lagoonal to open-ended) 
based on variation in tidal prism and 
freshwater discharge, and a singular 
estuarine type (tidal) that is dominated 
by tides (discussed in Chapter 11). 

The terms used in Figure 6 have a 
descriptive physiographic connotation, 
but also imply a level of interaction 

Flgure 7 Schematic diagram illustrating the tripartite depositional realm characteristic of most 
partially closed to open-ended estuaries. The stratigraphic columns illustrate grain size trends 
associated with 1) fluvial fining-upward successions, 2) coarsening-upward trends in the turbidity 
maximum zone (mixed marine-fluvial), and 3) fining-upward trends associated with marine 
sands filling the estuary mouth; here, the fining upward reflects continuing transgression. 
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b 
1 1 between the opposing river and tidal 

forces. Lagoonal implies a relatively 
i quiescent system, open-ended an ac- 
i t i e  but balanced system, and tidal a 

system dominated by one process. 
The lagoonal estuary is small, gener- 

ally shallow, and almost completely en- 
dosed by a barrier bar. It has a small 
tidal prism, low freshwater input (rela- 
tive to other estuarine types) and is 
characteristic of microtidal coastal 
areas. Such estuaries are usually par- 
tially stratified to well mixed, depending 
on the magnitude of seasonal varia- 
tions in freshwater input. Winds play a 
dominant role in the mixing process. 

The open-ended estuary is generally 
wide-mouthed with no entrance restric- 
tions. It has an intermediate tidal prism, 
with intermediate to high freshwater in- 
put. It occurs in mesotidal and low 

macrotidal areas and in microtidal 
areas where freshwater inputs are high 
enough to affect the size of the tidal 
prism. The circulation in such estuaries 
generally varies between partially strat- 
ified and highly stratified, and winds 
play a minor role in the mixing process. 

The pa~fially-closed estuary is transi- 
tional between the lagoonal and open- 
ended types (Fig. 6). Freshwater input 
is sufficient to form partially- to highly- 
stratified circulation patterns. Seasonal 
variations in freshwater input, and 
winds, appear to affect the circulation 
in the transitional estuarine type more 
than in the open-ended type. 

Tidal estuaries have large tidal 
prisms and occur only in areas sub- 
jected to extreme tidal ranges. Es- 
tuaries that are transitional between 
the open-ended and tidal types may 

I UPPER 
ESTUARINE ESTUARINE 1 FLUVIAL ) FUNNEL 1 CHANNEL 

A 

occur. However, it appears that there is 
a critical tidal range at which the con- 
tinuous depositional spectrum (Fig. 6) 
is broken, and tides dominate all other 
processes. 

In estuaries that lie in the lagoonal to 
open-ended spectrum (Fig. 6), there is 
commonly a tripartite subdivision of de- 
positional realms (Fig. 7), 1) marine, 2) 
mixed marine-fluvial and 3 )  fluvial. 
These correspond to the estuary 
mouth (where littoral sand is swept into 
the estuary from the ocean), the 
central basin area (characterized by 
silts and muds) and the bayhead delta, 
or upper reaches of the estuary (char- 
acterized by alluvial sands and 
gravels), respectively. The three-fold 
depositional concept was introduced 
by Bird (1967) and Kulm and Byrne 
(1967), and further refined in subse- 
quent studies by Reinson (1 977a), Roy 
(1984), Boyd et a/. (1987), and Zaitlin 
and Shultz (1990). Tidal estuaries do 
not have a tripartite sand-mud-sand 
zonation, but tend to change from 
coarse-grained tidal bars to high-ener- 
gy sand flats to extensive intertidal 
fluvial mudflats in the landward direc- 
tion (Zaitlin and Shultz, 1990; Dal- 
rymple et al., 1992). 

It is noteworthy that the well-studied 
macrotidal Gironde estuary (France) 
has a pronounced tripartite deposi- 
tional framework (Figure 8). This is not 
inconsistent with the classification in 
Figure 6, since spring tides in the 
Gironde are only in the 5 m range. This 
low macrotidal range thus allows wave 
processes and fluvial discharge to 
iffect the estuarine realm sufficiently to 

INLET ESTUARINE TIDAL BAR ESTUARINE FLUVIAL 
MUD POINT BAR POINT BAR 

render it open ended rather than tidal. 

FACIES AND FACIES 
SUCCESSIONS OF BARRIER 

TIDAL BAR TIDAL ESTUARINE FLUVIAL POINT BAR ISLAND SYSTEMS AND ESTUARIES 
POINT BAR The three main environments of a 

TIDAL FLAT: Rippled 
sand fining upward 
to mud. 

SUBTIDAL-INTER 
TIDAL: Upward 
thickening sand 
beds.abundant 
clay laminae. 

TIDAL FLAT: Rippled 
sand fining upward 
to mud. 

CHANNEL: Upward 
thinning sand beds. 
abundant clay 
laminae. 

FLOODPLAIN: Levee 
muds with crevasse 

rate to coarse 
grained sand. 

Figure 8 Schematic illustration of the variable facies successions occurring along a longi- 
tudinal profile within a Gironde-type macrotidal, or open-ended, estuary. Modified from Allen 
(1 991). 

barrier island system (barrier beach, 
lagoon, tidal channel-and-delta com- 
plex) are made up of a number of 
subenvironments (Fig. 3), each of 
which is characterized by distinct litho- 
facies. Facies of the barrier beach, 
channel and delta environments are 
mainly sand and gravel, whereas the 
lagoonal (back barrier) deposits can 
consist of both mud and sand. Barrier 
beach deposits are elongate bodies 
which parallel the strandline and 
enclose finer grained deposits of the 
lagoon. Tidal channel and associated 



tidal delta sands are generally oriented 
perpendicular or oblique to the barrier 
complex, and can extend into the la- 
goon and seaward into the nearshore 
zone (Fig. 3). The transition between 
lagoon deposits and barrier, channel 
and delta deposits occurs in the over- 
lapping subenvironments of the back- 
barrier tidal flats, marsh, washover 
fans and flood tidal deltas. 

Estuaries contain several subenvi- 
ronments, including tidal channels, tidal 
deltas, tidal flats, marshes and subtidal 
bays. The close morphological associa- 
tion of estuaries with lagoons, and in 
turn, lagoons with barrier islands, 
makes discussion of specific facies 
somewhat repetitive. Estuarine de- 
posits will in general be aligned oblique 
to perpendicular to the shoreline partic- 
ularly if they tend to the tidal as op- 
posed to lagoonal type (Fig. 6). 

The extent and occurrence of transi- 
tional deposits in the estuarine system 
(e.g., tidal flats, marshes, washovers), 

and of specific facies within the barrier 
island system, will depend on the 
degree of tide or wave dominance. For 
example, tidal flat deposits will not be 
an important facies in microtidal envi- 
ronments because of the limited tidal 
range, whereas they may be extensive 
in mesotidal environments. Similarly, 
tidal channel and delta deposits are 
likely to be more prevalent in meso- 
tidal than in microtidal environments 
because of the stronger tidal currents 
generated by the larger tidal range. 
The following discussion covers all the 
depositional environments and corre- 
sponding deposits of barrier island 
systems, beach-ridge strandplains, 
and estuaries. 

Barrier beach and related facies 
The depositional subenvironments of a 
barrier beach complex include 1) the 
subtidal zone or shoreface, 2) the in- 
tertidal zone or beach, 3) the subaerial 
zone or backshore-dune landward of 

the beachface and, 4) the supratidal to 
subaerial wave- and wind-formed 
washover flats which extend across 
the barrier into the lagoon (Figs. 3, 5). 
All of these subenvironments and cor- 
responding facies and facies succes- 
sions have been described in detail by 
Reinson (1 984), Elliott (1 986), and 
Thom (1984). 

Shoreface and beach subenviron- 
ments in progradational settings are 
discussed in Chapter 12. In transgres- 
sive settings, shoreface, beach and 
backshore-dune environments are 
subjected to extensive wave erosion. 
In contrast, the deposits of washover 
and lagoonal environments tend to be 
preserved during transgression, and 
will be described in some detail below. 

Washover deposits are formed 
when wind-generated storm surges 
cut through and spill over barriers, cre- 
ating lobate or sheet-like deposits of 
sand which extend into the lagoon 
(Figs. 3, 5). These washover flats then 
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provide corridors for transferring wind- 
transported sand across the foredune 
belt to form back-barrier sand flats. 
This mechanism increases the width of 
the barrier, and creates environments 
favourable for stabilization by marsh 
growth. Modern studies of washover 
deposits indicate that there are two 
dominant sedimentary structures, sub- 
horizontal (planar) stratification, and 
small- to medium-scale foreset strata 
where the washover detritus builds into 
the lagoon (Schwartz, 1982). The de- 
posits range from fine-grained sands to 
gravel, with fine- to medium-grained 
sand being most common. The de- 
posits are generally thin, ranging from 
a few centimetres to two metres for 
each overwash event. In plan, they 
form elongate, semicircular, sheet-like 
or tabular bodies a few hundred metres 
in width and oriented normal to the 
shoreline. Coalescing washover fans 
can be kilometres in width, creating ex- 
tensive washover flats which cover 
large tracts of the inner barrier. 

Recent studies on modern barrier 
island systems have shown that 
washover deposits form a significant 
portion of transgressive barrier sand 

bodies (Fig. 5), especially in microtidal 
regions (Boothroyd et al., 1985; 
Nichols, 1989). During transgression, 
washover is one of the main processes 
by which the barrier island migrates 
landward. Further scouring associated 
with washover is probably one of the 
main mechanisms responsible for the 
initiation of new tidal channels. 

Washover deposits have a high po- 
tential for preservation in a transgres- 
sive succession (Fig. 9). Washover 
facies in the stratigraphic record have 
been described by Bridges (1976), 
Horne and Ferm (1978), and Hobday 
and Jackson (1979), and they are 
probably much more common than 
has been recognized to date. 

Tidal channel and tidal delta facies 
Tidal channel and tidal delta deposits 
are closely related facies, both geo- 
graphically, and with regard to their in- 
ternal sedimentary structures and 
textures (Boothroyd, 1985). The occur- 
rence of tidal delta deposits is gov- 
erned by tidal current processes 
directed normal or oblique to the strand- 
line. The ebb tidal delta forms seaward 
of the barrier (Fig. 3), and is affected 

by longshore and wave-generated cur- 
rents. The flood tidal delta forms land- 
ward of the barrier, and is only slightly 
influenced by wave- and wind-gener- 
ated processes (Fig. 3). 

There are two types of tidal channel 
environments, the main channels 
(inlets) that connect the lagoon to the 
ocean, and the secondary channels 
located adjacent to the tidal deltas and 
back-barrier estuaryllagoon margins. 
Tidal channel facies can occur indepen- 
dently of tidal deltas, as in open-ended 
estuaries, whereas the occurrence of 
tidal delta facies is dependent on the 
presence of tidal channels. 

Tidal channel deposits 
Tidal channel deposits (Fig. 10) are 
formed by lateral migration (Fig. 1 I ) ,  
as in a meander bend in a river. The 
direction and rate of inlet channel mi- 
gration is controlled by the magnitude 
of net longshore sediment supply. 
Barriers lengthen by spit accretion on 
the updrift side, with a corresponding 
erosion of the downdrift channel mar- 
gin (Fig. 1 l ) .  The shifting of the main 
channel through a barrier causes the 
subordinate tidal channels both land- 
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Figure 10 Tidal channel-fill sequences for an inlet channel located along an active barrier-island, and an abandoned channel situated in a 
back barrier position. After Moslow and Tye (1985). 



ward and seaward of the barrier, and 
the tidal deltas, to shift position also. 
The sand body that is deposited by 
channel migration will be elongated 
parallel to the barrier island, having a 
length equal to the distance the chan- 
nel has migrated. The thickness of the 
channel facies succession (Fig. 10) will 
be equal to the depth of the channel, if 
no subsequent erosion of the upper 
boundary occurs during transgression. 

Channel fill successions resulting 
from barrier inlet migration are charac- 
terized by 1) an erosional base often 
marked by a coarse lag deposit, 2) a 
deep active channel facies consisting 
of bidirectional large-scale planar 
and/or medium-scale trough cross 
beds, 3) a shallow channel (spit plat- 
form) facies consisting of bidirectional 
medium-scale planar cross-beds and 
"washed-out" ripple laminae, and 4) a 
fining-upward textural trend and a re- 
duction in cross bed set thickness 
upward (Kumar and Sanders, 1974; 
Hayes, 1980; Heron et a/.,  1984; 
Moslow and Tye, 1985). 

Ancient tidal channel successions 
have been described by Cheel and 
Leckie (1 990), Ricketts (1 991), Barwjs 
and Makurath (1 978) and Land (1 972). 
The Silurian inlet sequence of Barwis 
and Makurath (1978) consists of a 
channel lag deposit overlain by 4.1 m 
of bidirectional trough and planar 
cross bedded, medium-grained sand- 
stone, with set thickness averaging 15 
cm. The cross bed orientations reflect 
deposition from reversing tidal currents, 
along an axis oblique to the paleo- 
strand. This deep channel facies is 
overlain gradationally by a fine-grained 
sandstone unit (1.8 m thick) domi- 
nated by bidirectional trough cross bed 
sets averaging 2.5 cm in thickness, 
and "washed-out" ripples. The tidal 
channel sequence described by Land 
(1972) averages 8 m in thickness and 
consists of bimodal to polymodal 
trough cross bed sets (from 10 cm to 
90 cm in thickness) in the lower 5 to 6 
m, and subparallel beds in the upper 2 
to 3 m. 

A vertical succession resulting from 
tidal channel abandonment (Fig. 10) 
should consist largely of mud which 
caps thin active inlet channel sands. 
This contrasts with the thick active 
channel sands that form as the result 
of lateral barrier inlet migration. 
Channel fills resulting from abandon- 

ment should be present in flood tidal 
delta regions of mesotidal estuaries 
where tidal channel switching is 
common. Examples of ancient back- 
barrier sand-filled tidal channels 
(Carter, 1978; Devine, 1991) could also 
be interpreted as part of a flood tidal 
delta complex, as will become evident 
in the following discussion. 

Tidal delta deposits 
Hayes (1975) recognized that tidal 
deltas display a common morpholog- 
ical pattern governed by segregated 
zones of ebb and flood flow, and was 
the first to propose generalized models 
for both ebb- and flood-tidal delta de- 
position. Generalized vertical facies 
successions (Fig. 12) were proposed 
by Boothroyd (1985). Ebb tidal deltas 
are almost impossible to preserve in 
the geological record. As the tidal 
channel migrates downdrift, ebb tidal 
deposits become reincorporated into 
the longshore drift system, thereby 

losing their distinctive deltaic mor- 
phology and sedimentary structures. 
Flood tidal deltas can be preserved, as 
part of the lagoon filling (Fig. 9), and 
examples have been described by 
Murakoshi and Masuda (1 991), 
Boersma (1991), Barwis (1990), Cheel 
and Leckie (1990), and Van Wagoner 
et aL (1 990). 

Estuary and Lagoon Facies 
Despite many studies of the geomor- 
phology and sedimentation processes 
of modern estuaries, few geological 
models for estuarine environments 
have been proposed that can be 
applied to the stratigraphic record. 
Estuarine deposits are usually associ- 
ated with submergence and transgres- 
sion, and have a good preservation 
potential in the stratigraphic record. 
However, estuarine successions are 
complex because they straddle 
several coastal and shallow marine 
environments. Consequently, ancient 
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Figure 11 Generalized cross section parallel to shoreline illustrating the development of a 
barrier-inlet sand body by lateral inlet migration. Modified from Hoyt and Henry (1965). 

BARRIER ISLAND 

Figure 12 Ebb- and flood-tidal delta successions, as postulated by Boothroyd (1985). 
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i 
i estuarine deposits are difficult to 
I compare with facies distributions in 

modern estuaries, making model 
building difficult. In the 1980s, the de- 
velopment of sequence stratigraphic 
concepts has led to a revival of estu- 
arine sedimentary environments as 
appropriate analogues for interpreting 
many ancient coastal and incised 
valley fill successions (Rahmani, 1988; 
Reinson et al., 1988; Wood and 
Hopkins, 1989; Leckie and Singh, 
1991). 

Frey and Howard (1986) define an 
estuarine sequence as "a complex of in- 
tertidal and shallow subtidal, mostly 
channel-form intracoastal facies domi- 
nated to some extent by tidal pro- 
cesses, exhibiting conspicuous varia- 
tions in sediment texture, composition, 
and provenance, and in physical and 
biogenic sedimentary structures". The 
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PROXIMAL 
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modified from Rahmani (1989) 

depositional environments comprising 
this complex of facies may encompass 
any number (or all) of the following: 
tidal deltas, inlets, shoals, back-barrier 
beaches and spits, washover fans, 
swash and point bars, tidal flats, 
marshes, stream banks and channels. 
Thus deposits of estuaries and lagoons 
can be recognized as distinct entities but 
consisting of numerous component 
facies. Depending on location within an 
estuary, vertical facies successions 
could consist entirely of cross-bedded 
sands or of laminated muds, or some 
combination of the two. Good exam- 
ples of vertical facies variability within 
a single system are shown in Figures 
7 and 8, and are illustrated by Fletcher 
et aL (1 990). 

Lagoonal sequences generally 
consist of interbedded and interfin- 
gering sandstone, shale, siltstone and 

LOWER CRETACEOUS 

PADDYICADOTTE SUCCESSION 
NORTHWEST ALBERTA 
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coal facies characteristic of a number 
of overlapping subenvironments (Fig. 
13). This variability is clearly illustrated 
in studies of modern lagoons 
(Boothroyd et al., 1985; Hennessy and 
Zarillo, 1987; Ashley, 1988; Oertel et 1 
a/. 1989; Nichols, 1989). Sand facies 
include washover sheet deposits and 
sheet and channel fill deposits of 
flood-tidal delta origin. Fine-grained 
facies include those of the sub- 
aqueous lagoon and the tidal flats, 
which are situated adjacent to the 
barrier or on the landward side of the 
lagoon abutting the hinterland marsh 
and swamp flatland (Fig. 3). Organic 
deposits of coal and peat record 
marsh and swamp environments, and 
usually are very thin, having formed on 
sand and mud flats of the lagoonal 
margin, and on emergent washover 
flats. Abandoned or mature flood tidal 
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Figure 13 Vertical facies successions of three rock sequences interpreted as containing estualy valley-fill deposits. Note that each valley fill 
succession begins above a bounding discontinuity (undulating lines), and reflects a transgressive situation. 



deltas can also become stabilized by 
marsh vegetation. This situation and 
that of the vegetated washover flat can 
lead to the presence of very thin coal 
lenses overlying organic-rich sheet 
sandstones in the rock record (Fig. 
14). Subaqueous shale and siltstone 
facies in Cretaceous lagoon deposits 
are often characterized by brackish 
water bivalve shells, (Kirschbaum, 
1989) and coquinid oyster beds (Land, 
1972). Disseminated carbonaceous 
material, imprints of plant remains, 
and root and reed fragments are 
common in some shale beds, indi- 
cating the interfingering of proximal 
marsh and subaqueous lagoonal envi- 
ronments. 

Estuarine sequences from partially 
closed and open-ended estuaries will 
also be characterized by stacked 
facies representative of several depo- 
sitional subenvironments, although 
vertical successions will tend to be 
less variable than those generated in 
shallow lagoons. Examples of such 
modern estuaries include the Mira- 
michi, New Brunswick (Reinson, 
197713); Georgia and South Carolina 
estuaries (Frey and Howard, 1986), 
and those situated on the New South 
Wales coast, Australia (Roy, 1984). 
Typical generalized successions are 
described by Clifton (1982), and Frey 
and Howard (1 986). 

Ancient estuarine facies are charac- 
terized by a set of sedimentary struc- 
tures which indicate tidal influence and 
biotic stress. Physical sedimentary 
structures diagnostic of diurnal and 
lunar tidal-flow responses include tidal 
bundles, mud-layer couplets, sigmoidal 
bedding and inclined heterolithic strati- 
fication (Chapter 11; Nio and Yang, 
1991 ; Thomas et al., 1987; Kreisa and 
Moiola, 1986). Examples of these struc- 
tures in ancient successions are docu- 
mented also by Rahmani (1989), 
Reinson et al. (1988), Reinson (1989) 
and Kuecher et al. (1990). Charac- 
teristic trace fossil assemblages reflect 
brackish to stressed conditions (Chap- 
ter 4), and have been illustrated in 
several rock studies (Reinson et al., 
1988; Wightman et a/., 1987). 

Because the occurrence of estuarine 
deposits is usually related to submer- 
gence or transgression, complete axial 
facies successions should reflect the tri- 
padite depositional realms, from fluvial 
at the base through mixed fluvial-ma- 

rine, to marine at the top (Nichols and 
Biggs, 1985). The Gironde estuary 
model (Fig. 8) depicts marine estuary- 
mouth deposits overlying estuary muds, 
and the rock sequences illustrated in 
Figure 13 depict similar superposition of 
progressively more seaward deposits 
over landward inner estuarine and fluvial 

bounding unconformities must also be 
identified in order that sequence strati- 
graphic ideas can be applied; they 
include ravinement surfaces (trans- 
gressive surfaces of erosion, Chapter 
I ) ,  marine flooding surfaces, surfaces 
of onlap and downlap, channel bases, 
and regressive surfaces of erosion 

deposits, within the continuous valley fill (chapter 1). Most important of all is 
succession. Wave-dominated coastal the recognition of incised valleys (SE, 
plain estuaries (whether partially closed . ,daerial erosion in Figure 8 of 
or open-ended) will be characterized by Chapter 1 ), in which the estuaries 
a set of vertical successions that reflect form. A vertical facies progression 
position within the estuarine depositional from fluvial to estuarine in some valley 
system. In ancient sequences, for fill successions can be expected 
example, the recognition of fluvial de- (Howard and Whittaker, 1990; 
posits grading upwards to estuarine Wheeler et al., 1990). In other succes- 
facies should reflect location in the upper sions, reworking of the fluvial sedi- 
reaches or fluvial realm. Accretionary ments and modification of the original 
channel fill and tidal delta facies should river valley topography early in the 
indicate littoral deposits situated at the transgressive phase have obscured or 
estuary mouth. The tidal range and geo- erased the evidence of initial fluvial in- 
morphologital configuration of ancient cision. A fluvial origin can commonly 
estuaries could be determined if laterally be inferred from the valley orientation 
accreting estuarine point-bar or coars- with respect to regional dip and strike 
ening-upward bay fill facies successions directions, and the stratigraphic 
were encountered. context of the valley fill deposits. 

The placement of estuary fill facies 
Estuary bounding discontinuities in the lowstand systems tract by the 
Vertical facies successions containing Exxon sequence stratigraphic school 
stressed trace fossil assemblages and (Van Wagoner et a/., 1990) should 
tidal bedform structures do not un- probably be revised. The river valley is 
equivocally identify ancient estuarine incised during falling stage and low- 
deposits. Recognition of the overall stand, but is only transformed into an 
geometry and bounding discontinuities estuary during rising stage of sea 
is important for identifying allostrati- level. The deposits are therefore better 
graphic units, and for defining the in- placed in the transgressive systems 
ternally complex but genetically tract. The base of the incised valley, 
related estuarine rock bodies. The as seen in the geological record, may 
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Figure 14 Generalized lagoonal sequence through back barrier deposits in the 
Carboniferous of eastern Kentucky and southern West Virginia. Such sequences range from 
7.5 to 24 m thick. From Horne and Ferm (1 978). 
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be I )  the original fluvial incision surface, 
or 2) an original fluvial incision totally 
modified by the initial stages of marine 
transgression. In the first case, fluvial 
facies may immediately overlie the inci- 
sion and pass upward into estuarine 
facies. In the second case, no fluvial 
facies will be preserved, and the valley 
fill will begin with brackish to estuarine 
facies, as in the estuary fills in the Viking 
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Formation, Alberta (Reinson et a/. ,  
1988; Boreen and Walker, 1991). 

The correct identification of se- 
quence-bounding unconformities and 
ravinement surfaces on transgressed 
barrier island and estuary coasts may 
be difficult and controversial. The 
problem has been discussed, with 
several useful examples (Fig. 15), by 
Demarest and Kraft (1 987). 
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Figure 15 Vertical sequences produced through transgression of different types of coastal 
environments. Modified from Demarest and Kraft (1987). 

TRANSGRESSIVE 
STRATIGRAPHIC MODELS 
Estuarine valley fill deposits rarely 
consist of a single fill cycle formed 
during one rising stage of sea level 
(Clifton, 1982). Rather, several suc- 
cessions may be represented in the 
valley fill deposits because the estuary 
would probably occupy the same 
valley during several minor sea level 
fluctuations. The recognition of estu- 
arine deposits within incised valleys is 
important in understanding transgres- 
sive systems tracts, bounding disconti- 
nuities (ravinements, flooding sur- 
faces), and overall transgressive strati- 
graphic models. 

Transgressive 
depositional systems 
Barrier island and estuarine depositional 
systems commonly form part of the 
transgressive systems tract. Barrier 
islands can also prograde (normally in 
the highstand systems tract), but com- 
monly are transformed into strand- 
plains (Chapter 12). Estuaries have a 
uniquely transgressive origin, and 
rarely occur as significant components 
of the highstand systems tract. Trans- 
gressive and regressive barrier shore- 
line migrations produce very different 
facies successions, related to trans- 
gression, regression and inlet migra- 
tion (Fig. 9; Reinson, 1984). 

Beaches, barrier islands and estu- 
arine shorelines retreat landward in re- 
sponse to sea level rise or subsidence 
or a reduction in sediment supply. 
Most modern barrier island systems 
have migrated landward in response 
to the Holocene transgression, and the 
trend is continuing today (Kraft and 
Chrzastowski, 1985). Modern coastal 
plain estuaries also formed during the 
Holocene transgression, and major 
estuary tracts usually are juxtaposed 
or associated with barrier shoreline 
coasts (Meade, 1969; Hayes, 1975, 
1979; Frey and Howard, 1986). 

Transgressive systems; 
contlnuous shoreface 
retreat versus In sltu drowning 
The idealized transgressive barrier 
island facies succession (Fig. 9) will be 
extremely modified and attenuated as 
the depositional system migrates land- 
ward in response to sea level rise. This 
is evident from the two proposed 
mechanisms of barrier island shoreline 



behaviour during marine transgression 
(Fig. 16). The mechanism of erosional 
shoreface retreat is widely accepted 
because of strong evidence from de- 
tailed studies of the U.S. Atlantic 
shoreface and inner continental shelf 
(Niedoroda et al., 1985). This involves 
sediment being eroded from the upper 
shoreface and transported 1) to the 
lower shoreface or offshore as storm 
beds, or 2) to the lagoonal estuary as 
washover deposits. As the upper 
shoreface zone moves landward and 
upward during continued transgres- 
sion, it erodes the barrier, washover 
and lagoonal facies to form a planar 
erosional surface (ravinement surface), 
upon which the redistributed lower 
shoreface-inner shelf sands are de- 
posited (Fig. 16A; Nummedal and 
Swift, 1987). This model predicts that 
the thickness of transgressive facies 
successions will depend on the rate of 
relative rise of sea level. If sea level 
rise is slow compared with the rate of 
landward erosion, almost all of the 
barrier system may be destroyed. The 
only stratigraphic record will be a thin 
layer of lagoonal, tidal channel and 
washover facies resting unconformably 
on older sediments (Pleistocene in Fig. 
16A). This thin layer is truncated by the 
ravinement surface, which in turn is 
overlain by offshore storm deposits in 
an overall transgressive, fining-upward 
succession. 

Under conditions of continuous but 
slow erosional shoreface retreat, cer- 
tain architectural elements of trans- 
gressive depositional systems may be 
prese~ed. Transgression of a coastal 
plain previously dissected by an epi- 
sode of significant sea level fall will 
produce shore-normal estuaries and 
shore-parallel lagoons (both with asso- 
ciated tidal channels). The resultant 
stratigraphic succession would be 
characterized by an inner-shelf sand 
sheet that overlies fluvial and estuarine 
sediments which fill former subaerial 
valleys (Nummedal and Swift, 1987; 
Reinson et al., 1988; Boreen and 
Walker, 1991). Indeed, relict tidal inlets 
and channels have been interpreted for 
the numerous incised channels found to 
be cutting the middle-inner continental 
shelf off North Carolina (Hine and 
Snyder, 1985). 

The in place drowning model (Fig. 
166) has been proposed as an alterna- 
tive to erosional shoreface retreat. It is 

suggested that the barrier remains in 
place as sea level rises, until the wave 
zone reaches the top of the barrier. 
The wave zone then oversteps land- 
ward and a new sand barrier forms on 
the inner side of the lagoonal estuary. 
The old barrier system is essentially 
drowned in place (Rampino and 
Sanders, 1980). This in place drowning 
model predicts successions with a high 

preservation potential, such that with 
rapid relative rise of sea level, almost 
complete transgressive sequences 
could be preserved (Fischer, 1961; 
Swift, 1975). 

Transgressive vertical successions 
Specific vertical successions can indi- 
cate the type of shoreline being trans- 
gressed, whether it is tide or storm 

A - SHOREFACE RETREAT 
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BARRIER SANDS SHOREFACEISHELF SAND 1 
n I 

B - IN-PLACE DROWNING 

NEW BARRIER SHOREFACE DROWNED BARRIER 
SEDIMENTS I 

Figure 16 Mechanisms of landward barrier migration during a transgression by shoreface 
retreat (A) and by in place drowning (B). Modified after Rampino and Sanders (1980) and 
Elliott (1 986). 
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Figure 17 Generalized bnd-member" transgressive facies successions for nondissected, 
barrier-island, and highly dissected coastal plain settings. 
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wave dominated, whether there may be 
thick shore-parallel or shore-normal 
sand bodies along depositional strike, or 
whether extensive estuarine channel or 
valley-fill deposits are likely to be - 
present. For example, the transgressive 
vertical succession expected on an 
overwash-dominated coast (Fig. 15A) 
will indicate a high wave energy, mi- 
crotidal coast with abundant shore-par- 
allel lagoons and a paucity of large 
active tidal inlets. This is in contrast to 
the facies succession indicative of a 
mesotidal coast dominated by tidal 
channels and spits. Here, thick channel 
sands occur below the ravinement 
surface (Fig. 158). The vertical facies 
succession generated in a large estuary 
(Fig. 15C) should exhibit an overall 
coarsening-upward succession that rep- 
resents the superposition of distal over 
proximal deposits as the estuary mouth 
transgresses landward. Note the simi- 
larity of this succession to the estuary 
bay sequences illustrated in Figure 13. 
The thinnest transgressive vertical suc- 
cession (Fig. 15D) is produced when 
shoreface retreat erodes below the 
sequence boundary; for practical 
purposes, the sequence boundary and 
ravinement surface are coincident. The 
thin transgressive shoreface deposits of 
Figure 15D are similar to many of the 
transgressive coarse-grained deposits 
in the Cardium Formation (Chapter 12, 
and Figure 8 in Chapter 1). Careful 
study of Figure 15 shows that many 
bounding discontinuities are difficult to 
identify, and may be even more difficult 
to interpret. They raise many problems 
in the use of sequence stratigraphic 
concepts (Chapter 1). 

Transgression due to erosional shore- 
face retreat will tend to create thin facies 
successions, with only partial preser- 
vation or nonpreservation of many of 
the diagnostic depositional facies. In 
place drowning would result in preser- 
vation of more complete barrier suc- 
cessions, as in the idealized end 
member models of Figure 9. However, 
recognition of the partially preserved 
successions may be difficult. Erosional 
shoreface retreat may occur in dif- 
ferent coastal plain settings (Fig. 17), 
and different transgressive vertical 
facies successions would be gener- 
ated. Figure 17 is generalized, but en- 
compasses several variations which 
have been discussed and illustrated in 
Figures 13 and 15. 

TRANSGRESSIVE BARRIER AND 
ESTUARY MODELS 
Vertical facies successions formed 
during transgression of barrier island 
and estuarine systems can be highly 
variable in terms of thickness and 
facies complexity. Their degree of pre- 
servation in the rock record will also be 
varied and dependent upon the factors 
that govern the mechanism and rate of 
transgression (erosional shoreface 
retreat versus rapid inundation). 
Intense shoreface erosion during 
transgression will tend to favour pre- 
servation of only partial sequences 
whereas rapid inundation should result 
in the preservation of almost complete 
successions. If complete successions 
are present in the geological record, 
they should be similar to the "end 
membern barrier model described by 
Reinson (1 984). 

Transgressions commonly affect 
coastal plains that have recently been 
dissected during a significant base level 
drop. This may lead to the preservation 
of characteristic incised valley fill and 
estuary sequences overlain by inner 
shelf deposits (Fig. 17). Estuaries are 
by definition transgressive depositional 
systems; therefore estuarine succes- 
sions should be associated with other 
transgressive deposits as part of the 
transgressive systems tract. On wave- 
dominated and microtidal barrier island 
coasts which have not been highly dis- 
sected by a preceding base level drop, 
intense transgressive erosion of the 
shoreface will lead to preservation of a 
thin back-barrier lagoon deposit capped 
by an extremely thin coarse lag which 
recards the ravinement surface. This, in 
turn, will be overlain by offshore de- 
posits (partly bioturbated mudstones, 
partly storm-emplaced sandstones). In 
the extreme case of a nondissected 
mainland coast the only evidence of 
transgression by erosional shoreface 
retreat will be the thin ravinement lag 
deposit encased in shelf sediments 
(Fig. 17). 

Barrier island and estuarine systems 
clearly respond rapidly and sensitively 
to relative fluctuations of sea level. It is 
therefore very important to identify cor- 
rectly the various bounding discontinu- 
ities, in order that the discrete units 
(allostratigraphic units) can be recog- 
nized, and interpreted in vertical suc- 
cession. A fall in sea level may result in 
valley downcutting (incision) with corre- 

sponding erosion in the marine realm 
(regressive surface of erosion; Chap- 
ters 1 and 12). During rising sea level, 
the surface of initial transgression is 
very important in estuarine deposits. It 
may lie above a preserved lag of fluvial 
deposits in the estuary, or it may coin- 
cide with the basal (initially fluvial) 
erosion surface if all of the fluvial de- 
posits have been reworked during initial 
transgression. The estuary fill may be 
truncated by a second transgressive 
erosion surface (ravinement surface) or, 
in open-ended estuaries, the estuary fill 
may grade vertically into nearshore 
marine deposits. Elucidation of estuary 
type and the history of sea level fluctua- 
tion is therefore dependent largely on 
the identification and correct interpreta- 
tion of the bounding discontinuities. 
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INTRODUCTION 
Most books, including former editions of 
Facies Models, subdivide coastal and 
shallow marine environments on the 
basis of geomorphology (e.g ., deltas, 
barrier islands, shelves). As a result, 
tide-dominated environments are dis- 
cussed in several different chapters. 
However, the tidal sand ridges that 
characterize tide-dominated deltas 
have more in common with tidal shelf 
and estuarine sand ridges than with the 
distributary mouth bars of fluvially domi- 
nated deltas, or with the shoreface of 
wave-dominated deltas and barrier 
coastlines. 

This chapter takes a new approach, 
examining all tide-dominated deposi- 
tional systems together (tidal flats, estu- 
aries, deltas and shelves), and dis- 
cussing their response to changes of 
relative sea level. Thus it is recognized 
that the relative intensity of the pro- 
cesses (tidal currents, waves, storm- 
generated currents, and fluvial cur- 
rents) determines the character of the 
deposits as much, if not more, than the 
geomorphological setting (Galloway, 
1975; Hayes, 1979; Johnson and 
Baldwin, 1986). 

Tidal dominance over other proces- 
ses is most common in areas where the 
tidal range is large, because this results 
in strong tidal currents. Consequently, 
most microtidal (0-2 m tidal range) and 
mesotidal (2-4 m range) areas are 
wave (or storm) dominated, whereas 
some mesotidal and most macrotidal 
(>4 m range) areas are tide dominated. 
However, if wave action is limited due 
to topographic sheltering, or the tidal 
current speeds are increased by a top- 
ographic constriction, tidal dominance 
can even occur in microtidal areas. 

TIDES AND TIDAL CURRENTS 
Origin of tides 
A tide is any periodic (regularly re- 
peating) fluctuation in water level 
(Fig. 1) that is generated by the gravi- 
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Figure 1 Predicted tidal variations in water level at Saint John, New Brunswick. Following 
standard practice, the datum is approximately the spring low-tide elevation. The tides are 
semidiurnal with a pronounced variation in range between neap and spring tides. Tidal- 
current speeds mimic the variations in tidal range because the range determines the tidal 
discharge which passes a point each half tidal cycle. After Forrester (1983). 
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Figure 2 Origin of the tides. On the side of the Earth facing the moon, the tide-generating 
force is gravitational-minus-centripetal. On the opposite side of the Earth, the gravitational 
force from the moon is weaker, and the tide-generating force is centripetal-minus-gravita- 
tional. At the top and bottom of the Earth, as drawn, the tide-generating force is directed 
inward, as the resultant of a gravitational force directed toward the moon, and the centripetal 
force. The centripetal forces affecting the ocean all operate in the same direction, and result 
from movement of the Earth around the centre of mass of the Earth-moon system. This point 
is about one-quarter of the distance from the surface to the centre of the Earth. The effects 
of the gravitational field of the sun have been omitted. Diagram courtesy Roger Walker. 
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tational attraction of the moon and 
sun. The moon, because it is closer to 
the Earth, exerts a tide-generating 
force which is twice as large as that of 
the sun. One of the best nonmathe- 
matical discussions of the origin of 
tides is given by the Open University 
Course Team (1 989). More mathemat- 
ical descriptions are given by Howarth 
(1 982) and Forrester (1 983). 

Tides represent the vector sum. of 
two forces: 1) the gravitational attrac- 
tion of the moon, which is strongest on 
the side of the Earth facing the moon, 

and 2) the centripetal force caused by 
the revolution of the Earth-moon sys- 
tem about its common centre of mass. 
This centripetal force is of uniform in- 
tensity all over the Earth (Fig. 2). On 
the side of the Earth facing the moon, 
the gravitational attraction of the moon 
is greater than the oppositely directed 
centripetal force, while the reverse is 
true on the other side of the Earth. The 
water in the oceans therefore piles up 
in two bulges, one underneath the 
moon, and the other on the opposite 
side of the Earth. Because the Earth 

Figure 3 Arnphidrornic tidal system in the North Sea. The tidal range (dotted corange 
lines) increases outward from each of the three amphidromic points, with the highest ranges 
occurring in coastal ernbayrnents such as the German Bight (3 m) and those on the east 
coast of England (4 rn). The solid cotidal lines show the times of high water in lunar hours, 
and indicate the direction of propagation of the tidal wave (anticlockwise). After Houbolt 
(1 968). 

rotates, the bulges appear to travel 
around the Earth as two ''tidal waves", 
causing water levels to rise and fall 
regularly. Rising water levels are 
known as the flood tide, whereas the 
fall is the ebb tide. The most com- 
monly observed period for one com- 
plete tidal cycle is the semidiurnal 
(twice a day) period of 12.42 hours 
(Fig. 1). This is longer than 12 hours 
because the moon orbits in the same 

Figure 4 Rotary tidal currents and the 
tidal ellipse for a site on Georges Bank. 
The tidal ellipse is constructed by joining 
the tips of the successive current-velocity 
vectors which have a length scaled to the 
current speed. Note that current speeds 
never fall below 0.3 rnls. After Stewart and 
Jordan (1 964). 
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Figure 5 Tidal current ellipses for corn- 
puted velocities 1 rn above the bed in the 
southern North Sea. Note the extreme 
elongation of ellipses in the south due to 
the coastal constriction, and the more cir- 
cular shapes in the north. Current direc- 
tions in the mouth of the Thames River and 
Dutch estuaries are approximately perpen- 
dicular to those on the shelf. After McCave 
(1971). 



11. TIDAL SYSTEMS 1 97 

direction as the Earth rotates, and any 
point on the surface of the Earth re- 
quires a little more than one revolution 
to return to the peak of the tidal bulge. 
Because the rotational axis of the 
Earth is inclined with respect to the 
orbital plane of the moon most of the 
time, any given point on the Earth's 
surface passes closer to the crest of 
one tidal bulge than the other, thereby 
adding a diurnal (once a day) compo- 
nent to the tidal spectrum. The diurnal 
component is generally small relative 
to the semidiurnal tide, but it is the 
main tidal period in areas where the 
semidiurnal tide is damped out by de- 
structive interference. 

The interaction of the moon and sun 
produces a still longer periodic varia- 
tion in tidal range (the difference in 
water level between successive high- 
tide and low-tide levels). When the sun 
and moon lie in a straight line relative 
to the Earth, their effects add to pro- 
duce greater than average tidal ranges 

(spring tides; Fig. 1). When the sun 
and moon are at right angles, their 
forces counteract each other and the 
tidal range is smaller than average 
(neap tides). For semidiurnal tides, the 
spring-neap cycle has a period of 
14.77 days, and contains 28 tidal 
cycles. Diurnal tides have a neap- 
spring period of 13.66 days that con- 
tains 14 tidal cycles. 

Tidal range 
Because the tide-generating forces 
are small, only the open oceans 
develop significant tides, and even 
these typically have a range of less 
than 1 m. Smaller bodies of water (in- 
cluding enclosed seas such as the 
Mediterranean and the water overlying 
the present-day continental shelves) 
cannot develop an appreciable tide of 
their own. The tides which are ob- 
served on continental shelves are due 
to the forcing action of the oceanic 
tide. As the tidal wave moves from the 

Figure 6 Maximum near-surface current speeds (cmls) during spring tides on the conti- 
nental shelf around the British Isles. After Howarth (1982). 

open ocean onto a continental shelf, 
shoaling, and convergence associated 
with coastal embayments concentrate 
the energy within the tidal wave into a 
smaller cross sectional area, and the 
tidal range increases. Particularly 
large ranges occur if the natural period 
of the water body (i.e., the period for 
the water to "slosh" back and forth in 
the absence of any forcing action) is 
close to one of the astronomically de- 
termined tidal periods, in which case 
resonant amplification takes place. 
This is shown dramatically by the Bay 
of Fundy-Gulf of Maine system where 
tidal ranges reach 16.3 m. 

Tidal currents 
Tidal current speeds and flow directions 
vary systematically over a single tidal 
cycle. In open shelf settings, far from 
the confining influence of a coastline, 
the Coriolis force causes the tidal wave 
to rotate about a fixed (amphidromic) 
point (Fig. 3). Consequently, the tidal 
current speed and direction are con- 
stantly changing, and the tip of the 
current velocity vector traces out a path 
termed a tidal ellipse over a single tidal 
cycle (Fig. 4). In the northern hemi- 
sphere, the tidal wave typically moves 
in an anticlockwise direction about an 
amphidromic point, while the current 
vectors rotate in a clockwise sense. 
These rotary tides have no slack-water 
period when current speeds decrease 
to zero. In the ideal case, the tidal 
ellipse is a circle, but in nearshore 
areas, the presence of the shoreline 
causes current speeds to be higher 
parallel to the coast, and weaker in an 
onshore-offshore direction (Fig. 5). At 
the shore, these rectilinear currents 
simply reverse by 180" at each slack 
water period. In estuaries and coastal 
embayments, the currents tend'to flow 
into and out of the basin, with flow di- 
rections that are at a high angle to the 
general trend of the shoreline (Fig. 5). 

The maximum current speed at any 
location is controlled by the volume of 
water that must pass that point in each 
half tidal cycle. The volume of water is 
a function of the tidal range and the 
size of the area being drained or 
flooded. Strong tidal currents are com- 
monly associated with large tidal 
ranges. However, they can also occur 
in areas with small tidal ranges if the 
estuary or embayment is large relative 
to the cross sectional area of the mouth 
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through which the flow passes. For 
example, Chesapeake Bay on the east 
coast of the United States is microtidal 
(tidal range 1 m) but has a very small 
mouth relative to its size. Therefore, 
maximum, near surface speeds at the 
entrance are typically greater than 0.5 
mls, and locally exceed 1 d s .  Within 
the broader inner estuary, current 
speeds are much less. Similar tidal 
current speeds typify most tide-domi- 
nated environments, including such 
areas as the macrotidal Bay of Fundy 
and the southern North Sea and 
English Channel (Fig. 6) .  Only very 
locally in these areas do speeds 
exceed 1.5 mls. Thus, the major influ- 
ence of a large tidal range is not to 
cause appreciably faster currents, but 
to increase the area that experiences 
strong tidal influence. 

In general, the fastest tidal currents 
occur in coastal areas because on- 
shore shallowing increases the tidal 
range and decreases the cross-sec- 
tional area. Topographic constrictions 
associated with tidal inlets and estu- 
aries also accentuate the currents. 
Strong tidal currents may also occur on 
the outer part of the continental shelf if 
the offshore increase in the volume of 
water flowing through any shore-par- 
allel section is not compensated by a 
sufficient increase in water depth. A 
particularly well-developed example is 
given by Georges Bank, at the outer 
edge of the shelf between Nova Scotia 
and Cape Cod. Tidal current speeds 
exceed 0.5 m/s in all areas shallower 
than 60 m, with peak values up to 1.2 
m/s (Twichell, 1983). In the deeper 
water to the north, current speeds are 
typically less than 0.2 d s .  

Ideally, the speed and duration of the 
ebb and flood currents are equal, and 
no net transport of water or sediment 
occurs. In many coastal areas, how- 
ever, deformation of the tidal wave and 
the interaction of the currents with the 
bottom topography produce inequalities 
between the flood and ebb currents. As 
a result, many areas experience a net 
or residual transport of sediment in the 
direction of the stronger (dominant) 
current. The weaker current which 
flows in the opposite direction is termed 
the subordinate current. Typically, 
areas of ebb and flood dominance al- 
ternate spatially in a system of mutu- 
ally-evasive, flood-dominated and 
ebb-dominated channels, producing 

complicated patterns of sediment 
transport, as in Bay of Fundy estuaries 
(Dalrymple et a/., 1990). 

TIDAL SEDIMENTARY 
STRUCTURES 
The periodic changes in current speed 
and direction which characterize tidal 
systems produce several sedimentary 
structures which are diagnostic of tidal 
deposition. A full discussion is given 
by Nio and Yang (1991). 

Cross bedding containing some type 
of regularly spaced, internal disconti- 

nuities will be formed in areas where 
the maximum speed of the dominant 
current is capable of producing dunes. 
If the subordinate current is capable of 
eroding the lee face of the dunes 
formed by the preceding dominant 
current, reactivation surfaces will be 
produced (Fig. 7). Mud drapes may 
also be deposited on the lee face 
during one or both slack-water periods 
if suspended sediment concentrations 
are high enough (Figs. 7, 8). Much of 
this mud may be in the form of fecal 
pellets rather than individual clay 
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Figure 7 Structures produced in a dune during a Wal cyde. In this example, the currents 
exhibit a pronounced asymmetry and suspended sediment concentrations are moderately 
high. A tidal bundle is the deposit of the dominant portion of the tidal cycle. After Visser 
(1 980). 
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flakes. Typically the amount of sand 
deposited by the subordinate current 
is small, and hence the mud drapes 
deposited after the dominant and sub- 
ordinate tides are closely spaced (first 
to second drapes in Figure 7). Mud 
drapes may not be deposited if there 
is wave action, or if there are rotary 
tides that have no slack-water period. 
The deposit of a single, dominant tide 
is called a tidal bundle, whether 
bounded by reactivation surfaces or 
mud drapes (Fig. 7). 

Because of the variations in tidal 
current speed associated with the 
neap-spring cycle, sequences of tidal 
bundles commonly show cyclic varia- 
tions in thickness, with thicker bundles 
forming during spring tides when cur- 
rents are stronger and the dune mi- 
grates further. Thinner bundles form 
during neap tides (Fig. 9). If the tides 
are semidiurnal, there should be 28 
tidal bundles within a complete neap- 
spring cycle of 14.77 days (Fig. 1). 
There will be fewer than 28 if the 
maximum current speeds drop below 
the threshold for sand movement 
during neap tides (Visser, 1980). 

There will be 14 or fewer bundles if the 
tides are diurnal. Excellent ancient ex- 
amples of tidal bundles have been de- 
scribed by Allen (1982) and Allen and 
Homewood (1 984). 

The above structures form only with- 
in dunes which do not bear smaller, 
superimposed dunes. The internal 
structure of large compound dunes 
(which are commonly called sand 
waves) is much more complicated, as 
discussed below. 

Herringbone cross stratification, 
which is marked by opposed (bipolar) 
dip directions in adjacent sets of cross 
bedding, is widely used as an indication 
of tidal deposition. However, bipolar 
cross bedding is not universally devel- 
oped in tidal sands because the devel- 
opment of either flood or ebb domi- 
nance commonly produces a unidirec- 
tional paleocurrent pattern. Herring- 
bone cross bedding is most easily 
recognized in planar tabular cross 
bedding. In limited outcrops of trough 
cross bedding, care must be taken to 
avoid misinterpreting a partial end-on 
view of troughs. 

In many areas, current ripples are the 

stable bedform instead of dunes. The 
structures formed in these situations 
generally belong to the continuum from 
flaser bedding to lenticular bedding 
(Fig. 10; Reineck and Wunderlich, 
1968). In the ideal case, a unit of 
ripples will be formed by the maximum 
currents of the dominant tide, followed 
by deposition of a mud layer during the 
ensuing slack-water period (Fig. 11). 
If the subordinate current is strong 
enough, a second rippled unit with an 
opposite paleocurrent direction will be 
deposited on top of the first mud drape, 
followed by another mud drape during 
the second slack-water interval. More 
commonly, however, the subordinate 
current is too weak to deposit sand, 
and the two mud drapes are amalga- 
mated. Tidal currents which are too 
slow to produce ripples may still 
deposit thin sand layers from suspen- 
sion that alternate with mud laminae. 
Beds which show cyclic changes in 
layer thickness due to neap-spring 
variations in tidal current speed are 
termed tidal rhythmites (Kvale and 
Archer, 1990; Dalrymple et al., 1991; 
Williams, 1991). 

Figure 8 Bundled cross bedding in subtidal sands of the Oosterschelde estuary, the Netherlands. A) Outcrop photo showing repetitive mud 
drapes in the foresets and bottomsets of two large-scale cross beds. The dark flecks are either organic debris or mud pebbles. Trowel 24 cm 
long. B) Close-up of foresets showing a complete tidal bundle bounded by mud couplets that enclose subordinate-current ripples. The tidal 
bundle is approximately 20 cm thick. 
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TIDE-DOMINATED ENVIRONMENTS 
Two environments are common to 
many tide-dominated depositional 
systems, 1) sandy to muddy tidal flats 
which fringe the shoreline, and 2) 
elongate tidal sand ridges or bars, with 
their superimposed sand waves, that 
occur offshore from the flats, in estu- 
arine, deltaic and open shallow marine 
settings. 

Tidal flats 
In areas with a large tidal range, tidal 
flats typically rim the margins of back- 
barrier lagoons, estuaries and the 
open coast. They may be up to sev- 
eral km wide, and form flat to gently 
sloping areas (typically <lo) that 
extend from the supratidal zone, 
through the intertidal zone, and into 
the shallow portion of the subtidal 
zone (Fig. 12; see also Fig. 22). The 
outer edge of the flats in back-barrier 
and estuarine settings is commonly 
bordered by a major tidal channel in 
which flow is subparallel to the local 
shoreline. The speeds of both the 
flood and ebb tidal currents are great- 
est in these channels, and decrease 
landward. Consequently, the sedi- 

Figure 10 Flaser bedding (A), wavy 
("tidal") bedding (B), and lenticular bedding 
(C). The progression from A to C results 
from a net decrease in current speed and 
increased deposition and preservation of 
mud drapes. After Reineck and Singh 
(1 980). 

ments adjacent to the channel are typ- monly contain dune cross bedding in 
ically sandy, and pass gradually into areas with high current speeds, and 
muds near the high-tide line. In some ripple cross lamination in places where 
lagoons, the tidal flats pass outward the current speed is lower (Fig. 12). 
into subtidal muds. The thickness of the cross bed sets 

The sand flats which occupy the generally decreases toward the shore. 
lower portion of most tidal flats com- Parallel lamination may also occur in 

Figure 9 Variation of bundle thickness within a cross bed from the Oosterschelde estuary, 
the Netherlands. N = neap tides; S = spring tides. The average number of bundles between 
successive_neap tides is 27. The tendency for the thickness of successive bundles to be al- 
ternately larger and smaller is due to the diurnal inequality. After Visser (1980). 

FLOOD 0 EBB 

Figure 11 Variation in tidal current speed over a single tidal cycle and the origin of tidal 
rhythmites. The tidal currents in this example are of equal speed in both directions. As the 
difference in speed between the dominant and subordinate currents increases, the thickness 
of the two sand layers will become more unequal. After Dalrymple etal. (1991). 
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the sand flats located in the head- 
ward portions of macrotidal estuaries 
(Dalrymple et al., 1990). Mixed flats, in 

P which mud layers become more abun- 
i dant as the distance from the channel 

increases, lie shoreward of the sand 
I 
i flats. Mud flats consisting of laminated 

muds with relatively little sand lie still 

1 further landward (Fig. 12). Flaser 
5 bedding passing landward into lentic- 

i ular bedding is typical of the transition 
from mixed flats to mud flats. Burrows 
belonging to the Skolithos ichnofacies 

I (Chapter 4) may partially to completely 

I obliterate the physical structures on 
any part of the tidal flat where sedi- 

f ment movement is not too intense. 

f 
I 

The highest parts of the tidal flats may 
become vegetated to produce salt 
marshes where the stratification is 
largely destroyed by rootlets. Salt- 
water and freshwater peats can accu- 
mulate here. Desiccation cracks are 
most abundant in the upper intertidal 
and supratidal zones. 

Tidal flats along exposed, open 
coasts exhibit the landward-fining 
trend described above, but because of 
greater wave action they may be 
coarser grained, and contain more 
wave-generated structures, than tidal 
flats in protected areas (Thompson, 
1968; Larsonneur, 1975). During 
periods of reduced sediment supply, 

wave erosion concentrates the sand 
and shells into beach ridges or swash 
bars that pass seaward into a thin ero- 
sional lag. 

In tropical climates, sea grasses and 
mangroves commonly colonize large 
parts of the tidal flats (Gostin et al., 
1984). The carbonate content is gen- 
erally higher than in temperate tidal 
flats, and evaporites may form in the 
upper intertidal and supratidal zones if 
the climate is arid. By contrast, tidal 
flats in mid to high latitudes commonly 
contain ice-rafted debris and soft-sedi- 
ment deformation produced by the 
grounding of ice blocks. 

The muddy parts of the intertidal flats 

ow tide level- 

Figure 12 Block diagram of a typical siliciclastic tidal flat. The tidal flats fine toward the high-tide level, passing gradationally from sand flats, 
through mixed flats, to mud flats and salt marshes. An example of the upward-fining succession produced by tidal flat progradation is shown 
in the upper left corner. The sedimentary structures reflect a landward decrease in tidal-current speeds. The cross bedding deposited on the 
lower portion of the sand flats, and in the adjacent tidal channel, is commonly oriented parallel to the local coastline (which parallels the back 
edge of the diagram). 
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are dissected by a network of small- to 
medium-sized meandering tidal gullies 
that increase in width and depth as they 
coalesce seaward (Fig. 12). The floors 
of the gullies commonly contain a lag 
of shells and mud clasts. Sand is only 
abundant in the more seaward parts. 
The main site of deposition is on the 
point bars where lateral-accretion 
bedding (also called inclined heterolithic 
stratification) is developed (Fig. 13; 
Bridges and Leeder, 1976; Thomas et 

i987). These deposits 'Onsist of in- Figure 13 Cut bank of tidal creek in Jade Bay, Germany, showing lateral-accretion 
terbedded sand and mud which may bedding of an earlier tidal channel. The exposure is approximately 1 m high. 
contain tidal rhythmites. Burrowing is 
generally less intense than on thead- 
jacent flats because deposition is more 
rapid. The vertical thickness of the 
lateral-accretion sets approximates the 
depth of the channel, and ranges from 
a few tens of centimetres to many 
metres in the main tidal channels. The 
dips are typically 5-15",  but may 
exceed 25". The proportion of a tidal 
flat which is underlain by point-bar de- 
posits varies widely. In some North Sea 
tidal flats, lateral-accretion bedding 
comprises a high proportion of the tidal 
flat deposits, whereas in other areas 
(e.g., the Bay of Fundy and Korean 
west coast) gulleys, if present, have 
stable positions, and most of the de- 
posits are horizontally bedded 
(Alexander et al., 1991; Dalrymple et 
a/., 1991). 

Progradation of a tidal flat generates 
an upward-fining succession (Weirner Figure 14 Extensive field of three-dimensional megaripples with well-developed scour pits, 
eta/., 1982; Tewindt, 1988). The sue- on a tidal sand bar in the outer part of the Cobequid Bay-Salmon River estuary. These 
cessions typically begin with an ero- dunes have a wavelength of approximately 7 m. Note the late-ebb stage current ripples that 
sional base that is scoured by tidal cover the dunes. Similar dunes occur on tidal sand ridges in deltaic and shelf environments. 

Figure 15 High-resolution seismic-reflection profiles and interpreted sections through flood-asymmetric sand waves from the northern 
French coast. The vertical exaggeration is x4, and maximum lee-face slopes are approximately 20°. All of the stratification surfaces shown are 
master bedding planes, and the structures belong to classes IV or V of Allen (1980; Fig. 16). From Bern6 et a/. (1 988). 
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channels during a local transgression. 
Above this there is a gradual upward 
decrease in the grain size and thick- 
ness of sand beds, and an increase in 
the proportion of mud (Fig. 12). Com- 
monly encountered structures in the 
sands of the subtidal and lower inter- 
tidal zone include mud-draped foresets, 
reactivation surfaces and local herring- 
bone cross bedding. Variable amounts 
of wave-generated structures, perhaps 
including hummocky cross stratification, 
are present in open coast settings. The 
intertidal mud flats contain abundant 
flaser and lenticular bedding, and ero- 
sionally based tidal gulley sediments 
with lateral-accretion bedding. Rooted 

horizons, coals and/or paleosols occur 
in the capping salt marsh. Bioturbation 
may range from minimal to intense in 
any facies. The thickness of such suc- 
cessions ranges from about 1 m to 
more than 10 m. Some workers have 
attempted to estimate the tidal range by 
determining the sediment thickness be- 
tween the interpreted levels of high and 
low tide (Fig. 12; Terwindt, 1988), but 
such attempts have met with limited 
success. 

Tidal sand waves and sand ridges 
Sand waves and sand ridges are 
common in shallow subtidal areas such 
as 1) the axial portions of tide-domi- 

nated estuaries, 2) distributary mouth 
and subaqueous delta plain regions of 
tide-dominated deltas, and 3) large 
parts of tide-dominated shelves. These 
environments commonly experience 
tidal currents with speeds of 0.5-1.5 
mls, and the sediments consist pre- 
dominantly of sand. As a result, dunes 
of various types (megaripples and sand 
waves of previous authors) are widely 
developed (Fig. 14). These bedforms 
are commonly superimposed on still 
larger features called tidal sand ridges 
or bars that are oriented nearly parallel 
to the main tidal flow. 

Tidal sand waves 
Large-scale, compound dunes (i.e., 
sand waves) are particularly abundant 
in sandy subtidal settings. These bed- 
forms range in height from about 1 m to 
more than 20 m, and have wavelengths 
of 10 m to several hundred metres 
(McCave, 1971 ; Belderson et al., 1982). 
In general, the larger bedforms occur in 
deeper water. Because of the wide- 

IIA spread dominance of flow in one direc- 
tion, sand waves are typically asym- 
metrical (Fig. 15), with their steeper 

I -- 1 --- - (lee1 face inclined in the direction of net 

IIIA 

IV A 

v 

VI 

Figure 16 Theoretical models of the structures within tidal sand waves as proposed by 
Allen (1980). M = mud drape; B = bioturbation. The letters E refer to the hierarchy of erosion 
surfaces; E2 surfaces are the master bedding planes. The hydrodynamic interpretation of 
the various structures provided by Allen (1980) has been questioned (Dalrymple, 1984), but 
the structures depicted are matched qualitatively by many ancient examples. 

sediment transport and bedform migra- 
tion. Lee face inclinations vary from the 
angle of repose (32-35") to nearly zero, 
but are typically about 5' (Belderson et 
al., 1982). Allen (1980) has produced a 
set of theoretical models of the internal 
structure of large sand waves (Fig. 16). 
Two examples are shown in Figures 17 
and 18. At one extreme, the deposits 
consist of high-angle cross stratification 
(dips >25-30"; Fig. 16 1 and II) in which 
there are few erosional breaks (Fig. 17). 
This structure most likely forms where 
the subordinate current is below the 
threshold of sediment movement (Allen, 
1980), and where any superimposed 
dunes are small (Dalrymple, 1984). As 
the power of the subordinate and domi- 
nant currents becomes more equal, or 
as the superimposed dunes become 
larger, the number of erosional surfaces 
(the master bedding planes of Allen, 
1980) increases and their angle of dip 
decreases, until the deposit consists 
entirely of compound cross bedding 
(smaller-scale cross beds separated by 
inclined set boundaries; Figs. 16 V and 
VI, 18) that is produced as smaller 
dunes migrate down (or up) the lee 
face of the sand wave. Note that bipolar 
cross stratification becomes more pre- 
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valent as the inclination of the master 
bedding planes decreases. The abun- 
dance of mud drapes, mud clasts and 
bioturbation varies markedly between 
examples. At one extreme, mud and 
bioturbation may be entirely absent, 
but in other cases, the bottomsets and 
lower part of the lee face contain signif- 
icant amounts of mud. Such deposits 
commonly show a concave-upward 
geometry and have been termed sig- 
moidal cross stratification (Mutti et a/., 
1 985). 

High-resolution, seismic-reflection 
profiles through modern sand waves 
confirm the general features of Allen's 
models (Fig. 15; Berne et al., 1988). 
The reflectors in these profiles have 
dips of less than 15" (do not be fooled 
by the vertical exaggeration!) and rep- 
resent master bedding planes. Cores 
show that the structures between 
these planes consist of smaller cross 
beds. 

Tidal sand ridges 
Sand ridges cover thousands of 
square kilometres in tide-dominated 
shallow-marine settings (Fig. 19) and 
in the delta front region of tide-domi- 
nated deltas. Morphologically similar 
features also occur in estuaries where 
they are called tidal sand bars. These 
features have spacings of 1-30 km, 
lengths of 10-120 km, and heights of 
7.5-40 m (Houbolt, 1968; Swift, 1975; 
Stride et al., 1982; Twichell, 1983). 
They are nearly flow parallel, but are 
always oriented at a small angle (<20°) 
to the maximum tidal currents. The 
local, net sediment movement is in op- 
posite directions on either side of the 
crest (Fig. 20). The ridges are gener- 
ally asymmetrical, with a steeper (lee) 
side facing in the direction of regional 
sediment transport. Shelf ridges which 
have been examined seismically 
contain gently-inclined reflectors which 
lie parallel to this "steepn face (Figs. 
20, 21; Houbolt, 1968; Johnson eta/., 
1982; Yang and Sun, 1988). Dips of 
these lateral-accretion surfaces range 
from 5-10" in ridges which are pres- 
ently active, to less than 2" in moribund 
(inactive) ridges. No published informa- 
tion exists on the internal architecture 
of modern estuarine and delta mouth 
ridges. 

Active ridges in all settings are 
covered by sand waves and megarip- 
ples, and the limited core information in- 

dicates that these ridges contain cross 
bedding of various types (Houbolt, 
1968; Dalrymple et al., 1990). Shelf 
ridges which have become moribund 
due to the postglacial sea level rise lack 
large-scale bedforms. They may be 
draped by strata containing ripple cross 
lamination andlor storm deposits with 
greater degrees of burrowing. These 
sediments may also contain larger 
amounts of mud than the deposits of 
active ridges. The vertical succession of 
grain sizes in ridges may either coarsen 
or fine upward, depending on the depo- 
sitional setting and sea level history. 

TIDE-DOMINATED 
DEPOSITIONAL SYSTEMS 
It is generally not appreciated that the 
new concepts of allostratigraphy and 
sequence stratigraphy discussed in 
Chapter 1 were primarily developed in 
wave-dominated settings. Few studies 
have examined how tidal systems res- 
pond to sea level change. As a result, 
the material in the following sections on 
the stratigraphy of tide-dominated 
systems contains a certain amount of 
"educated speculation" that is based to 
varying degrees on documented ex- 
amples. 

Figure 17 Large-scale cross bedding in the Lower Greensand (L. Cretaceous) near 
Leighton Buzzard, England. The large set at the base is about 5 m thick. It is overlain by 
smaller sets which interfinger with the major foresets, indicating that the smaller sets were 
produced by superimposed bedforms. Many of the foreset beds are bioturbated. This 
example would correspond to structure class II or Ill of Figure 16. 

Figure 18 Low-angle (5"), compound cross bedding in the Lower Greensand (L. 
Cretaceous) near Leighton Buzzard, England. Regional bedding is horizontal. This example 
corresponds with class IV or V of Figure 16. A wet and cold Roger Walker (1.6 m) for scale. 
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Tidal systems are potentially more 
sensitive to sea level change than 
wave-dominated systems, because 
tidal resonance, which favours tidal 
sedimentation, is a sensitive function 
of basin geometry. Basin geometry, in 
turn, may be dramatically altered by 
small changes in sea level. Thus, tide- 
dominated conditions may be turned 
on and off in a "geological instant" 
because of sea level rise or fall. 

Transgressive systems tracts 
During a lowstand of sea level, river 
valleys commonly become incised. With 

the succeeding transgression, the lower 
reaches of these valleys are flooded by 
saltwater and experience tidal action. 
These areas are termed estuaries. They 
trap the sediment supplied by the rivets, 
and consequently little sediment 
reaches the shelf. As a result, pre-ex- 
isting material, including estuarine 
facies which are abandoned on the 
shelf as transgression continues, may 
be eroded from the seafloor by strong 
tidal currents. The mud component 
commonly moves offshore into deeper 
water, while the sands are either trans- 
ported onshore or left in place on the 

Figure 19 Distribution of tidal sand ridges off Norfolk, England, in the southern North Sea. 
Depths in fathoms (1 fathom = 6 feet, or roughly 2 m). The ridges are 35-40 m high, with 
their crests in 10-15 m of water. The steepest ridge flank (5") is on the northeastern side of 
each ridge because the strongest tidal currents flow to the north. From Swift (1975) after 
Houbolt (1968). 

shelf as the water deepens. 

Tide-dominated estuaries 
The Cobequid Bay-Salmon River 
system in the Bay of Fundy (Dalrymple 
et a/., 1990, 1991) shows the typical 
facies of a tide-dominated estuary 
(Figs. 22, 23). A similar situation is pre- 
sented by the Ord River in Australia 
(Wright et a/., 1975) and the Severn 
River, England (Allen, 1990). The pat- 
terns of sedimentation in these estu- 
aries, and differences between tide- 
dominated and wave-dominated estu- 
aries are discussed by Dalrymple et a/. 
(1 992). Wave-dominated estuaries are 
described in Chapter 10. It is worth 
noting that the morphological distinc- 
tion between tide-dominated estuaries 
and deltas is not well documented, 
and that many so-called tide-domi- 
nated deltas (e.g., the Ord River) may 
be better classified as estuaries (see 
discussions in Chapters 1 and 9). 

Tide-dominated estuaries receive 
sediment both from the river at the 
head of the estuary, and from the ad- 
jacent shelf by tidal currents. As a 
result, grain sizes are coarsest at the 
mouth and head of the estuary. Unlike 
wave-dominated estuaries, however, 
no fine-grained lagoonal facies are 
present, because tidal currents pene- 
trate into the estuary much more 
easily than waves do (Dalrymple etal., 
1992). Consequently, the distinct tri- 
partite facies distribution (sandy barrier 
- muddy lagoon - sandy bay-head 
delta; see Chapter 10) of wave-domi- 
nated estuaries does not occur in tide- 
dominated systems. Instead, tide- 
dominated estuaries are bordered 
by muddy tidal flats and marshes 
because tidal currents are strongest in 
the sandy channels that run along the 
entire length of the estuary axis (Fig. 
22). The axial sands are finest grained 
and contain the greatest number of 
mud drapes in the vicinity of the tidal- 
fluvial transition, where the suspended 
sediment turbidity maximum is situated. 

The most seaward, estuarine facies 
consists of elongate sand bars (Fig. 
22) which are separated by ebb-domi- 
nant and flood-dominant channels 
(Dalrymple et a/., 1990). The bars are 
covered by dunes of various types and 
sizes, and the bar sediments are com- 
posed primarily of cross bedded, 
medium to coarse sand. Lateral shift- 
ing of the bars produces an upward- 
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fining trend (Fig. 23) because current 
speeds are greatest in the channels 
and decrease toward the bar crests. 
On average, the tidal current speeds 
increase into the estuary, so that the 
area headward of the bars is charac- 
terized by extensive sand flats with 
parallel lamination. Still farther head- 
ward, these flats grade into the tidally 
influenced portion of the river channel 
(Fig. 22). Parallel lamination is present 
here, but cross bedding containing 
mud drapes may become abundant 
headward. Tidal rhythmites occur in 
the bordering mud flats (Dalrymple et 
a/., 1991), and inclined heterolithic 
stratification may be present in the 
meanders that occur in this region. At 
the tidal limit, which can be situated 
several hundred kilometres inland, the 
muddy channel sands of the inner 
estuary pass gradationally into coarser 
fluvial sediments. 

The Gironde estuary (France) is 
commonly cited as a typical tkk-domi- Figure 20 Model of sediment transport around, and internal structure within, a tidal sand 
nated estuary, but it has many of the ridge. The peak tidal currents flow at a slightly oblique angle to the ridge crest so that local, 
attributes of a wave-dominated estu- net transport is in opposite directions on either side of the crest. In most cases, net accretion 
ary, including a tripartite facies distri- occurs on the steeper (regionally downstream) side of the ridge. Thus most of the small- 
bution (Allen, 1991). This estuary con- scale cross bedding in the ridge should be oriented in the opposite direction to the regional 
tains tidal sand ridges, but these rep- transport. After Stride eta/. (1 982). 

resent a tide-dominated bay-head 
delta within the inner estuary. As a 285" Sea level 105" 

result, these ridges coarsen upward Well Bank 

because they prograde seaward over 
central estuary muds (Allen, 1991). j ---KT\ \ \ \  ' 

During active transgression, the - , e- , , / - -  - - - -  
0 facies within a tide-dominated estuary 

2 
1 1 I 

shift headward. This appears to be the km 
case in the Severn estuary today 
(Allen, 1990). In the process, migrating 
tidal channels coupled with wave 
action erode all or part of the more 
headward facies, leaving an incom- 
plete record of the estuary in shallow 
marine areas that lie seaward of the 
final shoreline. In the ideal case of es- 
sentially complete preservation, the 
transgressive valley-fill sediments will 
fine upwards from fluvial sands andlor 
gravels to interbedded sands and 
muds deposited in the tidal-fluvial tran- 
sition of the inner estuary (Fig. 24). 
This is followed by an overall upward 
coarsening into fine-grained, parallel- 

Figure 21 Seismic-reflection profiles 
through tidal sand ridges from the North 
Sea; see Figure 19 for ridge locations. The 
vertical exaggeration is approximately 13 
times; none of the inclined reflectors is 
steeper than 5". From Houbolt (1968). 
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current speeds are less than about 50 
d, medium The shallow marine area surrounding cm/s (Fig. 26), rippled sand sheets 
bars. These the British Isles is the classic example and isolated sand patches are devel- 

Transgressive tidal sand sheets are 

sand of the sand flats, and by mixed flat, m/s (Stride et a/., 1982). Even farther fine sand and mud. The relative influ- 
mud flat and marsh deposits (Fig. 23). down the transport path, where tidal ence of storms increases as the tidal 

FACIES ZONES 
1- 1-3- 

- 2 4  

Figure 22 Facies distribution in the Cobequid Bay - Salmon River macrotidal estuary, Bay of Fundy. Facies zone 1, elongate sand bars 
(medium to coarse sand); zone 2, upper-flow-regime sand flats (fine sand); and zone 3, tidal-fluvial transition. The erosional foreshores bor- 
dering zone 1 are unique to Cobequid Bay. Sand bars in estuaries such as the Severn River are bordered by mud flats and salt marshes. 
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current speeds decrease, and the 
distal parts of the sand sheet may con- 
tain storm-generated structures. 

Within active sand ridges, it is be- 
lieved that the sediments coarsen 
upward because wave action is most 
intense on the ridge crests. During a 
transgression, however, the progres- 
sive increase in water depth causes 
current speeds at any location to de- 
crease through time. This causes the 
bedform zones (Fig. 26) to shift in an 
upcurrent direction. In the process, the 
sand ridges become moribund. Sedi- 
ment is eroded from the ridge crests 
by storm waves, and deposited as a 
drape on the ridge flanks (Fig. 24). 
Shell accumulations may also form on 
the ridge crest at this time. It is pos- 
sible, based on modern examples, that 
some ridge topography will remain, but 
the lack of published ancient examples 
with a preserved topography suggests 
that complete flattening occurs in 
many cases. As the transgression pro- 
ceeds, there is an upward change 
from cross bedding to finer-grained, 
rippled and burrowed sediment as 
current speeds decrease. The subdued 
or flattened ridge is eventually mantled 
by mud (Fig. 24). 

In some circumstances transgres- 
sion leads to the abandonment of est- 
uary-mouth ridges on the shelf. For 
example, Yang and Sun (1988) and 
Yang (1989) have proposed that the 
sand ridges seaward of the Chang- 
jiang River in the East China Sea origi- 
nated in an estuarine setting, and 
were stranded on the shelf as the 
coast moved westward during the 
Holocene transgression (Fig. 27). 
Seismic data show that the internal 
structure of these ridges is similar to 
that in North Sea shelf ridges (Fig. 21), 
but the East China Sea ridges are in- 
active now, and are draped by a layer 
of shelf mud. Their relief is subdued but 
not obliterated. The extent to which 
these estuarine ridges have been re- 
moulded on the shelf is unknown. 

Transgressive stratigraphy 
The transgressive systems tract rests 
on a bounding disconformity (Fig. 24) 
which was formed subaerially during 
the preceding lowstand. The base of 
any incised valleys may contain fluvial 
sediments that represent part of the 
lowstand systems tract, unless they 
have been scoured out by tidal cur- 
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Flgure 23 Vertical facies succession which would be developed if a tide-dominated 
estuary such as the Cobequid Bay-Salmon River estuary filled by progradation. M - mud; 
FS - fine sand; MS - medium sand; CS - coarse sand; G - gravel; M.H.W. - mean high 
water; M.L.W. - mean low water; U.F.R. - upper flow regime. The sediments underlying 
this succession may consist of preserved remnants of transgressive estuarine or fluvial de- 
posits, or of older material, depending on the amount of tidal-current erosion during the 
transgression. From Dalrymple eta/. (1 990). 
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Ravinement Surface 

Lagoonal Tidal Flats 
Bounding Discontinuity 

Figure 24 Hypothetical, coast parallel section showing the stratigraphy of a transgressive systems tract, assuming complete preservation of 
the estuarine deposits for the purposes of illustration. Less than complete preservation is more likely. The estuarine portion of this figure is 
based on the Cobequid Bay - Salmon River and Severn River estuaries, while the marine part is based on the southern North Sea. Autocyclic 
erosion surfaces are generated by tidal channel migration, whereas allocyclic erosion surfaces are related to relative changes in sea level. 

Figure 25 Map showing the net tidal- 
transport paths and distribution of grain 
sizes on the continental shelf around the 
British Isles (coarse stipple = gravel; fine 
stipple = sand; blank areas = mud). Each 
sediment transport path, which extends 
from a bed load parting (heavy lines) to a 
bed load convergence is tens to hundreds 
of kilometres long. Deposition occurs in 
areas where sediment moves into an area 
with lower speeds, and not necessarily at 
sites of bed load convergence. Note the 

, transport into the Severn and Thames es- 
i tuaries. After Johnson et a/. (1982) and 
1 Stride et a/. (1 982). 
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rents. They will be overlain by tide- 
dominated estuarine deposits which 
comprise the lower portion of the 
transgressive systems tract. Exxon's 
assignment of estuarine deposits pri- 
marily to the lowstand systems tract 
(Van Wagoner et al., 1990) seems il- 
logical because the estuary only exists 
because of transgression. The contact 
between the fluvial and estuarine sedi- 
ments is a flooding surface (Chapter 
I) ,  although it need not be abrupt ev- 
erywhere. 

The top of the estuarine sediments 
may or may not be marked by an 
erosion surface. In the East China Sea 
example discussed above (Fig. 27), 
the estuarine ridges are stranded on 
the shelf without major erosion, and 
are draped by shelf muds. There 
should be no transgressive surface of 
erosion in such cases. By contrast, 
sand ridges are not present seaward 
of the mouth of the Severn River, 
England. Instead, this area is the site 
of a bed load parting (Fig. 25), and the 
seafloor is eroded by strong tidal cur- 
rents. The marine erosion surface that 
is formed as the bed load parting mi- 
grates landward during the transgres- 
sion is the tidal equivalent of the 
ravinement surface formed by shore- 
face erosion in wave-dominated set- 
tings (see Chapters 10, 12). In such 
situations, the shallow marine sand 
sheet that forms from reworked older 
sediment will rest disconformably on 
any preserved remnants of estuarine 
deposits (Fig. 24). 

The coastline between major estu- 
aries is typically characterized by a 
mixed energy (wave plus tide) regime 
which creates short barrier islands 
with numerous tidal inlets. The Dutch 
and German coasts provide an exam- 
ple of this (Fig. 6). Landward move- 
ment of the barrier island shoreface 
will generate a true ravinement sur- 
face, in the manner described in 
Chapter 10. As a result, the shelf 
ridges seaward of the Dutch coast 
erosionally overlie and locally contain 
remnants of lagoonal, tidal flat deposits 
(Cameron et al., 1989). The disconti- 
nuity which separates the lagoonal and 
shelf ridge sediments was originally 
formed by shoreface erosion, but sub- 
sequent scour in the ridge troughs has 
modified its form (Fig. 24). 

Continued transgression leads to 
abandonment of the shelf ridges and 

--- 

their ultimate burial beneath shelf 
muds. At some level within the trans- 
gressive muds, and probably close to 
their base, there is a maximum flood- 
ing surface (Fig. 24) which is the 
upper bounding discontinuity of the 
transgressive systems tract. 

If estuarine ridge sediments survive 
the transgression, distinction between 
estuarine and shelf sands is crucial for 
a correct interpretation of the strati- 
graphic succession. In addition to po- 
tentially having differing grain-size 
trends (estuarine ridges fine upwards, 

whereas active shelf ridges coarsen 
upwards beneath an upward-fining 
transgressive drape), estuarine sands 
are likely to contain more mud in the 
form of mud drapes and/or mud 
pebbles than their shelf counterparts 
because of the higher suspended sed- 
iment concentrations in estuaries. 
Neap-spring bundle sequences will be 
more clearly developed in estuaries 
because of less disruption of the cy- 
clicity by storms. The shelly fossils and 
ichnofauna (Chapter 4) of estuarine 
deposits should show evidence of 

Figure 26 Idealized distribution of bedforms along a sediment transport path, with the 
typical maximum (spring-tide), near-surface current speeds (cmts) associated with each 
bedform type. Sand ridges will be developed in the sand-wave zone if there is sufficient 
sand. From Belderson et a/. (1 982). 



brackish water conditions. Estuarine 
sands are also intimately associated 
with tidal flat sediments, and should be 
contained within an incised valley. 
Shelf sands will occur as an areally 
extensive sheet that is probably less 
than 15 m thick on average. 

Highstand systems tracts 
As the rate of sea level rise slows at 
the end of a transgression, estuaries 
become filled. Consequently, there are 
no highstand estuaries, and fluvial 
sediment is delivered directly to the 
shoreline and shelf. Therefore, tide- 
dominated, highstand systems tracts 
are characterized by progradation, 
either of tide-dominated deltas andlor 
open-coast tidal flats. Both of these 
should extend seaward into a regres- 
sive shelf. 

Tide-dominated deltas 
Deltas which experience strong tidal 
action represent one of three end 
members within the continuum of delta 
types (Chapters 1, 9; Coleman and 
Wright, 1975; Galloway, 1975). Sev- 
eral examples have been described, 
including the Klang-Langat (Malaysia; 
Coleman et a/., 1970), the Colorado 
River delta (Gulf of California; Meckel, 
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1975), and the Ord River (northern 
Australia; Wright et a/., 1975), al- 
though this latter system may be an 
estuary. The Mahakam delta (Indo- 
nesia; Allen eta/., 1979) also displays a 
strong tidal influence. These deltas 
tend to occur at the heads of embay- 
ments where the tidal range is ampli- 
fied, or adjacent to narrow straits 
where tidal current speeds are high. 

The subaqueous delta plain of tide- 
dominated deltas is characterized by 
tidal sand ridges which are oriented at 
a high angle to the general trend of the 
coastline (Fig. 28), unless the delta 
borders a strait. Near the shoreline 
these ridges may have a relief of up to 
15-20 m, but the relief gradually de- 
creases away from the distributar- 
ies and they pass outward into the 
smooth, muddy delta front and prodelta 
in depths of 10-30 m. These ridges are 
best developed where the ratio of tidal 
to fluvial discharge is high. Thus, the 
abandoned portion of the delta plain 
which receives little fluvial discharge is 
the part most likely to contain tidal 
sand bars (Allen et a/., 1979), espe- 
cially if the tidal range is mesotidal. In 
macrotidal areas, even the active dis- 
tributaries contain sand ridges. 

The subaerial portion of the delta 

Figure 27 Evolution of the tidal sand-ridge field in the East China Sea during the Late 
Wisconsinan-Holocene transgression. These ridges overlie incised channels which are inter- 
preted to be filled with fluvial and estuarine deposits. From Yang and Sun (1 988). 

plain is characterized by broad tidal 
flats that grade seaward into the sand 
bars, and landward into either vege- 
tated marshes if the climate is humid 
(the Klang-Langat delta), or evapora- 
tive flats if the climate is arid (Colorado 
and Ord Rivers). The tidal flats and 
marshes are dissected by tidal gulleys 
that have highly meandering channel 
patterns. Such gulleys are especially 
abundant in inactive portions of the 
delta plain (Fig. 28). 

Progradation of the active distribu- 
taries generates a gradational, upward- 
coarsening succession which passes 
from prodelta muds into interbedded 
sands, silts and muds of the delta front. 
These are in turn gradationally overlain 
by the fine to medium sands of the tidal 
ridges (Fig. 298; Coleman and Wright, 
1975; Meckel, 1975; Allen etal., 1979). 
Tidal modulation of the sediment dis- 
charge (sediment output is impeded 
during the flooding tide and enhanced 
on the ebb tide) may produce tidal 
rhythmites in the portions of the delta 
front where wave action does not 
disrupt the regularity of the stratification 
(Williams, 1991). The medium sands of 
the ridges contain abundant cross bed- 
ding, with ebb-oriented paleocurrents 
predominating near the active distribu- 
taries. Continued progradation causes 
the distributary channel(s) themselves 
to extend into the sand ridge field, ero- 
sionally truncating the ridge deposits 
locally (Fig. 29A). The distributary 
channel sediments fine upward and 
contain more slack-water mud drapes 
than do either the nontidal fluvial chan- 
nels up river (Allen etal., 1979), or the 
sands of the ridges further seaward 
where wave action inhibits mud depo- 
sition. 

In the abandoned parts of the delta 
plain which are undergoing local trans- 
gression due to compactional subsi- 
dence, tidal current scour in the chan- 
nels between the ridges erosionally 
truncates the underlying delta front 
sediments (Fig. 29C). As a result, the 
sand ridges in these areas are com- 
monly erosionally based (Allen et a/., 
1979), and fine upward like estuarine 
ridges. Flood-oriented cross bedding 
and shell accumulations will be more 
common here than in areas adjacent 
to the active distributaries. 

In all parts of the delta plain, the 
ridge sands are gradationally overlain 
by an upward-fining succession of tidal 
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flat and marsh sediments (Fig. 29). 
Erosionally based tidal creek deposits 
that contain lateral-accretion bedding 
are common. In humid tropical areas, 
saltwater and freshwater peat swamps 
are widespread on the delta plain, and 
organic detritus is a major constituent 
of the "mud" drapes. In arid areas, the 
tidal flats are barren, mud cracks are 
abundant, and evaporites may be de- 
veloped. 

Open-coast tidal flats 
In coastal areas adjacent to a major 
delta, alongshore transport of sedi- 
ment by tidal and shelf currents leads 
to the development of open-coast tidal 
flats like those downdrift from the 
Colorado River delta (Thompson, 
1968). These tidal flats are generally 
muddy near the delta, but become 
progressively more sandy as the dis- 
tance from the delta increases (Fig. 
28) and eventually grade alongshore 
into beaches because of the increas- 
ing influence of waves. Variations in 
the supply of sediment due to delta 
switching cause periods of tidal flat 
progradation to alternate with epi- 
sodes of wave erosion when beach 
ridges composed of sand and/or shells 
are formed. Tidal flat chenier plains 
formed in this manner are present in 
areas adjacent to the Colorado River 
delta (Thompson, 1968), and at var- 
ious places along the Chinese coast 
(Wang, 1 983). 

Regressive shelves 
Sediment supply to the shelf during a 
highstand should lead to gradual shal- 
lowing and the development of regres- 
sive conditions. Unfortunately, no 
modern examples of regressive, pro- 
grading tidal systems are sufficiently 
well documented to serve as a model. 
There are also surprisingly few ancient 
examples (Mutti et a/., 1985), in con- 
trast to the abundance of regressive 
storrn/wave-dominated shelves (Chap- 
ter 12). Because of this, the following 
description cannot be considered as a 
facies model in the sense discussed in 
Chapter 1. 

Because the processes which 
produce unidirectional, net sediment 
transport paths are not dependent on 
the history of relative sea level, regres- 
sive shelves are expected to show re- 
gional changes in facies which are 
similar to those on transgressive 

shelves (Fig. 26), although there will 
be notable differences. As sediment is 
most likely input at the upstream end 
of a transport path, the erosional zone 
with furrows and sand ribbons will not 
be present. Instead, there may be 
direct passage from deltaic sand 
ridges into shelf ridges with little clear 
separation. Sand waves should be 
abundant. From here, the sediment 
will fine down the transport path, 
passing outward into shelf muds. The 
overall grain size is likely to be finer 
than in transgressive settings, and 

mud will be relatively abundant. 
Progradation of an individual shelf 

ridge produces an upward-coarsening 
succession (Fig. 30) that may reach 
10 m in thickness. It begins with bio- 
turbated muds and sands that contain 
a Cruziana ichnofacies (Chapter 4). 
The sand beds become thicker and 
the proportion of muddy interbeds de- 
creases upward. The succession is 
capped by cross-bedded medium to 
fine sand of the ridge crest, which is in 
turn abruptly overlain by shelf mud of 
the next succession. Evidence of tidal 

_----------__-- 
PRODELTA 

Figure 28 Schematic map of a tide-dominated delta, based on the Ganges-Brahmaputra, 
Ord, Colorado and Klang-Langat deltas. Note the morphological distinction between the 
active and inactive (abandoned) portions of the delta plain, and the outward transition from 
salt marsh, through mud flats and sand ridges, to the muddy prodelta. In areas adjacent to 
the embayment, open-coast tidal flats and chenier plains are developed. 
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Rgure 29 Three hypothetical, vertical facies successions within tide-dominated deltas, 
based on Coleman and Wright (1975), Meckel (1975) and Allen et a/. (1979). In this 
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example, the climate is humid, leading to the development of coal (black) in the subaerial 
portions of the delta plain. MFS - maximum flooding surface. 
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Figure 30 Schematic vertical succession 
through a prograding sand ridge in a re- 
gressive shelf setting, based on the 
Eocene of the Ager Basin, northern Spain. 
The vertical succession is typically about 
5 m thick. After Mutti etal. (1985). 

Figure 31 (right) Stratigraphic section 
through Ordovician tidal fiat deposits, 
Capetown, South Africa, showing repeated 
upward-fining tidal flat successions (A.J. 
Tankard, pers. comm., 1991). The sandier 
middle portion of the section contains a 
greater proportion of subtidal sands, and 
accumulated in deeper water, on average, 
than the base and top of the formation. 
After Tankard and Hobday (1 977). 

m e t r e s  

- 0 



21 4 DALRYMPLE 

activity is provided by reactivation sur- 
faces, mud drapes and local bipolar 
paleocurrents. Bioturbation of the 
sands may range from negligible to 
intense, but is probably greater on 
average than in estuarine sediments. 

Unlike the relatively thin nature of 
transgressive shelf units, regressive 
shelf deposits are typically several 
tens to hundreds of metres thick. 

Regressive stratigraphy 
The stratigraphy of tide-dominated, 
highstand systems tracts remains 
largely speculative because of the 
scarcity of documented examples. The 
shelf, deltaic and coastal tidal flat de- 
posits should downlap onto the maxi- 
mum flooding surface at the top of the 
underlying transgressive systems 
tract, in the same manner as is seen in 

Figure 32 Reconstructed paleogeography of the Rancho Rojo Sandstone, Arizona. The 
storm-dominated shelves (Chapter upward decrease in set thickness and grain size from facies 1 to facies 3 is interpreted to 
12)' The overall succession will represent progressive deepening, erosional transgression of an estuary, and establishment 
be 'pward coarsening and 'pward of shallow marine conditions. After Kreisa eta/. (1986). 
shallowing, from offshore andlor pro- 
delta mids, into the burrowed to 
cross-bedded sands of the shelf or 
deltaic sand ridge zone (Fig. 29B). 
Numerous small, upward-coarsening 
sand ridge successions (Fig. 30) may 
be present. In deltaic settings, these 
ridge deposits will be erosionally over- 
lain by distributary channels (Fig. 29A). 
Tidal current scour in the abandoned 
portion of the delta plain may also trun- 
cate the sand ridges (Fig. 29C). Along 
nondeltaic shorelines, open-coast tidal 
flats will overlie the shelf sediments. 
The contact may be marked by an ero- 
sional discontinuity produced by wave 
erosion during the formation of chenier 
ridges. Above these various disconti- 
nuities, the sediments will generally 
fine upward, due to deposition on tidal 
flats or in distributary channels. The 
upper bounding discontinuity of the 
systems tract will be a terrestrial 
erosion surface produced during the 
subsequent sea level fall. 

ANCIENT EXAMPLES OF 
TIDE- DOMINATED DEPOSITS 
Coastal successlons 
There are numerous descriptions of 
ancient tidal flat deposits (e.g., 

Tankard and "Obday' Figure 33 A) Distribution of Eocene tidal sand ridges (heavy lines) in the Vlierzele Sands 
Kvale and Archer' 990)' Most (Eocene, Belgium). B) and C) Vertical profile and section through a sand ridge. Note the in- 

of these display many Or all of the fea- clination of the stratigraphic units (C), and the overall upward-coarsening succession (6). 
tures Of tidal flat progradation The enigmatic massive sands of units D and F are interpreted as rapidly formed storm de- 
(Fig. 121, even if the overall stratbra- posits, even though they do not have the typical features of storm beds (see Chapter 12). 
phic setting is transgressive. The paleo- From Houthuys and Gullentops (1988). 
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geographic and sequence-stratigraphic 
context of many of the documented 
tidal flat successions is not well 
known, but most are interpreted as la- 
goonal and estuarine deposits, and 
thus occur within transgressive 
systems tracts. Sellwood (1975) de- 
scribes one such tidal flat deposit in 
the Jurassic of Bornholm, Denmark. 
Here, a single 13 m-thick, upward- 
fining, tidal flat succession overlies 
fluvial deposits and is in turn erosion- 
ally overlain by shallow-marine sand- 
stones. Open-coast and delta-associ- 
ated tidal flats and their accompanying 
chenier ridges in a highstand systems 
tract have been identified much less 
commonly. However, Kvale and 
Archer (1990) have described an 8 m- 
thick unit of tidal flat sediments that is 
interbedded between coals in a deltaic 
succession. Tidal rhythmites are well 
developed. This interval of tidal sedi- 
ments, which shows an unusual sym- 
metric, upward-coarsening upward- 
fining succession, represents a trans- 
gressive-regressive episode in the 
overall progradation of the delta plain. 

Thicker sections containing a large 
number of stacked, tidal flat succes- 
sions have been described from many 
localities, including the Ordovician of 
South Africa (Tankard and Hobday, 
1977). In this example, the 55 m-thick 

Graafwater Formation consists of re- 
peated, erosionally based, upward- 
fining (progradational) tidal flat 
successions that are typically 1-5 m 
thick (Fig. 31). This remarkable vertical 
stacking of tidal flat sediments implies 
that a close balance existed between 
accumulation and subsidence. Similar 
successions in carbonate rocks have 
received considerable attention in 
recent years (Chapter 16) because it is 
believed that they contain a detailed 
record of sea level fluctuations. 

Shelf successions 
The deposits of ancient tide-domi- 
nated shelves are characterized by 
cross-bedded sandstone. In most ex- 
amples, the paleocurrents are essen- 
tially unimodal, although bipolar cross 
stratification is present locally. This pa- 
leocurrent pattern is usually attributed 
to the presence of regional, net sedi- 
ment transport paths, and/or to the su- 
perposition of a unidirectional oceanic 
current. Reactivation surfaces are 
abundant, but regularly spaced mud 
drapes and neap-spring cyclicity are, 
not particularly common. 

Tidal shelf deposits are known from 
both transgressive and regressive 
(highstand) systems tracts, even 
though several authors (Banerjee, 
1991) have suggested that tidal deposi- 

Tidal Bars 

tion is favoured by transgressions. 
The Permian Rancho Rojo Sand- 

stone of Arizona (Kreisa et al., 1986) il- 
lustrates the main features of a 
transgressive, tidal systems tract (Fig. 
32). Like most transgressive deposits, 
this unit is thin (maximum 18 m), and 
disconformably overlies and onlaps ter- 
restrial sediments. The lowest part 
(facies 1) is interpreted to lie within an 
incised valley, and contains very large, 
simple and compound cross bedding 
(3-12 m-thick sets) with a bipolar (east- 
west) paleocurrent pattern. Re- 
activation surfaces, mud drapes and 
mud intraclasts are abundant. This is 
erosionally overlain by a unit of smaller- 
scale cross bedding (sets e l  m thick) 
that has a bipolar (north-south) pale- 
ocurrent (facies 2). Re-activation sur- 
faces occur, but mud drapes are not 
reported. This is followed by rippled 
and bioturbated marine sands (facies 3) 
which become finer grained upwards. 
The entire succession reflects a de- 
crease in tidal energy, due to In- 
creasing water depth as the trans- 
gression proceeded. The 90" change in 
paleocurrent direction, the decrease in 
the abundance of mud drapes, and the 
erosional contact between facies 1 and 
2 are interpreted as resulting from 
transgression of an estuary, followed by 
shelf sedimentation. 

Bioclastic Cross 
Bedded Facies 

Tsunami Layer 

Figure 34 Diagrammatic cross section of the Baronia tide-dominated deltaic and regressive shelf depositional system, Ager Syncline, 
northem Spain. After Mutti et d. (1 985). 
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Although abundant in modern 
shallow seas, tidal sand ridges are 
rarely described from the stratigraphic 
record. One of the most convincing 
examples occurs in Eocene sands 
in Belgium (Fig. 33; Houthuys and 
Gullentops, 1988), which are 10-20 m 
thick in the axes of the ridges. Cross 
bedding is the dominant structure, and 
there is abundant evidence of regu- 
larly varying current speeds and direc- 
tions in the form of thin mud layers, 
reactivation surfaces and bipolar paleo- 
currents. The cross bedding is ori- 
ented parallel or slightly oblique to the 
ridge axis, as is expected from modern 
ridges, and the boundaries between 
cosets dip at low angles (2-3"; Fig. 
33C) perpendicular to the ridge length. 
These surfaces are presumably equiv- 
alent to the inclined seismic reflectors 
seen in modern ridges (Fig. 21). Both 
vertical and horizontal burrowing are 
locally abundant. The ridge sediments 
erosionally overlie an upward-coars- 
ening, regressive succession of 
marine clays and bioturbated fine 
sands (Fig. 338). The limited thick- 
ness of the succession suggests that 
deposition occurred during a sea level 
fall, and represents a forced regres- 
sion (Chapter 12). 

A particularly good example of a 
tide-dominated regressive shelf and 
delta is provided by the Eocene 
Baronia deltaic system of northern 
Spain (Fig. 34; Mutti et a/ . ,  1985), 
which consists of up to 275 m of in- 
terbedded sandstones and mud- 
stones. The basal part is transgres- 
sive, and onlaps onto bedrock highs 
(Fig. 34). This lower unit accumulated 
in an eastward-closing embayment, 
and consists primarily of upward- 
coarsening, shelf sand ridge deposits 
(Fig. 30), each 5-6 m thick, that are 
encased in bioturbated shelf muds. 
Regressive periods are characterized 
by seaward-prograding ridges com- 
posed of siliciclastic sands, whereas 
transgressive episodes are marked by 
landward-migrating ridges composed 
of cross-bedded bioclastic material. 
The lower unit is capped by a deeper 
water, bioturbated sandy mudstone 
that represents the culmination of the 
transgression. 

Following a hiatus that may be 
related to tectonic activity, prograda- 
tion began from a deltaic sediment 
source along the southern margin of a 

through-going seaway (Fig. 34, middle 
unit). Deltaic sand ridges (the "estuary 
mouth shoals" of Mutti et a/., 1985) 
and regressive shelf ridges prograded 
to the east, in the direction of the dom- 
inant tidal currents, producing an up- 
ward-coarsening succession that down- 
laps onto the underlying discontinuity 
(Fig. 34). This regressive succession is 
then erosionally overlain by upward- 
fining, delta distributary channels 
("estuary channelsn of Mutti et a/. ,  
1985). Individual channels are 5-20 m 
thick, but occur in amalgamated com- 
plexes up to 40 m thick. Almost all of 
the cross bedding dips seaward, and 
mud drapes are abundant. These 
channels are overlain by upward-fining 
tidal flat deposits. Delta progradation 
is terminated by another transgres- 
sion, which is followed by a final phase 
of deltaic and tidal flat progradation 
from the west (Fig. 34, upper unit). 

Many Late Precambrian and Cam- 
brian tidal shelf deposits are not easily 
divisible into transgressive and regres- 
sive intervals. Such units are hundreds 
to thousands of metres thick, and con- 
sist largely of cross-bedded sandstone 
with little or no mud. For example, 
the Loyver Sandfjord Formation (Late 
Precambrian) of northern Norway 
(Levell, 1980) is 1.5 km thick, and con- 
tains a variety of sizes and styles of 
simple and compound cross bedding. 
The paleocurrents are predominantly 
unimodal, although reversals occur. 
Numerous reactivation surfaces are 
present. Storm-generated event beds 
are rare. A clearly defined sequential 
ordering of grain sizes or facies is 
lacking in this and similar units, but 
from their thickness it is evident that 
deposition must have occurred over 
numerous sea level cycles. 

Portions of the Gog quartzites (Cam- 
brian) of the southern Canadian 
Rockies have similar characteristics, 
but with somewhat greater amounts of 
shale. Hein (1987) interprets the rela- 
tively disordered succession as re- 
sulting from the lateral migration of 
offshore sand ridges, without a strong 
overprint related to fluctuations of sea 
level. 

PRESENT STATUS AND FUTURE 
DIRECTIONS 
The recent recognition of neap-spring 
tidal-bundle sequences and tidal rhyth- 
mites has provided major new criteria 

for the identification of tidal sediments. 
Care must be exercized in the applica- 
tion of these criteria because not every 
thinly interbedded unit of sand and 
mud is a tidal rhythmite, nor do mud- 
draped foresets necessarily indicate 
the presence of tidal bundles. How- 
ever, if tidal periodicities can be deter- 
mined with confidence (De Boer et a/., 
1989), then unequivocal evidence of 
tidal deposition is present. In the 
absence of these diagnostic struc- 
tures, the presence of abundant reacti- 
vation surfaces and mud drapes, bi- 
polar paleocurrents, the various types 
of so-called "tidal" bedding (Fig. lo), 
and emergence indicators may be 
used to infer a tidal origin. As with any 
environmental reconstruction, tidal in- 
terpretations should be based on the 
entire association of structures within 
the deposit. 

Despite the large body of literature 
on tidal sedimentation, not all environ- 
ments are known in equal detail. Tidal 
flats, which are the most accessible of 
tidal environments, are best known, 
and tide-dominated estuaries are be- 
coming better understood through 
work in such areas as the Bay of 
Fundy and the Severn River. The mor- 
phological and textural attributes of 
transgressive shelves are well docu- 
mented, but our understanding of the 
internal structure of subtidal sand 
waves and sand ridges remains large- 
ly theoretical. Our greatest knowledge 
gap lies with regressive tidal settings, 
for which there are few modern or 
ancient examples. Is this due to a real 
scarcity of such deposits, or to the 
absence of appropriate models? 

Tidal facies models which include the 
influence of relative sea level changes 
are only beginning to emerge. Re- 
search on this aspect of tidal sedimen- 
tation has lagged behind that in 
wave-dominated systems. Models for 
transgressive systems tracts are the 
most firmly established (Fig. 24) 
because of the abundance of modern 
transgressive environments, but remain 
partially theoretical. The models for 
highstand systems tracts are even less 
well constrained, being based mainly 
on a few ancient examples (Fig. 34). 
None of these models, with the excep- 
tion of that for an individual tidal flat 
succession (Fig 12), has the generality 
that the models for wavelstorm-domi- 
nated coasts and shelves have. 
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INTRODUCTION 
Shallow marine systems include a con- 
tinuum of depositional environments, 
from beach and shoreface, through 
inner to outer shelf settings. The envi- 
ronments are laterally gradational, and 
are linked by a variety of geological 
processes. Wave- and storm-domi- 
nated shallow marine sediments can 
occur in highstand, lows nd and trans- 
gressive systems tract 4 . Highstand de- 
posits are commonly typified by sand- 
ier-upward facies successions that ac- 
cumulate during coastal progradation 
and shelf aggradation. Lowstand shelf 
deposits also shoal upward; they com- 
monly form isolated sandbodies, 
bounded by erosion surfaces and en- 
closed in marine mudstone. Trans- 
gressive systems tract deposits 
commonly consist of coarse lags that 
pass upward into transgressive mud- 
stones. The sedimentary record may 
be even more complex if tidal and 

i oceanic currents were operating; the 
, distinctive suite of tidally influenced 
: facies is discussed in Chapter 11. 
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The geological record of shoreline 
and shallow marine systems is further 
complicated by their sensitivity to even 
minor fluctuations of sea level. This 
sensitivity was not fully appreciated 
when the second edition of Facies 
Models was written (Walker, 1984), but 
its effect on the distribution and geom- 
etry of sandbodies is now much better 
understood. For example, erosion can 
result from both falling and rising sea 
levels, and can be as important as de- 
positional processes in controlling 
sandbody geometry. 

The abundance of erosion surfaces 
(bounding discontinuities) makes an 
allostratigraphic (Chapter 1) approach 
to shoreline and shallow marine sys- 
tems very important. Readers inter- 
ested in the history of studies of shal- 
low marine systems, and in some of 
the older case histories, are referred to 
the second edition (Walker, 1984). 

Modelling depositional systems in- 
volves the comparison of modern and 
ancient examples. Sandbodies around 
modern shorelines and on modern 

shelves have been severely influenced 
by the Holocene transgression. This 
began about 18,000 years ago as a 
result of the onset of deglaciation, and 
involved a relative sea level rise of 
more than 100 m. Consequently, 
modern transgressive systems tract 
deposits can be examined, but few 
prograding highstand systems are 
available for study. 

DEFINITIONS AND TERMS 
USED IN THIS CHAPTER 
The term bar includes all ancient elon- 
gate, narrow accumulations of coarse 
sediment, and the term sandbody in- 
cludes accumulations of sandstone 
and/or conglomerate. Shallow marine 
will be used as a general term for envi- 
ronments affected by waves, regard- 
less of their tectonic setting. It includes 
modern shelves as well as epeiric seas 
and the shallow parts of foreland 
basins. 

MORPHOLOGICAL ELEMENTS 
The main morphological elements of a 

VERTICAL SCALE GREATLY EXAGGERATED WAVES BEGIN TO BUILD UP 
SPILLING MEAKERS 

SmlALING WAVES - HIGH 
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Figure 1 Shoreline to shallow marine profile locating foreshore,'shoreface and offshore areas, as well as fairweather wave base and ap- 
proximate ichnofacies occurrences. Note that fairweather waves of wavelength L cannot agitate the bed at depths greater than approximately 
U2. Fairweather wave base lies at depths of about 5-15 m. ,, 
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modern shoreline-to-shallow-marine 
depositional system are shown in 
Figure 1. The foreshore, which is es- 
sentially synonymous with beach, con- 
sists of the portion above low tide line, 
and is dominated by the swash and 
backwash of breaking waves. The 
shoreface lies consistently below low 
tide level and is characterized by day- 
to-day sand transport above fair- 
weather wave base. The depth of fair- 
weather wave base varies from about 
5-15 m, depending on the general wave 
climate of the basin. The shoreface nor- 
mally has a concave-upward profile, 
which is in equilibrium with the waves 
that shape it. The shoreface gradient of 
about 1:200 (about 0.3") decreases 
seaward, and the sand-dominated 
shoreface passes into the mud-domi- 
nated offshore zone where the gradient 
is closer to 1:2000 (about 0.03"). In a 
prograding sedimentary succession, it 
is impossible to identify the topographic 
change that marks the transition from 
offshore to shoreface. In practice, the 
base of the shoreface can be defined at 
the point where interbedded sand- 
stones and mudstones pass upward 
into relatively clean sandstones. 

A variety of small bedforms, bars and 
runnels exist in the shoreface. Their mi- 

Figure 2 Bathymetry (in metres) of the 
Assateague ridge field, offshore Maryland, 
U.S.A. Note typical shoreface (S), 
nearshore (N) and offshore (0) ridges, with 
their typical bathymetric cross sections 
(which are presented at a greater scale 
than the map itself). Ridges appear to be 
more symmetrical in the shoreface, and 
more asymmetrical offshore. Simplified 
from Swift and Field (1 981). 

gration produces both scoured surfaces 
and medium-scale angle-of-repose 
cross stratification, and these features 
can be preserved in the stratigraphic 
record. 

In many places, large shoreface 
ridges (Swift and Field, 1981) originate 
in the middle to lower shoreface, and 
trend obliquely seaward (Fig. 2). Off 
the coast of Maryland (US. Atlantic 
shelf), for example, the shoreface ridges 
pass seaward into shelf ridges with 
heights of 6-9 m, lengths of 8-14 km 
and widths of 1-2 km. Both shelf and 
shoreface ridges rest on an erosion 
surface cut during the Holocene trans- 
gression. The more seaward ridges are 
now isolated on the shelf where they 
form fields of ridges and swales in 
nearshore and offshore areas. The 
morphology and internal structure of 
these ridges are slowly being modified 
by storm currents (Fig. 2). 

The ridges and bars observed in 
shallow marine settings today origi- 
nally formed at or close to the shore- 
line. They were subsequently drowned 
during the Holocene transgression and 
now appear "abandoned" on the shelf. 
There is no well-documented example 
of a modern sandy "offshore bar" that 
has developed on a contemporaneous 
muddy substrate in a totally offshore 
setting. 

PHYSICAL PROCESSES IN THE 
BEACHANDUPPERSHOREFACE 
Sediment transport in the beach and 

upper shoreface is driven by waves. 
Good reviews of the processes are 
given by Komar (1976, 1983) and 
Swift et a/. (1 986). As waves enter shal- 
low water, they begin to move se- 
diment on the seafloor at a maximum 
depth roughly equal to half their wave- 
length (Fig. 1). The wave-induced or- 
bital water motion close to the bed is 
asymmetrical, resulting in a net onshore 
movement of sand. 

In the foreshore and upper shoreface, 
the onshore, longshore and offshore 
(rip) currents are shown in Figure 3. 
Waves transport water onshore; when 
they break on the beach they drive a 
thin sheet of water rapidly up the beach- 
face. This swash is capable of moving 
sand and gravel, and typically produces 
plane lamination parallel to the beach- 
face. There are two dominant current 
systems - longshore currents pro- 
duced by oblique wave approach to the 
shoreline and a cell circulation of rip cur- 
rents and longshore currents (Komar, 
1976; Fig. 3). 

Longshore currents are driven by 
waves breaking at an angle to the 
shoreline (Fig. 3). Measurements show 
that the current velocity drops quickly 
to zero outside the breaker zone, indi- 
cating that waves rather than tidal cur- 
rents or oceanic circulation control the 
flow. Predicting sand movement by 
these longshore currents is very im- 
portant in studies of coastal stability 
and erosion (Komar, 1983; Everts, 
1 987; Pilkey and Davis, 1987). The dip 
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Figure 3 In the shoreface, there is mass onshore transport of water, driven by waves. 
Landward of the breaker zone, this water moves as longshore currents. If wave crests are 
roughly parallel to shore, the longshore currents flow in opposite directions to form cells. 
Water is transported seaward as rip currents where two longshore currents converge (left 
half of figure). Seaward of the breaker zone, the rip currents spread in the rip heads and die 
out. If wave crests approach the beach obliquely, the longshore currents tend to move in one 
direction (right half of figure). Rip cell portion of the figure is based on Komar (1976, fig. 7-1). 
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of the beachface is influenced by grain 
size (steeper on coarser grained 
beachfaces) and by wave conditions. 
During fair weather sand tends to 
move onshore, steepening the beach 
profile, whereas storms remove sand 
from the beach and flatten the profile. 

In the cell circulation, water returns 
seaward in rip currents that can trans- 
port sand and gravel, and cut chan- 
nels in the upper shoreface. However, 
the currents die out seaward of the 
breaker zone, and do not transport se- 
diment more than a few hundred 
metres offshore. 

STORM-INDUCED SHELF 
CURRENTS 
Although storm conditions exist for only 
a small part of the year at any given 
point on the shelf, their effects in terms 
of erosion and sediment transport are 

disproportionately large. During a 
storm, frictional coupling between the 
wind and the water surface causes 
water to be driven forward. The moving 
surface waters entrain deeper and 
deeper layers, all of which are deflected 
to the right (in the northern hemisphere) 
by Coriolis force. Sediment-moving cur- 
rents on the seafloor therefore flow at 
angles of up to 90' to the wind direc- 
tion. A very clear discussion of these 
wind-driven currents is given by the 
Open University Course Team (1 989). 

Water blown onshore by the wind 
also results in an ocean surface that is 
higher at the coast than offshore (a 
coastal set up). The superelevation can 
also be augmented by very low atmo- 
spheric pressures. The different water 
levels at the coast and offshore result 
in hydrostatic pressure differences on 
the ocean floor. These pressure differ- 

A HIGH LOW 
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Flgure 4 Coastal set-up ("storm surge") creates a seaward pressure gradient (A). Bottom 
water flows seaward as a result, but is deflected to the right (northern hemisphere) by 
Coriolis force to form a geostrophic flow (6) parallel to isobaths. The extent of the deflection 
is controversial (see "The sand transport problem" in text). In theory it depends upon the lati- 
tude, mass of water in motion and its velocity, as well as the duration of the flow. No scale is 
implied in the diagram, which is constructed after Swift and Niedoroda (1985) and Strahler 
(1 963). 

ences drive a bottom flow down the 
pressure gradient (relaxation flow, Fig. 
4). This flow is also deflected by 
Coriolis force, resulting in a geostro- 
phic flow lhat moves obliquely off- 
shore, veering through time to flow 
shore-parallel. The flow persists as 
long as there is a pressure gradient, 
typically for a few days in the case of a 
winter storm on the present Atlantic 
shelf (Swift et al., 1986). We empha- 
size that the flow is a continuous re- 
sponse to the pressure gradient; it is 
not a sudden surge of water related to 
the end of the storm winds. 

Storms and hurricanes 
on modern shelves 
Flow velocities associated with annual 
northeasterly storms on the Atlantic 
shelf have been measured by Swift 
and colleagues (Swift et al., 1981; 
Swift and Field, 1981). In depths of 10- 
20 m, near-bottom velocities are up to 
about 60 cmlsec. These flows, by them- 
selves, are incapable of moving much 
sand. However, the currents are usually 
accompanied by a powerful wave- 
driven oscillatory motion at the bed 
(Swift et a/., 1986). Unidirectional and 
oscillatory currents, operating together, 
are termed combined flows. The waves 
provide the high shear stresses 
needed to lift the sediment off the bed, 
and the grains are gradually dispersed 
in the direction of the geostrophic 
bottom currents. 

Tropical storms and hurricanes gen- 
erate much higher flow velocities close 
to the bed. Classic examples have 
been reviewed by Morton (1988), and 
recent data from the Texas shelf have 
been discussed by Snedden et al. 
(1 988). Hurricane Camille, in 1969, 
was one of the most intense Gulf of 
Mexico hurricanes in modern times. 
Current meters in the shoreface to the 
east of the path of Camille showed a 
longshore flow strengthening and 
veering offshore, with peak velocities 
of about 160 cmlsec. Farther out on 
the shelf, just east of the birdfoot delta 
of the Mississippi, the storm waves 
appear to have liquefied the bed, 
causing sediment flowage and slum- 
ping. Parts of the bed appear to have 
been lowered by about 2 rn, and other 
parts raised by 10 m. 

Tropical Storm Delia (1973) moved 
northwestward across the Texas shelf. 
Near bottom current measurements 
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were made from an offshore drilling 
platform situated 50 km off Galveston 
Island in 21 m of water (Fig. 5; Forri- 
stall et a/., 1977). Shore-parallel flows 
reached nearly 2 m/sec, and offshore 
flows were between 50 and 75 cmlsec. 
The coastal set up of 2 m at Galveston 
Island did not occur until 30 hours after 
the storm reached the shoreline (land- 
fall, Fig. 5), whereas the maximum 
shore-parallel velocity occurred about 
38 hours before peak coastal set up 
(Fig. 5). Thus the shore-parallel (geo- 
strophic) flow was driven by wind 
stresses, not storm surge ebb. Hurri- 
cane Alicia (1983) followed roughly the 
same path as Delia, causing a coastal 
set up of about 3 m. Longshore and 
slightly offshore currents were mea- 
sured up to 1 rntsec, and flows of about 
50 cmlsec were sustained for about 
two days. Hurricane Alicia appears to 
have formed a graded bed, probably by 
in situ reworking and size fractionation 
of pre-existing shelf sediments (Morton, 
1988). However, the graded bed had 
largely been reworked by organisms 
only three months later. 

These examples show that storms 
and hurricanes move sediment in 
shallow marine settings. The direction 
of sediment movement appears to be 
obliquely offshore with some sand 
moving from the shoreface into off- 
shore settings. 

SEDIMENTARY STRUCTURES 
IN SHOREFACE AND SHALLOW 
MARINE SETTINGS 
In these environments, structures form 
in response to unidirectional and oscil- 
latory (wave) currents; these flows 
commonly co-exist, to form combined 
flow sedimentary structures. 

Ripples and dunes 
In sand-sized sediment, oscillation 
ripples are ubiquitous, and are charac- 
terized by straight crests and symmet- 
rical profiles. Symmetrical gravel ripples, 
which can form at depths of up to 160 
m, have also been reported in modem 
(Forbes and Boyd, 1987; Hart and Plint, 
1989) and ancient (Leckie, 1988) sedi- 
ments. Combined flow ripples (Fig. 6) 
tend to have symmetrical profiles, but 
an internal cross lamination that dips 
consistently in one direction. In the geo- 
logical record, where the ripple profile 

to distinguish. 
Two- and three-dimensional dunes 

are common in modern shorefaces 
where they are formed by fairweather 
longshore and onshore currents (Clifton 
et a/., 1971; Greenwood and Mittler, 
1985). Their migration forms medium- 
scale cross bedding. In wave- and par- 
ticularly storm-dominated shorefaces, 
however, the cross bedding tends to 
be obliterated by storm waves and re- 
placed by parallel lamination and/or 
swaly cross stratification (Greenwood 
and Sherman, 1986). Dunes are also 
observed on modern shelves, with 
wavelengths of 1-40 m, and dune 
heights of several metres. The smaller 
3-D dunes actively migrate during 
storm-induced geostrophic flows (Swift 
et a/., 1981), but may be reworked to 
ripples during waning flows. The larger 
2-D dunes, with spacings of 20-400 m, 
migrate more slowly and are not re- 
formed from storm to storm. 

Hummocky cross 
stratification (HCS) 
This structure (Fig. 7), which forms 
mainly in fine- and very fine-grained 
sandstones, was not commonly identi- 
fied in the geological record until the 
name hummocky cross stratification 
(MCS) was created by John Harms 
(Harms et a/., 1975). He compared the 
hummocky bedform to large-scale 
wave ripples, and interpreted HCS as a 
storm deposit. HCS has now been rec- 
ognized in many basins of different 
ages (Duke, 1985), and the storm inter- 
pretation is widely accepted. Debate 
continues on the mechanics of its for- 
mation; some authors favour combined 
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Figure 5 Windspeed, longshore (shore- 
parallel) and offshore currents measured 
during Tropical Storm Delia, September 3-5, 
1973. Data recorded at a drilling platform 50 
km offshore from Galveston Island, Texas, in 

flows whereas the experimental results 
of Southard et a/. (1990) favour strong, 
purely oscillatory flows. Because HCS 
is probably formed during major storms, 
there is no direct observational evi- 
dence from modern shallow seas. 
Cores of possible HCS have been ob- 
tained from the shoreface (Greenwood 
and Sherman, 1986), and it has been 
tentatively identified in offshore areas. 

In the geological record, HCS sand- 
stones are commonly interbedded with 
bioturbated mudstones. The sandstone 
beds are commonly 10-50 cm thick, with 
a few beds thicker than 1 m. Most beds 
have sharp bases, and a few also have 
directional sole marks (which often 
suggest flow perpendicular to regional 
shoreline trends). In most examples, 
there is no associated medium-scale 
angle-of-repose cross bedding; this is 
probably a function of grain-size control, 
with the cross bedding forming mainly in 
medium- and coarse-grained sands. 
HCS is generally preserved in areas of 
weak tidal activity that lie below fair- 
weather wave base. The main problem 
presented by HCS sandstones inter- 
bedded with bioturbated mudstones is 
not so much the formation of HCS as the 
mechanism of sand transport to the final 
depositional site; this is discussed later. 

Swaly cross stratlflcation 
In the geological record, some HCS 
sandstone beds amalgamate together, 

Figure 6 Sketch showing the various 
may not be preserved, combined flow a depth of 21 m. Redrawn and simplified types of ripple cross stratification formed by 
and current ripples can be very difficult from Forristall etal. (1977). waves. Modified from de Raaf etal. (1977). 
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and the interbedded mudstones are gesting a generally shallower, more and no distinct parting planes or amal- 
thin or absent. There appears to have agitated environment. If the HCS gamation surfaces, a thick sandbody 
been little opportunity for the deposi- sandstones amalgamate so thoroughly several metres thick can form (Fig. 8). 
tion and preservation of mud, sug- that there is no interbedded mudstone, The term swaly cross stratification 

(SCS) was created by Leckie and 
Walker (1982) for sandbodies by defi- 
nition thicker than 2 m. The internal 
stratification is dominantly flattish to 
very gently undulating, and the swales 
cut into this lamination. The swales 
are circular to elliptical in plan view, a 
metre or more in diameter and a few 
tens of centimetres deep. The infilling 
laminae conform to the shape of the 
swale, gradually flattening out upward. 
The swales rarely pass laterally into 
hummocks, although there are enough 
convex-upward laminae in a swaly 
sandbody to indicate a descriptive 
(and probably genetic) similarity to 
classical HCS. 

In many examples from the geolog- 
ical record, SCS sandbodies occur 
stratigraphically above HCS sand- 
stones and interbedded mudstones. 
Commonly, the sandbodies are 10-15 
m thick and contain SCS throughout. 
Alternatively, the lower part contains 

Figure 7 Hummocky cross stratification, Cardium Formation, Ram River, Alberta. Arrows ~ C S ,  with cross-bedded and horizon- 
show curvature of lamination within the HCS. Also note low angle convergence of curved tally bedded sandstones at the top 
laminae at C. 

(upper shoreface and beach). These 
may be capped by coaly horizons with 
in situ root traces. This stratigraphic 
context suggests that many or most 
SCS sandbodies represent prograding 
storm-dominated shorefaces, in which 
storm processes have overprinted all 
record of fairweather sedimentation, 
except in the upper shoreface and 
beach. 

SHELF MUDSTONES 
The attention paid to sandstones out- 
weighs that devoted to mudstones, al- 
though the latter comprise the bulk of 
shelf sediments. Mud and silt washed 
into the sea by rivers can be trans- 
ported for many tens of kilometres in 
suspension. Final deposition onto the 
bed is commonly accelerated by filter- 
feeding organisms that ingest mud 
from the water column and deposit it 
as fecal pellets. Where the concentra- 
tion of suspended mud is very high, 
ocean waves are damped and the 
shoreface itself may consist of mud 
(Rine and Ginsberg, 1985). Physical 
and biological structures in mudstones - 

Figure 8 Swaly cross stratification in Permian rocks at Thirroul, near Woollongong, N.S. W., a re commonly difficult to study in 
Australia. Much of the stratification is relatively flat (F), with isolated swales (S). Note low angle, outcrop, but can be well displayed in 
curved intersecting laminae in upper one-third of the photograph. Scale is 15 cm long. unweathered polished slabs or in 
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cores. In most shelf mudstones, all 
physically formed structures have 
been partly or completely destroyed by 
the burrowing and grazing activities of 
organisms, as discussed in Chapter 4. 

In situations where the water close to 
the bed was depleted in oxygen, and 
benthonic organisms consequently 
scarce, primary sedimentary structures 
may be preserved. The most common 
feature consists of a subtle colour 
banding that reflects milimetre- to cen- 
timetre-scale graded siltstone-mud- 
stone beds (Fig. 9; Davis et al., 1989). 
The sharp-based graded beds were 
probably deposited from waning, storm- 
generated flows; the muddy portion of 
each bed is probably partly storm em- 
placed, and partly reflects pelagic de- 
position between storms. 

THE SAND TRANSPORT PROBLEM 
For medium to large shallow marine 
sandbodies, the most important problem 
can be simply stated: did the sand move 
from the shoreline to the sandbody, or 
did the sandbody form at the shoreline 
and become subsequently abandoned 
on the shelf by transgression? 

Where mudstones interbedded with 
the sandstones suggest an offshore 
depositional environment, the question 
arises as to the direction and process 
of sand transport from the shoreface 
to its depositional site. Directions of 
transport can be perpendicular, oblique 
or parallel to the shoreline. Transport 
mechanisms might include combined 
flows driven by waves and/or pressure 
differences, or density currents similar 
to turbidity currents. 

Parallel-laminated to current-rippled 
sandstone beds 
Some ancient sandstones, deposited in 
offshore environments, are character- 
ized by sharp bases with sole marks, 
parallel lamination, and ripple cross 
lamination (Fig. 10). In the Bouma ter- 
minology for turbidites, these beds 
would be described as BC beds (see 
Chapter 13). Although the sedimentary 
structures indicate waning flow, it is not 
always clear whether the flows were 
unidirectional or oscillatory. 

Duke (1990) has suggested that the 
parallel lamination may be formed by 
oscillatory currents,' and that the ripples 
are combined flow ripples. The sharp 
bases would reflect scouring of the 
muddy shelf floor during the rising 

phase of the storm, followed by the em- 
placement of sand as the storm waned. 
The sedimentary structures would re- 
flect diminishing wave orbital velocities 
as the storm waves died down. This in- 
terpretation can be applied to situations 
where sand moves incrementally, storm 
by storm, to its final depositional site. 

In other situations, apparently unidi- 
rectional currents also form BC beds 
with sharp bases. The best-known 
example is in the Jurassic of Alberta, 
where the BC beds and interbedded 
mudstones form a section about 60 m 
thick. This section is overlain by HCS 
beds (20 m) and finally by SCS shore- 
face sandstones and coals (Hamblin 
and Walker, 1979). It was suggested 
that the BC beds were emplaced by tur- 
bidity currents that deposited sediment 
below storm wave base. The sharp- 
based HCS beds have identical sole 

Figure 9 Core photo shows sharp-based 
siltstone beds, many with subtle colour gra- 
ding indicating more mud in the upper part of 
the bed. Note faint flat to very gently inclined 
lamination within some beds. There is an ab- 
sence of ripple cross lamination. Viking For- 
mation at Judy Creek, Alberta: well 10-36V- 
64-1 3W5,4745 feet. Scale in centimetres. 

mark directions to the BC beds below, 
and hence were also believed to be tur- 
bidity current deposits. However, 
because the sand was deposited above 
storm wave base, the normal turbidite 
sedimentary structures were reworked 
into HCS. The problems raised by this 
interpretation are 1) that there are no 
actualistic examples of turbidity currents 
on modem shelves, and 2) that gener- 
ating mechanisms for turbidity currents 
at or close to the shoreface are difficult 
to envisage. 

Arguments concerning the direction 
of sand emplacement are fuelled by 
the geological observation that many 
ancient storm-emplaced sandstone 
beds have sole marks indicating domi- 
nantly shore-perpendicular flow direc- 
tions (Leckie and Krystinik, 1989; but 
see Hart et al., 1990 and Plint and 
Norris, 1991 for contrasting observa- 

Flgure 10 Sharp-based bed of fine sand- 
stone showing parallel lamination throughout 
most of the bed, and a single layer of ripple 
cross lamination at the top. Cardium 
Formation at Ricinus field, Alberta; well 3-5- 
35-8W5,8845 feet. 
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tions). The apparent conflict between 
flow on modem shelves (largely shore- 
parallel) and paleocurrent evidence in 
ancient rocks (largely shore-perpen- 
dicular) has been discussed by Duke 
(1990) and Duke et a/. (1991). They 
point out that the paleocurrent evi- 
dence is largely derived from small- 
scale sole marks that were made by 
the instantaneous action of waves; 
these are typically shore-perpendic- 
ular. If angle-of-repose cross stratifica- 
tion is present, the paleoflow direc- 
tions are commonly shore-parallel. 
However, the dunes that formed the 
cross stratification responded to a 
longer term time-averaged flow and 
better reflect the net, geostrophically 
driven along-shelf flow. 

ANCIENT SHALLOW 
MARINE SANDBODIES 
The processes described earlier in this 
chapter appear to have combined to 
form three main types of shoreface 
and shallow marine sandbodies in the 

, geological record. The first consists of 
sheet-like sandbodies up to about 20 
m thick, representing prograding 

i shorefaces. The second consists of 
! sheet-like or patchy bodies of in- 

j terbedded HCS sandstones and bio- 
{ turbated mudstones, representing an 

aggrading offshore marine environ- 

1 ment. The third type consists of long 

i 

narrow bodies that may be much 
coarser (medium sandstone to con- 
glomerate) than the surrounding sedi- 
ments. These long, narrow bodies 
tend to be more or less parallel to re- 
gional shoreline trends, and they also 
tend to be under- and overlain by re- 
gionally extensive erosion surfaces. 
Features directly analogous to the off- 
shore ridges and swales of modern 
shelves have not been identified in the 
geological record. 

Prograding shorefaces and ag- 
grading offshore HCS sandstones are 
characteristic of highstand systems 
tracts; the long, narrow sandstone and 
conglomerate bodies more commonly 
form lowstand and parts of transgres- 
sive systems tracts. 

PROGRADING STORM-DOMINATED 
SHOREFACE SYSTEMS 
Modern prograding shorefaces 
Relatively few modern shorefaces are 
actively prograding. The best example is 
the broadly arcuate, 200 km-long mi- 
crotidal coast of Nayarit on the Pacific 
coast of Mexico (Fig. 11). It has pro- 
graded up to about 15 km during the last 
3,600 years, at an average rate of about 
3 mlyear (Curray et a/., 1969). Sand is 
supplied to the strandplain by the Rio 
Grande de Santiago and a number of 
smaller rivers, as well as by marine 
erosion of older transgressive deposits. 

The well-sorted fine and medium sand is 
distributed along the coast by a powerful 
wave-driven longshore drift system, 
forming a sandbody about 7 m thick. The 
shore face sands grade seaward into 
silts and clays at a depth of about 10 m. 

The importance of sand supply to the 
shoreface by reworking of the inner shelf 
has been discussed by Dominguez eta!. 
(1987) from a study of the southeastem 
coast of Brazil. Here, strandplains are as- 
sociated with several river mouths (Fig. 
12). On the downdrift side of the river 
mouths, the strandplain contains some 
sand supplied directly from the rivers. On 
the updrift side, the mineralogy of the 
sand is different, suggesting derivation 
from the shelf by reworking in response 
to an approximately 5 m relative fall in 
sea level during the last 5,100 years. 
This hypothesis is strengthened by the 
fact that the Caravelas strandplain 
(Dominguez et a/,, 1987, fig. 4) is not as- 
sociated with a river at all. It has been 
built in a zone of convergent longshore 
drift with sand supplied by erosion of the 
shelf. This work in Brazil suggests that 
regressive sheet sandbodies are most 
likely to develop following a relative sea 
level fall, when dispersed sand on the 
inner shelf is eroded and concentrated in 
the shoreface. 

Ancient shoreface sandbodies 
Many examples of sheet-like sand- 

Figure 11 A) Coast of Nayarit, Mexico, showing (B) arcuate wave-dominated strandplain with up to 280 sub-parallel beach ridges which have ao 
creted during about 4500 years of coastal progradation. Changes in wind patterns, and in the positions of river mouths have resulted in localized 
erosion and reorientation of the shoreline. C) cross section showing a Holocene transgressive ravinement surface overlain by a transgressive lit- 
toral sand, in turn overlain by the prograding beach and beach-lidge complex (regressive shoreface sandbody). Modified from Curray et a/. (1969). 
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bodies characterized by SCS, and in- 
terpreted to have been deposited in 
prograding wave-dominated shore- 
faces, have now been recognized (see 
Heward, 1981 ; McCubbin, 1982; John- 
son and Baldwin, 1986 for recent re- 
views). This l i terature is strongly 
biased toward the Cretaceous of the 
Western Interior Seaway of North 
America, where the sandbodies form 

settings include the Tertiary Cohansey 
Sand of New Jersey (Carter, 1978) 
and the Oligocene Frio Formation of 
Texas (Tyler and Ambrose, 1986). 
Each sandbody typically extends 
many hundreds of kilometres along 
depositional strike, and may prograde 
over 300 krn seaward. Where sand- 
body geometry can be well defined 

using isopach maps, localized bulges 
in the shoreline trend probably indicate 
the former posit ion of major river 
mouths. 

The SCS shoreface sandbodies 
characteristically occur in the upper 
parts of sandier-upward facies succes- 
sions (Figs. 13, 14). These succes- 
sions (such as the one at Lundbreck, 

INNER SHELF 

FLUVIAL SAND 
DEFLECTED D ~ w N -  

SAND IS ERODED FROM 
INNER SHELF AND - REWORKED ONSHORE 

STRAND-PLAIN BUILT IN A 
ZONE OF CONVERGENT 
LONGSHORE DRIFT -NO 

Flgure 12 Development of beach-ridge 
strandplains on a wave-dominated coast 
undergiong relative sea level fall. Sand sup- 
plied by rivers is deflected alongshore and 
contributes to the downdrift side of the 
strandplain. The updrift side is built largely 
of sand reworked in the onshore direction 
through erosion of the inner shelf, as a 
result of increased wave scouring during 
relative sea level fall. Note that a strand- 
plain can accumulate in an area lacking a 
direct fluvial input. Idealized after diagrams 
of Dominguez et a/. (1987). 

Figure 13 Prograding shoreface succession in the Cretaceous Chungo Member, Wapiabi For- 
mation, at Lundbreck, Alberta. Stratigraphic top to left. M = offshore bioturbated mudstones; H = 
interbedded HCS sandstones and bioturbated mudstones; S = SCS shoreface sandstones. 
Thickness of H plus S is about 100 m. Note progressive increase in proportion of sand upward. 

Breaker zone - ridge a S U C C ~ S S ~ O ~  

runnel / rip channels 

Shoreface - Swaley 
cross -stratification 

elative sea level fall lo- 

erosive - based 

sandy siltstone 

Outer shelf - bioturbated 

f-4 Wave-dominated shoreface successions. Left, a gradationally based succession 
passing frdm outer through inner shelf deposits into sand-dominated shoreface and beach 
sediments. Right, shows a succession characterized by a sharp-based shoreface deposited 
during a period of relative sea level fall (a forced regression). At such times, reduced accom- 
modation space eliminates the shelf-to-shoreface transitional zone, and the shoreface sands 
rest abruptly on a wave-scoured erosion surface. 
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Alberta; Fig. 13; Rosenthal and 
Walker, 1987) typically begin with bio- 
turbated mudstones and interbedded 
fine to very fine sandstone beds a few 
centimetres or tens of centimetres 
thick; these may contain HCS, planar 
lamination or ripple cross lamination. 
Upward, the sandstone beds thicken, 
the proportion of HCS increases and 
beds become more amalgamated. The 
mudstone interbeds finally disappear 
and SCS predominates. Toward the 
top of the SCS sandbody, there may 
be a few metres of somewhat coarser 
(upper fine to medium grained) trough 
cross-bedded sandstone, representa- 
tive of longshore bars and troughs. The 
top 1-2 m of the succession typically 
consists of fine sandstone with planar 
lamination, representing the beach. It 
may be capped by somewhat silty, 
structureless and rooted sandstone 
representing a backshore environment. 

Although fine sandstone commonly 
dominates the SCS shoreface succes- 
sions, coarser sediment may also be 
present. For example, coarse, cross- 
and planar-bedded sandstone and/or 

conglomerate may be important near 
river mouths (Clifton, 1981 ; DeCelles, 
1987; Leckie and Walker, 1982; Plint 
and Walker, 1987; Hart and Plint, 1989; 
Plint and Norris, 1991). 

Sharp-based shoreface sandbodies 
In some progradational facies succes- 
sions, the base of the SCS sandbody 
is sharp rather than gradational (Fig. 
14). The contact with underlying thinly 
interbedded shelf mudstones and silt- 
stones can also be marked by large 
load casts and/or elongate gutter casts 
(Rosenthal and Walker, 1987; Davis 
and Byers, 1989; Plint, 1991). The gut- 
ter casts have the geometry of gutters 
(eavestroughs), and are narrow sand- 
filled scours oriented perpendicular to 
regional shoreline trends. They are be- 
lieved to be formed by wave scour on 
the bed (Duke, 1990). 

Lateral relationships between grada- 
tional and sharp-based sandbodies 
can be demonstrated in subsurface 
studies. For example, in the Cardium 
Formation of Alberta (discussed in 
detail later in this chapter), Plint (1988) 

showed that gradational-based shore- 
face successions could be traced lat- 
erally into thinner, sharp-based sand- 
bodies (Fig. 15). The slight drop in 
stratigraphic position of the base of the 
shoreface, along with its change to a 
sharp base, was interpreted to be the 
result of progradation due to a relative 
sea level fall. This would cause wave 
scouring of the inner shelf, resulting 
in shoreface progradation over an 
erosion surface. The transitional lower 
shoreface zone would be eliminated. 
Because the water was shallower, less 
sediment would be needed for aggra- 
dation, and therefore the progradation 
rate would increase. More information 
is provided by the Marshybank Form- 
ation of Alberta (Plint, 1990, 1991; 
Plint and Norris, 1991), which contains 
a succession of very thin (3-5 m), 
erosive-based SCS shoreface sand- 
stones. These sandbodies prograded 
for many tens of kilometres over a 
muddy shelf in response to relative sea 
level falls. Comparable sandbodies 
have recently been described from the 
Paleozoic of Greenland (Bryant and 

Figure 15 Representative log and core cross section through shoreface sandstones of the Kakwa allomember of the Cardium Formation. 
Section is located in Figure 16, and progradation was left to right (eastward). The base of the shoreface (stippled) is gradational in 7-10-62-7, 
but is stratigraphically a little lower, and sharp-based, in 7-10-62-6 and 6-8-62-5. Thus the stratigraphic drop in shoreface position is coinci- 
dent with the change from gradational to sharp base. Note also the erosion of well log marker "an between 7-10-62-6 and 6-8-62-5. The sharp- 
based shoreface is interpreted to result from a small lowering of sea level during progradation (a forced regression). The shoreface rises 
stratigraphically between 6-8-62-5 and 10-3-62-4, and becomes gradational again; this is interpreted to be due to a slight relative sea level 
rise during progradation. Modified from Plint (1988). 
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Smith, 1990). This type of coastal 
progradation was termed a forced re- 
gression by Plint (1991), to emphasize 
its dependence on relative sea level fall, 
rather than simple progradation of the 
shoreline in response to sedimentation. 
A good analogue for these Cretaceous 
Cardium and Marshybank sandbodies 
is the Pleistocene lngleside Sand, which 
represents a strandplain that prograded 
many kilometres across the Gulf of 
Mexico shelf in response to a Wiscon- 
sinian glacio-eustatic lowstand (Wilkin- 
son et ab, 1975). 

SHEET-LIKE AND PATCHY 
HCS SANDBODIES 
This facies consists of HCS sand- 
stones interbedded with bioturbated 
mudstones. In almost all cases, the 
physical sedimentology and trace 
fauna suggest an environment below 
fairweather wave base but above 
storm wave base. HCS sandstones in- 
terbedded with bioturbated mudstones 
have not yet been unequivocally docu- 
mented on modern shelves and all in- 
formation is derived from the geo- 
logical record. 

Sandstone beds commonly become 
thinner in the dispersal direction, and 
form sandier-upward stratigraphic suc- 
cessions, although muddier-upward 
successions are also known (Bour- 
geois, 1980). The sandier-upward suc- 
cessions in ancient shallow marine 
settings are commonly interpreted to 
reflect coastal progradation. 

There is no information on the ge- 
ometry of individual HCS sandstone 
beds, but packets of HCS sandstones 
and interbedded bioturbated mud- 
stones a few to several metres thick 
can be traced for tens of kilometres in 
the Book Cliffs of Utah (Swift et a/., 
1987). In the Raven River allomember 
of the Cardium Formation (subsurface 
of Alberta; Figs. 16, 17), there are 
several discrete sandier-upward suc- 
cessions of HCS sandstones. The suc- 
cessions are each about 7.5 m thick, 
and they are irregularly stacked and 
shingled against each other (Walker 
and Eyles, 1988). lsopach maps of 
each succession (Fig. 18) show lobe- 

at the top of the Raven River al- 
lomember. This sandbody forms major 
reservoirs at Pembina, Willesden 
Green and Ferrier (Figs. 16, 17). 

The sheet sandstones at Pembina 
are erosively overlain by conglomer- 
ates, mostly forming a veneer but in 
places up to 10 m thick. This erosion 
surface (E5; Fig. 17) has greatly influ- 
enced ideas about sandstone and 
conglomerate body geometry, and is 
now known to separate highstand from 
lowstand/transgressive systems tract 
deposits. 

SANDBODY GEOMETRY 
DETERMINED BY 
EROSIONAL DISSECTION 
In the subsurface of the Alberta Basin 

(Fig. 16), the Cardium Formation is es- 
sentially flat lying, unfaulted, and is 
penetrated by over 10,000 wells. 
There are more than 1500 preserved 
cores. In the mudstones below and 
above the Cardium, there are excel- 
lent well log markers that form contin- 
uous and planar datums. This superb 
control is unmatched anywhere else in 
the world. It is therefore possible to 
demonstrate erosion at the bas6 of 
Cardium conglomerates in cross sec- 
tions (Fig. 19), and to map the geom- 
etry of the erosion surface in three 
dimensions (Fig. 20; Walker and Eyles, 
1991). In the Pembina, Willesden 
Green and Ferrier area (Fig. 16), the 
sandbodies that form the individual 
reservoirs have a topographic relief of 

like geometries. The shifting lobe posi- 
tions were hypothesized to be the Figure 16 Location map, Cardium Formation oil and gas fields, southern Alberta. Thrust 

symbol shows edge of deformed belt; southwest of this line the Cardium is exposed in outcrop, 
result Of changes in the position Of commonly steeply dipping in a series of thrusts. Locations of cross sections (Figs. 15, 19) are 
river mouths (Walker and Eyles, shown, and area covered by mesh diagram (Fig. 20) is outlined. B.R. = Brazeau River; R = 
Fig- 18). The shingled lobes have coa- Ricinus; CAROL. = Caroline; GARR. = Garrington; CR. = Crossfield; LOCH. = Lochend. For 
lesced to form a sheet-like sandbody scale, the rectangle enclosing Pembina and adjacent fields is 140 x 170 km. 
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up to 20 m with respect to upper and 
lower datums (as shown in Figure 19 
for the sandstones below E5 at Carrot 
Creek). This relief, along with the map 
pattern (Fig. 16), has traditionally been 
interpreted to indicate some form of 
"shelf bat' that grew in situ in an open 
marine setting. It has now been estab- 
lished that this is not the case. The 
relief observed is demonstrably entirely 
erosional (Plint et a/., 1986; Bergman 
and Walker, 1988; Walker and Eyles, 
1988, 1991), and is interpreted to have 
formed as a result of 1) a relative sea 
level fall, followed by 2) emergence of 
the shelf, and then 3) erosional dissec- 
tion of the former shelf sandstones 
during transgression (Fig. 21). 

Following the Cardium work, similar 
erosion surfaces have been identified 
throughout the Cretaceous section in 
the Alberta Basin. Interpretations of the 
Cardium data suggest a re-examination 
of other "offshore bars" (such as the 
conglomerate-capped sandier-upward 
successions of the Carboniferous 

E 
Kinsale Formation; Cotter, 1985; de 

@ WAPIABI FORMATION 

Raaf et al., 1977). These might also be 
examples of sheet sandbodies dis- 
sected during relative lowering of sea 
level, and erosively modified during 
subsequent transgression. We con- 
clude that patchy HCS shelf sand- 
bodies may owe their shapes to 1) 
original deposition in particular lobes, 
andlor 2) subsequent erosional dissec- 
tion during sea level fluctuations. The 
importance of sea level fluctuations and 
accompanying erosion will form the 
main theme of the rest of this chapter. 

LONG NARROW 
SANDSTONE BODIES ENCASED 
IN MARINE MUDSTONE 
The Cretaceous rocks of the Western 
Interior Seaway (foreland basin) of 
North America contain numerous long 
(tens of km), narrow (few km) sand- 
stone and conglomerate bodies that 
are totally encased in marine mud- 
stones (Fig. 16). Because subsurface 
control is normally necessary to define 
sandbody geometry in three dimen- 
sions, i t  is diff icult to know how 

common such sandbodies are in other 
areas where well control is not so 
good. The sandbodies are normally 
parallel or subparallel to regional 
shoreline trends, but they have no 
physical connection with a time-equiv- 
alent shoreface sandbody. The iso- 
lated position of these sandbodies, 
along with their tendency to coarsen 
and become sandier upward, has led 
to their interpretation as 'offshore 
bars" that "grewn on a muddy seafloor, 
tens of kilometres from the shoreline. 
One of the most intensely studied ex- 
amples is the Shannon Sandstone in 
Wyoming (Fig. 22; Tillman and Mar- 
tinsen, 1984, 1987; Gaynor and Swift, 
1988), where the geological setting 
makes an "offshore bar" interpretation 
appealing. However, several problems 
with such an interpretation must be 
emphasized. 

Problems posed by "offshore bars" 
The problems can be listed vety simply, 
and will be discussed below: 
1) Exactly how was the sand (and gra- 

Z 

BLACKSTONE FORMAT10 

Figure 17 Allostratigraphy of the Cardium Formation, Alberta Basin. The diagram is slightly modified from Plint eta/. (1986) and Walker and 
Eyles (1991), using work by Hart and Plint (in press), Hall eta/. (1991), Wadsworth and Walker (1991), Hart (pers. comm., 1991) and other 
unpublished information. The erosional surfaces (E) initially formed as a result of relative sea level fall, with wave scour in inshore areas and 
subaerial erosion in the exposed portions of the former shelf. Long, narrow bodies of conglomerate formed in the maximum lowstand 
shorefaces, or in shorefaces cut during stillstands in the subsequent transgression. During transgression, erosion in the shoreface removed 
physical evidence of subaerial exposure irr areas landward of the lowstand shoreface. The resulting shorefaces are in part of composite origin, 
with episodes of erosion having taken place during 1) marine regression; 2) subaerial exposure; and finally 3) marine transgression. The T 
surfaces represent modification of the subaerial surface, and the reworking of subaqueous lowstand deposits during marine transgression. In 
many places between incised shorefaces, the E and T surfaces are co-planar. Available ammonite biostratigraphy suggests that the erosional 
hiatuses at the E5K5 and E7/n surfaces correspond, respectively, with third-order eustatic falls of sea level (Haq et a/., 1988) in the late 
Turonian and mid-Coniacian. 
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vel) transported from the shoreline to the 
off shore bar? 
2) If the coarse sediment moved as a 
thin sheet on the seafloor, what marine 
processes concentrated and focused the 
sediment into long narrow sandbodies? 
3) Why did the sand moving out across 
the seafloor become progressively con- 
centrated on the bar top, forming san- 
dier-upward fades successions? 

The reader need only refer to the 
Shannon "offshore bars" 160 km from 
shore (Fig. 22) to appreciate how severe 
these problems are. 
1) The problem of sediment transport 
has been discussed earlier; the literature 
contains some classically all-embracing 
(but unhelpful) interpretations such as 
%'shelf currentsn (Fig. 22), "storm-driven 
currents", "normal tidal currents" and "re- 
gional circulation currents". 
2) There are no known modern situa- 
tions in which sand supplied from the 
shoreline is presently being transported 
across a muddy shelf and concentrated 
into long narrow bars. Explanations for 
ancient long narrow ridges include, 
among others, i) deposition in the lee of 
a pre-existing break in slope (origin of 
break not explained; e.g., Swagor eta/., 

Figure 19 Resistivity well log and core cross sections through part of Carrot Creek (section I e  
cated in Figure 16). Note the truncation of sandier-upward successions "a" and "b" (arrows) by 
the base of the conglomerate, and particularly the erosion of the HCS sandstones between wells 
7-34-52-13 and 10-35-52-13. Numbers 3,4 and 5 indicate increasingly sandy bioturbated facies; 
GS indicates "gritty (coarse sand) siderite", and IN (inflection) indicates the first rightward deflection 
of the well logs. E5, E6 and E7 indicate Cardium erosion and (T) transgressive surfaces. The inter- 
preted positions of three of these wells are shown in Figure 23. From Bergman and Walker (1988). 

Figure 18 Willesden Green field (stippled) 
is located in Fig. 16. Four 'lobaten sandier- 
upward successions can be identified imme- 
diately beneath erosion surface E5, from 
bottom upward designated yellow, red 
orange and blue. Data from the immediate 
area of Willesden Green shows the direction Figure 20 Mesh diagram of the topography of the E5 erosion surface, viewed from NE 
and rate of thinning of these lobes. Projec- toward SW (i.e., from the basin toward the sediment source). Note that the topography is char- 
tions in the direction of thickening to where acterized by a series of asymmetrical highs and lows, with the steeper sides of the highs facing 
the lobes would be about 20-30 m thick northeastward (toward the viewer). Vertical relief (up to 20 m) is greatly exaggerated, and the 
suggest possible shoreline positions. Thrust area of the diagram (140 x 170 km) is shown in Figure 16. H = Highvale, NP = North Pembina, 
symbol indicates position of deformed belt WG = Willesden Green, and F = Ferrier. A and C refer to highs in the Carrot Creek and 
(Fig. 16). From Walker and Eyles (1 988). Pembina areas. From Walker and Eyles (1991). 
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1976; La Fon, 1981), ii) convergence (Swift and Rice, 1984; Gaynor and 
and expansion of along-shelf geo- Swift, 1988), and iii) nucleation over a 
strophic storm flows over an initial topo- tectonic "paleo-highn (Tillman and 
graphic irregularity (origin unexplained) Martinsen, 1984). 
which then becomes "self-propagating" 3) The sandier-upward successions 

W 
V) 

SEA LEVEL 
FWWB 

WAVE EROSION IN SHOREFACE SR* 

Figure 21 The initial shoreface is at A, with a sediment surface dipping gently basinward 
(letters A, A). A fall of relative sea level moves the shoreface to B (lower right), where it is 
incised, with a low "cliff" of former marine strata behind the shoreface. The old sediment 
surface A - A is now subaerially exposed and has become vegetated, with small incised 

I streams at B. Slow, steady sea level rise (SR) forms shorefaces C and D, and BCD defines an 
erosive shoreface envelope. If the rise is more rapid (RR), the shoreface envelope rises at a 
steeper angle with respect to the underlying beds (DEF). If there is a pause in sea level rise, 
wave erosion will cause the shoreface to cut horizontally landward (erosional envelope FGH, 
formed during stillstand incision, SI). The overall transgressive erosion surface, from B to H, will 

I 

be stepped, and any evidence of subaerial exposure (the vegetation at B) will be removed. The 

1 erosion surface will be overlain by a transgressive lag, and transgressive marine mudstones. 
h 

have been related to the topographic 
expression of the ridge (a few to about 
15 m), where the crest is coarser 
grained because of greater wave and 
current action than on the flanks 
(Hobson et a/., 1982; Boyles and Scott, 
1982). This does not explain how the 
coarse sediment was moved to the top 
of the ridge if currents on the flanks are 
weaker, and prompts one to question 
whether the 'trough-to-crest' differ- 
ences in current and wave strength are 
geologically significant if the "bat' has 
a topographic height of only a few 
metres but is situated in water several 
tens of metres deep. 

The three problems posed above are 
hard to explain, and our brief review of 
some proposed solutions indicates no 
consensus. Many interpretations 
simply push the problem farther out of 
sight (e.g., proposing the existence of 
pre-existing topographic elements on 
which the 'bars" allegedly grew). We 
will examine the possibility that many 
of the ridges did not form tens of kilo- 
metres from the shoreline, and that 
they owe their present 'offshore' posi- 
tion, encased in marine mudstone, to 
major regressions and transgressions. 
We will again use the Cardium 
Formation as a case history, and then 
examine other situations. 

Flgure 22 Block diagram (simplified from Tillman and Martinsen, 1987) showing the posi- 
tions of Shannon outcrops in the Salt Creek anticline, and positions of Shannon oil and gas 
fields at Heldt Draw and Hartzog Draw. Note that these "offshore bars" are gradationally 
rooted in shelf mudstones (front face of diagram), and appear to be up to 160 km from the 
contemporaneous shoreline. In this interpretation, it is obvious that the sand has to be 
moved to Hartzog Draw by "shelf currents", but the nature of these currents is not stated. 

LONG NARROW SANDBODIES: 
A CASE HISTORY OF 
THE CARDIUM FORMATION 
The Turonian-Coniacian Cardium 
Formation of Alberta (Fig. 16) has been 
subdivided into eight sedimentary suc- 
cessions, each bounded by regionally 
extensive discontinuities (termed E l  
through E7 in Fig. 17). The elongate 
shapes of the sandstone and conglom- 
erate reservoirs (Fig. 16), encased in 
marine mudstones, have formerly sug- 
gested interpretations in terms of "off- 
shore bars". Because the Cardium 
hosts several large oil fields (with at 
least 2 billion barrels of recoverable oil), 
there is a superb subsurface data base 
of well logs and cores. Numerous out- 
crops are also available in the adja- 
cent Foothills. This unparalleled 
stratigraphic and sedimentological 
control permits detailed interpretations 
that are both specific to the Cardium, 
and of more general applicability. 

The Cardium is characterized by a 
series of sandier-upward facies succes- 
sions that pass from bioturbated mud- 
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stones to interbedded HCS sandstones 
and bioturbated mudstones. These suc- 
cessions are capped by conglomerates, 
in the form of thin veneers, and as de- 
posits up to almost 20 m thick (Fig. 17). 
The erosive break between the con- 
glomerates and underlying sandstones 
can be easily illustrated in cross sec- 
tions from Carrot Creek (Fig. 19). Eight 
distinct erosional surfaces, or "bound- 
ing discontinuitiesn, have now been 
mapped (Fig. 17; Plint et al., 1986, 
1987, 1988; Wadsworth and Walker, 
1991), and they allow the Cardium to 
be divided into several allomembers 
(Fig. 17). In the southwest, the section 
is dominated by a prograding shoreface 
(Kakwa allomember) overlain by non- 
marine sediments (Musreau allo- 
member). Toward the northeast, shal- 
low marine facies are characterized by 
sandier-upward facies successions, 
most notably in the Raven River allo- 
member. Shoreface progradation and 
shelf aggradation were periodically in- 
terrupted by relative lowering of sea 
level, forming erosion surfaces that ex- 
tended basinward many tens of kilome- 
tres from the original shoreface. 

The erosion surfaces are generally 
marked by conglomerate veneers 
which locally thicken into linear 
accumulations ("barsn) up to 20 m thick, 
subparallel to the trend of the Kakwa 
shoreface. These regional erosion sur- 

b faces can be studied in two dimensions 
I in cross sections (Fig. 19) and in three 

dimensions in isopach maps and mesh 
diagrams (Fig. 20). Maps have now 
been published for surfaces E4 (Pat- 
tison and Walker, 1992), E5 (Fig. 20; 
Walker and Eyles, 1991), E6, E6.5 and 
E7 (Wadsworth and Walker, 1991). The 
E4 and E5 surfaces are characterized 
by a series of northwest-southeast 
trending asymmetrical "stepsn (Fig. 20; 
Fig. 21 envelope FGH), with the 
steeper side of the step facing north- 
eastward. The thick conglomerate de- 
posits occur banked up against these 
erosional steps (Fig. 23; Bergman and 
Walker, 1988). 

Formation of Cardium 
erosion surfaces 
In general, erosion surfaces might form 
1) in an open marine setting, 2) in a 
subaerial setting, or 3) in a transgres- 
sive shoreface setting with partial or 
total modification of an older subaerial 
surface. These possibilities have been 

--- 

discussed with respect to the Cardium 
Formation by Walker and Eyles (1991), 
and extremely brief arguments are pre- 
sented here. Erosion in open marine 
settings takes place during storms, 
forming scours no more than a few 
metres deep. These eroded areas tend 
to fill in again during fairweather condi- 
tions, and no examples of linear scours, 
up to 20 m deep, are known to have 
formed in open marine settings on 
modern shelves. Subaerial erosion by 
rivers on floodplains can easily produce 
20 m of relative topography. However, 
the Cardium erosional lows are consis- 
tently asymmetrical, parallel to each 
other and parallel to regional strike. 
Most river patterns are sinuous, and 
oriented downdip, not parallel to strike. 
We therefore suggest that erosion took 
place in a transgressive shoreface 
setting, with complete removal of any 
evidence of former subaerial exposure. 

During transgression, erosion is 
largely due to wave action in the shore- 
face, between sea level and fairweather 
wave base ( W B ,  Fig. 21). If the rate 
of transgression is steady, a more or 
less planar erosion surface may form 
as the shoreface moves across the 
subaerial surface (Fig. 21, erosional en- 

velope BCD formed by steady rise, 
SR). If the rate of relative rise in- 
creases, the erosional envelope will be 
at a steeper angle with respect to the 
underlying beds (Fig. 21, rapid rise RR, 
forming erosional envelope DEF). 
However, if there is a relative sea level 
stillstand, the shoreface may become 
locally incised (Fig. 21, stillstand inci- 
sion SI, forming erosional envelope 
FGH), cutting a distinct notch into the 
underlying sediments. These incised 
notches may be preserved, as on the 
continental shelf off Brazil (Kowsmann 
et a/., 1977) and Spain (Diaz and Mal- 
donado, l 990). 

In a scenario of this type, the events 
forming the rocks below and above E5 
can be itemized. 
1) Deposition began with a sandier- 
upward succession on the shelf, forming a 
succession of mudstones that pass 
upward into HCS sandstones in the Raven 
River allomember (Fig. 21, surface A). 
2) A relative fall of sea level exposed 
the former shallow marine sediments 
to subaerial erosion (Fig. 21, vegeta- 
tion and trees at B). The shoreface 
moved to an unknown position to the 
northeast. Subaerial erosion probably 
took place, with rivers cutting shallow 

STEP C 

SEQUENCES. 

DISSECTION. 

Figure 23 lnterpretation of Cardium Formation conglomerate deposition in the Carrot 
Creek area (see Fig. 16). The origin of the stepped erosion surface E5 is shown in Figure 21. 
Conglomerates were supplied by rivers and were banked up against steps on the erosion 
surface, suggesting deposition in the shoreface. The upper shoreface and beach were 
eroded during subsequent transgression, forming a transgressive lag (TR. LAG). 
lnterpretation is based on the cross section in Figure 19, and shows successions "a" and "b" 
separated by gritty siderite G.S. Locations of wells 7-34-52-13, 10-35-52-13 and 6-1-53-13, 
from Figure 19, are shown above. Note that in the interpretation, vegetation is still present at 
7-34; it will be eroded, along with the beach, before the transgressive lag is deposited (as 
seen in the core, Fig. 19). The position of step C can also be seen in Figure 20. Note the in- 
cision of gravelly distributaries into the shoreface of step B, which is very discontinuous 
along strike. Modified slightly from Bergman and Walker (1988). 
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channels into this surface. 
3) The rivers flowing across the sub- 
aerially exposed shelf supplied grav- 
elly sediment to the new shoreface, 
which prograded a short distance. This 
maximum lowstand shoreface is hard 
to identify at the E5 horizon. 
4) Sea level began to rise again, 
causing the shoreline to retreat south- 
westward. Wave erosion in the trans- 
gressing shoreface removed all evi- 
dence of subaerial exposure (e.g., root 
traces, paleosols, incised river chan- 
nels). New erosional level is shown by 
the erosive envelope BCDEFGH in 
Figure 21. 
5) During steady transgression, the 
erosion (or ravinement) surface is cut 
essentially parallel to the original 
stratigraphic dip. During relative still- 
stands in the overall transgression, 
erosion in the shoreface cut horizontal 
steps into the gently dipping coastal 
plain (Fig. 21, step FGH). Sand and 
gravel supplied to these shorefaces 
may be sufficient to cause local pro- 
gradation near river mouths, and in 
those parts of the shorefaces down- 
drift from the river mouth. 
6) Resumed transgression truncated 
the former shoreface sandlgravel 
body, and spread former beach gravel 
southwestward as a thin transgressive 
lag (Fig. 23). Some of the beach gravel 
was moved a short distance seaward 
during storms to form stringers in mud- 
stones accumulating offshore. Biotur- 
bation may mix the sediment to pro- 

duce a structureless pebbly mudstone. 
7) Continued transgression and deep- 
ening finally ended the reworking of 
the former shoreface deposits, and 
mudstones were deposited on top of 
the conglomerates. It is not possible in 
the Cardium to locate the maximum 
flooding surface. For practical pur- 
poses, we assume that it is within the 
mudstones but close to the contact 
with the conglomerates. 

Solutions to the problems posed 
by "offshore bars" 
Earlier in the chapter, three problems 
were introduced, I) the transport of 
sediment across the shelf, 2) its con- 
centration into long narrow bars, and 
3) the formation of sandier-upward 
successions within the bars. The 
Cardium case history provides plau- 
sible solutions to the questions. 
1) The topography of erosion surfaces 
(Figs. 19-21, 23) suggests that the 
overlying coarse sandstones and con- 
glomerates formed in incised shore- 
faces. If so, the sandstones and 
conglomerates are not offshore bars, 
and the problem of sediment transport 
into offshore areas no longer exists. 
2) The problem of focusing or concen- 
/trating the sediment into long, narrow 

1 bodies is easily solved - the bodies 
form along linear shorefaces by long- 
shore drift of coarse sediment from 
river mouths. 
3) Because the conglomerates are 
separated from the underlying succes- 
sions of HCS sandstones by regional 
erosion surfaces, they are not geneti- 
cally related to the underlying sandier- 
upward successions, which form 
during shelf aggradation. 

At the E5 horizon, the conglomerate 
bodies at Carrot Creek rest within 
incised steps on the erosion surface. 
The long narrow fields at Willesden 
Green and Ferrier are not "offshore 
bars", but represent erosional rem- 
nants of the HCS sheet-like sand- 
stones below the E5 erosion surface 
(Fig. 20). Thus the erosion surfaces in- 
fluence the morphology of sandstone 
and conglomerate bodies in two dif- 
ferent ways: 1) by forming elongate 
erosional remnants of sheet-like sand- 

IS THE SHANNON SANDSTONE 
A LOWSTAND SHOREFACE ? 
The Shannon Sandstone occurs as a 
series of long, narrow sandbodies in 
central Wyoming, about 160 km 
seaward of time-equivalent shorelines 
(Fig. 22). In outcrops in the Salt Creek 
area, there are two stacked sandier- 
and coarsening-upward successions 
(Fig. 24) that begin with bioturbated 
mudstones and pass upward into 
cross-bedded medium- to coarse- 
grained sandstones (Tillman and 
Martinsen, 1984). Paleocurrent direc- 
tions are mostly southward, with some 
northward flows. There are no con- 
vincing explanations of how the sand 
was moved 160 km from the shoreface 
to the bars, nor how it was concen- 
trated into long narrow sandbodies. 
Perhaps the biggest problem is the 
failure to explain how the coarsest sedi- 
ment moved to the tops of the bars, 
where the largest sets of cross bedding 
occur. 

Careful examinations of the outcrop 
have not revealed erosion surfaces 
immediately below the sandbodies, al- 
though a regionally extensive phos- 
phatic pebble bed does lie 5-10 m 
below the lower sandbody at Salt 
Creek (Gaynor and Swift, 1988). We 
direct the reader's thoughts to the fol- 
lowing speculations. 

A major relative sea level fall might 
have rapidly moved the Shannon 
shoreline almost to the area of central 
Wyoming. There would have been si- 
multaneous moderate scouring and 
winnowing of shelf mudstones sea- 
ward of the new shoreline, generating 
a subtle, lag-strewn erosion surface. 
The lowstand shoreface then pro- 
graded, forming a sandier- and coars- 
ening-upward shoreface succession 
which began with offshore bioturbated 
mudstones (Fig. 25, column 5). These 
were succeeded vertically by sand- 
stones, with cross bedding forming in 
coarse sands in the upper shoreface. 
A minor transgression was followed by 
a second progradation, leading to the 
two stacked successions at Salt Creek. 
Finally, a major transgression truncated 
the succession in central Wyoming and 

i bodies below the erosion surfaces, cut an erosion surface back to the 'lime- 
I , Figure 24 Two superimposed sandier- and 2) by localizing the deposition of equivalent shorelinen shown in Figure 
/ upward successions (arrowed) in the long, narrow coarse-grained lowstand 22 (and Fig. 25, column 8). Although 

Shannon Sandstone, Castle ~ocks, Salt shoreface deposits above the erosion most reports illustrate the Shannon as 
Creek Anticline, Wyoming. surfaces. an isolated sandbody, it is of interest to 
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note that Gill and Cobban (1973, fig. 10) sening-upward successions. These sediment supply and time available for 

show, in some areas, a continuous sand shorefaces appear to have prograded progradation before transgression 
sheet extending westward to link with farther than those in the Cardium, resumes, as well as differences in 
shoreline sandstones of the Mesaverde because they have complete gradation- slopes and subsidence rates. Steeper 
Formation. This sand sheet may be a ally based successions that begin with slopes and faster subsidence would 
locallv preserved remnant of the offshore mudstones (similar to Fig. 25, generate greater accornodation space 
shoreface sandbody deposited during 
rapid regression, as illustrated in Figure 
25A, between sea levels D and F. 

In our scenario, the Shannon "off- 
shore bars" become prograding low- 
stand shorefaces, effectively solving the 
problems of sediment transport from the 
shoreline, its concentration into bars, 
and the formation of sandier- and coar- 

succession 5). In the Cardium, shore- 
face progradation in the Waskahigan, 
Burnstick and Carrot Creek allomem- 
bers was restricted to the area of the 
wave-scoured surface. No offshore 
mudstones related to shoreface progra- 
dation are present below the sharp- 
based shoreface sandstones (Figure 
25, column 4). The differences reflect 

and hence favour mud accumulation 
below fairweather wave base. 

FACIES MODELLING - SYNTHESIS 
Two models emerge from this chapter 
- one well understood and one embry- 
onic. The well-understood prograding 
shoreface (Figs. 13, 14, 15) can be 
summarized in two vertical succes- 

+Highstand Systems Tract - Lowstand Systems Tract + 

Figure 25 Generalized model for origin of "offshore bars" in a shallow marine setting. In cross section A, a wavedominated strandplain 
(highstand systems tract) progrades during sea level A. Shelf muds grade progressively up into shoreface sands (column 1). Subsequently, 
relative sea level lowers through B, C and D, and with reduced accommodation space, the shoreface-to-shelf transitional facies are progres- 
sively eliminated, resulting in shoreface sands resting directly on shelf muds (column 2). Relative sea level lowers rapidly from D through F, 
forming a very thin, erosively based shoreface sandbody (column 3). It stabilizes at G, permitting development of a new, lowstand shoreface. 
The landward portion of the lowstand shoreface sandbody rests abruptly on an erosion surface (column 4), but as the lowstand shoreface 
sands prograde into deeper water, transitional and offshore facies can be formed and preserved (column 5). In columns 5 and 6, there will be 
either an abrupt or rapidly-gradational contact, possibly marked by an intraclast lag, between distal shelf muds and the coarser silts and sands 
of the shoreface. The deposits associated with sea levels D through G can be assigned to a lowstand systems tract. In cross section B, the 
lowstand deposition is terminated by a relative sea level rise, to position H. The shoreline is driven landward, and wave scour in the trans- 
gressing shoreface forms a gently undulating erosion surface (ravinement surface). This may be mantled by a transgressive lag, and all evi- 
dence of subaerial exposure may be removed (columns 10, l 1, 12). The thin regressive sandstone veneer in column 3 is completely removed, 
and the only evidence of the passage of the shoreline is a veneer of pebbles separating shelf mudstones (below) from shelf mudstones 
(above) (column 9). Such veneers may be very hard to identify in the geological record. Continued transgression results in the erosional 
removal of the upper part of the shoreface sandstones of columns 2 and 1, resulting in columns 8 and 7; the older shoreface sands are blan- 
keted by transgressive marine mudstones. This entire cycle of progradation and transgression results in a lenticular, marine, shore-parallel 
sandbody with an abrupt or sharply gradational base (columns 10, 11, 12), isolated offshore and wholly~enclosed in offshore marine mud- 
stones - a lowstand shoreface masquerading as a classic "offshore bar". Diagram based on Plint (1988). 
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sions (Fig. 14) which begin with biotur- 
bated open marine mudstones and 
pass upward into interbedded HCS 
sandstones and interbedded mud- 
stones. The successions are capped 
by SCS shoreface sandbodies. The 
two successions in Figure 14 differ 
with respect to the sharp or grada- 
tional base of the SCS sandbody. The 
model has predictive value inasmuch 
as the discovery of an SCS sandbody 
predicts the occurrence of open 
marine HCS sandstones in a basin- 
ward direction, and vice versa. The 
model acts as a guide for future obser- 
vations, particularly directing attention 
to the sedimentary structures within 
the SCS sandbody, and the relative 
proportions of SCS and angle-of- 
repose cross stratification. Prograding 
shorefaces are common within the 
highstand systems tract, and may also 
occur in some lowstand situations (as 
postulated for the Shannon; Fig. 25). 

One emphasis of this chapter has 
been the difficulty of forming "offshore 
barsn. This model is now hard to just- 
ify, and the tabulation in the second 
edition of Facies Models is definitely 
misleading (Walker, 1984, p. 163- 
164). Instead, we propose the embry- 
onic incised shoreface model exem- 
plified by the Cardium Formation (Figs. 
19-21, 23). In this embryonic model, 
the norm consists of a sandbody 
aligned parallel to regional strike, 
resting abruptly on an erosion surface, 
and surrounded by marine mudstones. 
It formed within a shoreface during 
maximum lowstand, or during a pause 
in an overall transgression. Its along- 
strike extent depends upon the posi- 
tions and numbers of rivers supplying 
sediment to the shoreface, and the 
rate of wave-driven sediment transport 
alongshore. Its extent in the seaward 
direction depends on the rate of sedi- 
ment supply and the duration of the 
relative sea level sti l lstand. The 
Cardium sandbodies prograded about 
1-2 km. Similar sandbodies in the 
Lower Cretaceous Viking Formation 
prograded up to about 15 km, and in 
the Lower Cretaceous Glauconite 
Formation, several tens of kilometres of 
progradation have been suggested by 
Rosenthal (1988). Commonly only the 
lower, or lower plus middle shoreface is 
preserved. The upper shoreface is 
eroded and spread landward as a 
transgressive lag during resumed 

transgression (Fig. 23). Structures 
within the shoreface reflect either 
storm or fairweather processes. Be- 
cause the pause in transgression is 
short and little new sediment is sup- 
plied, there is little opportunity for the 
development of offshore sandy facies, 
and these are not predicted by this 
model. Finally, we point out the impor- 
tance of isolated pebble beds in  
muddy, apparently continuous off- 
shore successions (similar to column 9 
in Fig. 258). We tentatively suggest 
that some of them could be lags re- 
sulting from shoreface ravinement, 
and may predict the existence of low- 
stand shoreface deposits farther 
seaward (as in columns 10 and 11 in 
Fig. 258). However, more modern and 
ancient examples must be studied 
before the incised shoreface model 
can be developed further. 
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INTRODUCTION 
This chapter discusses turbidites and 
submarine fans on many different 
scales. Individual turbidites may be a 
few centimetres or tens of centimetres 
in thickness. However, vast numbers of 
such beds can build up submarine fan 
deposits with volumes up to four million 
cubic kilometres in the Bengal Fan. 

The turbidity current concept is both 
simple and elegant. Simple, because 
each turbidite is the result of a single 
short-lived event, and once deposited, 
it is unlikely to be reworked by other 
currents. Elegant, because it suggests 
that the deposition of thousands of 
graded sandstone beds, alternating 
with shales, results from a series of 
similar events. No large volume of se- 
dimentary rock, other than turbidites, 
can be interpreted so simply. 

In the early days of turbidite studies 
(1 950-1 965), the emphasis was on 
ancient rocks. After 1965, information 
slowly became available on modern 
submarine fans. Since about 1980, the 
emphasis has been on the large-scale 
seismic characterization of modern 
fans, the sequence stratigraphy of 
heir deposits, and the influence of rel- 
ative sea level fluctuations. All of these 
aspects will be discussed in  this 
chapter. 

TURBIDITY CURRENTS AND 
TURBlDlTES 
Density currents move downslope on 
the ocean floor, driven by gravity that 
acts on the density difference between 
Ute current and the surrounding sea- 
water. The excess density of the cur- 
rent could be due to colder tempera- 
tures, higher salinities, or suspended 
sediment in the current. Where the 
density is due to suspended sediment, 
he flow is termed a turbidity current 
Fi. 1 ) .  A turbidite is defined as the 
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by Kuenen and Migliorini in 1950, at a 
time when no-one had observed a 
modern turbidity current in the ocean. 
In writing their classic paper Turbidity 
currents as a cause of graded bed- 
ding" (Kuenen and Migliorini, 1950), 
they pulled together evidence from 
density currents in lakes, from obser- 
vations of modern submarine canyons, 
from geology and paleontology, and 
from experimental studies. A full re- 
view of how and why the concept was 
established in geology was published 
by Walker (1 973). 

Turbidites are generally regarded as 
deep water deposits. The turbidity cur- 
rent process can operate in any depth, 
but to preserve the deposits as tur- 
bidites, they must not be reworked into 
different-looking deposits by other cur- 
rents. This effectively places turbidites 
below storm wave base; depending on 
the basin, this probably implies mini- 
mum depths of 250-300 m. 

FLOW GENERATION AND 
MOVEMENT 
The initiation of a large turbidity cur- 
rent in the ocean has never been ob- 
served. Nevertheless, mechanisms for 

flow generation can be deduced from 
three different situations, and other 
studies give information on flow vol- 
umes and distances of flow. 

Grand Banks of Newfoundland 
Classic information on flow genesis 
and movement came from a series of 
submarine cable breaks off the Grand 
Banks of Newfoundland. Many of the 
cables broke instantaneously following 
an earthquake in 1929 (Fig. 2, where 
epicentre is shown by a triangle, and 
area of instantaneous cable breaks IB 
outlined). Others broke in sequence 
farther and farther from the epicentre, 
over a period of time from 59 minutes 
to 797 minutes from the quake (Fig. 
2). It is now apparent that the sequen- 
tial breaks were made by a turbidity 
current. The 1929 earthquake appears 
to have caused liquefaction of sands 
and gravels in the upper valleys of 
Laurentian Fan, and the turbidity 
current developed from this liquefied 
material. The mechanics of the flow 
have been reconstructed by Piper et 
a/. (1988), who suggest velocities up 
to about 20 mtsec, flow thicknesses of 
several hundred metres, and a mini- 

deposit of a turbidity current. Figure 1 Experimental turbidity current in a flume at Caltech. Water depth is 28 cm. Note 
The turbidity current concept was in- characteristic shape of the head, and eddies behind the head. Sediment is thrown out of the 

W u c e d  into the geological literature main flow by these eddies, and the body of the flow is only about half the height of the head. 
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mum volume for the Grand Banks tur- 
bidite of 175 km3. The deposit of the 
Grand Banks turbidity current now 
covers a large part of the Sohm 
Abyssal Plain, and a turbidite in places 
over 1 m thick extends hundreds of 
kilometres from the upper fan valleys 
(Fig. 2). 

Congo River, Africa 
Powerful flows have also broken tele- 
graph cables off the Congo (Zaire) 
River in Africa. The Congo has no 
delta; instead, it has a large estuary 

that feeds directly into the head of a 
submarine canyon (Heezen et al., 
1964). Cables on the shelf and slope 
were preferentially broken 1) during 
months when the Congo River was in 
flood, and 2) during the years when the 
Congo River was shifting its route 
through the estuary and sweeping estu- 
arine sandbodies into the canyon head. 
Cables have been broken in depths as 
great as 2800 m, in the lower part of 
the Congo submarine canyon, sug- 
gesting that sand moved down the 
canyon as a powerful, cable-breaking 
flow (turbidity current). Even during 
today's relative highstand of sea level, 
there have been 26 cable breaks in the 
period 1893-1937, at the average rate 
of one flow every 1.7 years. 

Magdalena River, Colombia 
A slump off the mouth of the Mag- 
dalena River in Colombia in 1935 had 
an estimated volume of sand of 
3 x lo8 m3. The slump was probably a 
response to rapid deposition and over- 
loading in the delta front. It generated 
a turbidity current that broke telegraph 
cabbs in depths of 1400 m about 28 
km from the delta. Other Magdalena 
turbidity currents have broken cables 
up to 100 km from the delta (Heezen, 
1956). During the period 1932-1 955, 
there have been 15 cable breaks 
(averaging one every 1.5 years). 

Figure 2 (left) Map of the Laurentian Fan 
- Sohm Abyssal Plain, off the Grand Banks 
of Newfoundland. Shelf edge marked by 
the 200 m isobath, with Laurentian Channel 
entering map area from the northwest. 
Black dots show cable breaks that followed 
the 1929 earthquake (epicentre shown by 
triangle, with post 1929 quake epicentres 
shown with open circles). North of the line 
16, the breaks were instantaneous (IB = in- 
stantaneous breaks, S = zone of slumping). 
South of the line, cables were broken in se- 
quence, 59 to 797 minutes from the quake. 
lsopachs show the resulting turbidite (stip- 
pled), and the canyon fill (black) indicates 
debris flow deposits. Seafloor topography 
locally deflected the turbidity current, partic- 
ularly the J Anomaly Ridge (J), the Fogo 
(F) and Corner (C) Seamounts, and part of 
the New England Seamount Chain (NE). 
Diagram at top shows detail of the upper 
fan channels and levees. Redrawn from 
Piper eta/. (1 984). 

Extent of Turbidites on Basin Plains 
Individual turbidite sand beds cover 
large areas of modern basin plains 
(Fig. 2), as reviewed by Pilkey (1988). 
The largest single bed is the "Black 
Shell turbidite" (named for its distinc- 
tive corroded and transported mollusc 
fragments), which covers an area of 
44,000 km2 on the Hatteras Abyssal 
Plain (western North Atlantic Ocean). 
It is up to 4 m thick, with a volume esti- 
mated at between 100 and 200 km3. It 
extends for at least 500 km along the 
length of the abyssal plain, and was 
deposited about 16,000 years ago 
during a lowstand of relative sea level 
(Elmore et a/., 1 979). 

Several important points emerge 
from this brief summary. Turbidity cur- 
rents can be generated at various 
times with respect to low- and high- 
stands of relative sea level. Initiat- 
ing mechanisms include earthquakes 
(Grand Banks), rivers in flood (Congo) 
and sediment failure in rapidly de- 
posited delta fronts (Magdalena). The 
initial sediment in the current will 
reflect the source; in the case of the 
Congo, the sediment will be the clean, 
well-sorted sand of the estuarine sand 
bars. Individual flows can be thick and 
rapid, up to at least 20 mlsec. At that 
velocity they could suspend by fluid 
turbulence alone clasts up to about 3- 
4 cm in diameter (the exact size 

Figure 3 Bourna (1962) sequence; divi- 
sion A is structureless, B is parallel-lami- 
nated sand; C is rippled andlor convoluted, 
(D) is hard to see in weathered or tec- 
tonized outcrops, and consists of parallel- 
laminated silt and mud. The pelitic interval 
E is partly of turbidite origin (t) and partly 
hemipelagic (h). 
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depends on assumptions made in the 
calculation). On the flat abyssal plains 
(gradients typically less than 1 :I OOO), 
large turbidity currents can flow for sev- 
eral hundred kilometres, and deposit 
beds a metre or more in thickness. 

TURBIDITE FEATURES 
Immediately after introduction of the tur- 
bidity current concept in 1950, studies 
emphasized a vast array of new sedi- 
mentary structures and their use in de- 
termining paleoflow directions. In the 
absence of a turbidite facies model, 
there was no norm with which to 
compare new examples, no framework 
for organizing observations, no logical 
basis for prediction, and no unified 
basis for hydrodynamic interpretation. 
As a result of continued work during the 
1950's, a small but consistent set of fea- 
tures began to be associated with beds 
here termed classical turbidites: 
1) Sandstones and shales are mono- 
tonously interbedded through tens or 
hundreds of metres of section. 
2) Beds tend to have sharp, flat bases, 
with no indications of erosion of the 
seafloor on a scale exceedina a few 

are carved into the underlying mud by 
rigid objects (sticks, stones, shells); 
scour marks, which are cut into the un- 
derlying mud by fluid scour; and 
organic marks, which represent trails 
and burrows made by organisms and 
filled in by the turbidity current. Tool 
and scour marks give accurate indica- 
tions of local flow directions. 
4) Within the sandstone beds (Fig. 3), 
the grain size commonly decreases 
upward (graded bedding); the basal di- 
vision A of the bed is commonly struc- 
tureless, and grades up into a sandy, 
parallel-laminated division B - this in 
turn grades into a current-rippled divi- 
sion C. Both divisions B and C can 
also contain convolute lamination. The 
rippled division C is overlain by par- 
allel-laminated silt and mud (division D) 
- this division is difficult to see in 
weathered andlor tectonized outcrops. 
The uppermost division E is pelitic, and 
mostly deposited by the turbidity cur- 
rent E(t). Only the uppermost part of 
the pelitic division represents the slow 
accumulation of mud deposited directly 
from the ocean after the passage of 
the turbiditv current (hemi~elaaic d e ~ o -  

The Bouma sequence as 
a facies model 
On a small scale, the Bouma sequence 
has functioned well as a facies model 
in its own right. The sequence has 
been distilled from thousands of indi- 
vidual beds, and therefore forms a ho- 
mogeneous model of great generality. 

"CCC TURBIDITE" 
CONVOLUTE - 

CLIMBING RIPPLES LAMINATION - 

RIPPED-UP MUD CLASTS 

THIN-BEDDED TURBIDITE 

. . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . .  . . . . . . . . .  . . . . . . . .  . . . . .  . . . . . . . . . . . . .  . . . . . .  . . . . .  . . ,.':.:':~;i:l';~jj'." ....; " " '  ;... .;: :... :,;.:;;.: ~:::::::~ 
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Figure 5 Comparison of distal, or basin 
plain thin-bedded turbidite, with a CCC tur- 
bidite interpreted to be a levee deposit. 
Arrow indicates climbing ripples. 

. - 
tens of centimetres (i.e., the seafloor sition, ~ ( h j ) .  This of sedimen- 
was flat and unchannellized). tary structures and lithologies was first 
3) The sharp bases (soles) of the beds published by Bouma (1 962), and is 
have abundant markings, now classi- now known as the "Bouma sequence" 
fied into three types; tool marks, which (Fig. 3). 

Figure 6 Massive sandstone facies in the 
Upper Eocene Annot Sandstone, southern 
France. About 180 m of section can be 

Figure 4 Classical turbidites; monotonous interbeds of sandstone and shale, with no evi- seen; note thickness of individual sand- 
dence of topography on the seafloor. Stratigraphic top to right; Devonian, Cape Liptrap, near stone beds and absence of mudstone in- 
Melbourne, Australia. terbeds. 
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It functions very well as a norm, or 
point of comparison between different 
turbidite beds, and also serves well as 
a guide for making observations. As a 
predictor, it indicates (for example) 
that beds beginning with division A 
might be expected in more proximal 
settings. However, as the turbidity 
current slows down in more distal 
areas, the model predicts that beds 
should begin with division B, or divi- 
sion C. Finally the Bouma sequence 

acts as the basis for an integrated hy- 
drodynamic interpretation (Walker, 
1 965). 

THE FAMILY OF TURBlDlTE FACIES 
Descriptively, the whole family of deep 
water clastic rocks can be subdivided 
into five main facies associations, 1) 
classical turbidites, 2) massive sand- 
stones, 3) pebbly sandstones, 4) con- 
glomerates, and 5) pebbly mudstones, 
debris flows, slumps and slides. These 
associations (Walker, 1978) represent 
a simplification of the scheme sug- 
gested by Mutti and Ricci Lucchi 
(1972); this latter scheme has been 
widely used but can now be improved 
in some ways. I use the term facies 
associations because many of them 
can be divided into individual facies. 

Classical turbidites 
This facies association is character- 
ized by a monotonous alternation of 
sharp-based sandstones and in- 
terbedded mudstones (Fig. 4). There 
is no evidence of erosion of the sea- 
floor on a scale greater than a few 

beds over one metre. There is a com- 
plete spectrum of thicknesses, and 
any subdivision is arbitrary. 

The thin-bedded turbidites can be 
separated into two distinct types. The 
first is characterized by one row of 
current ripples, rare convolute lamina- 
tion and rare ripped-up mudstone 
clasts (the features described do not 
necessarily occur in every bed, but 
characterize the facies as a whole). 
The second is characterized by climb- 
ing ripples, abundant convolution, and 
many ripped-up mud clasts (Fig. 5). 
This tvDe has been termed CCC tur- 
biditesl for Clasts, Convolution and 
Climbing ripples (Walker, 1985). Both 
the climbing ripples and the convolu- 
tion suggest high rates of deposition 
from suspension, and the clasts sug- 
gest erosive turbidity currents. This 
combination of features in relatively 
thin beds could be explained by depo- 
sition high on channel margins or on 
levees. By contrast, the single row of 
ripples indicates a turbidity current 
that has almost run out of suspended 
sand. The scarcity of convolution sug- 

Figure 7 Dish structures in Upper tens of centimetres, and almost all the gests slow deposition from suspension 

Cretaceous sandstones, Wheeler Gorge, sandstones can be described using and the absence of ripped-up clasts 
california, Note darker less permeable the Bouma sequence (Fig. 3). The indicates turbidity currents that are 
layers, and paler cleaner layers where es- term c1assical implies that these 'beds flowing too slowly to achieve much 
caping fluid has broken through the darker w 0 ~ l d  quickly be identified as typical erosion of the bed. In thin-bedded tur- 
layers and curved them upward. turbidites by most people today. This bidites, this combination of features 

association contains two main facies; implies a distal, basin floor environ- 
thin-bedded and thick-bedded tur- 
bidites. These terms are not precisely 
defined, but thin bedded is commonly 
used for beds thinner than a few tens 
of centimetres, and thick bedded for 

ment of deposition. 

Massive sandstones 
There is a gradation in facies from 
thick-bedded classical turbidites into 

Figure 8 Pebbly sandstone facies, 
Cambro-Ordovician Cap Enrage Forma- 
tion, Qu6bec. Note excellent graded 
bedding but absence of interbedded mud- Figure 9 Four models for resedimented conglomerates, shown in their inferred downcur- 
stones. Tape 30 cm long. rent relative positions. From Walker (1975a). 

1 

INVERSE -TO - 
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GRADING 
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THESE THREE MODELS SHOWN IN SUGGESTED 
RELATIVE POSITIONS DOWNCURRENT 
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massive sandstones. In massive sand- 
stones (Fig. 6), there is much more ev- 
idence of erosion of the substrate; beds 
are commonly associated with chan- 
nels many metres deep. The deposits 
of successive flows also join together 
(amalgamation) to make composite 
beds. Thus the monotonous aspect of 
sandstone-shale interbedding, charac- 
teristic of classical turbidites, is also 
lost. Individual massive sandstones 
range in thickness from about 50 cm to 
many metres, and normally the only 
Bouma division present is A. Graded 
bedding is commonly subtle or absent. 
The most common sedimentary struc- 
tures found in massive sandstones are 
dish (Fig. 7) and pillar structures, which 
indicate abundant fluid escape during 
deposition (Lowe, 1975). 

Pebbly sandstones 
Beds in this facies association tend to 
be well graded (Fig. 8). Internal stratifi- 
cation is fairly abundant, and consists of 
a rather coarse, crude horizontal stratifi- 
cation, or (much less commonly) a well- 
developed trough or planar-tabular 
cross bedding. Imbrication of individual 
pebbles is common. No "Bouma-like" 
model has been proposed for the 
pebbly sandstone facies association, al- 
though Hein (1982) has distinguished 
diierent pebbly sandstone facies in the 
Cambro-Ordovician Cap Enrage Form- 

ation (Quebec) and interpreted their 
mechanisms of deposition. Pebbly sand- 
stone beds are commonly channelled 
and laterally discontinuous, and in- 
terbedded shales are very uncommon. 

Conglomerates 
Conglomerates are volumetrically less 
abundant than other deep water 
facies, but make up an important part 
of the deep sea sedimentary record. 
They have been subdivided into four 
facies (Walker, 1975a), but because of 
the small data base, the models lack 
the authority of the Bouma sequence. 
In Figure 9, it can be seen that the de- 
scriptors include the type of graded 
bedding (normal or inverse), the type 
of stratification, and the fabric (Fig. 
10). In different combinations, the de- 
scriptors allow the definition of the four 
facies shown in Figure 9. One of the 
most important features is the imbrica- 
tion, which is typified by clasts whose 
long axes lie parallel to flow and dip 
upstream. The significance of this 
fabric (that the clasts have not rolled 
on the bed) has been discussed in 
detail by Walker (1975a). 

In the absence of experimental 
work, interpretations of conglomeratic 
facies are rather speculative, as are 
the proposed relationships of the four 
facies to each other in the downstream 
direction (Fig. 9). 

Pebbly mudstones, debris flows, 
slumps and slides 
Pebbly mudstones (Crowell, 1957) 
consist of pebbles and distorted clasts 
of sandstone and mudstone, dis- 
persed in a silty mudstone matrix (Fig. 
11). One origin for such a texture is 
the rapid deposition of sand and 
gravel on top of very watery, uncom- 
pacted mudstones - the gravel load 
causes dewatering and mixing of 
gravel and mud. Alternatively, some 
pebbly mudstones may be the de- 
posits of debris flows. These are mud- 
rich flows in which the mud-water 
mixture has matrix strength. This 
strength supports the coarser clasts 
during their transport in a semirigid 

Figure 11 Pebbly mudstone in the Upper 
Cretaceous Pigeon Point Formation at 
Pigeon Point, California. Note pebbles, 
boulders, and rolled up sandstone clasts ir- 
regularly distributed within rnudstone 
matrix. 

Figure 12 Soft sediment folds within 
Figure 10 Inverse to normal grading in conglomerates of the Cretaceous La Jolla Eocene slope rnudstones of the Cozy Dell 
Formation, Tourmaline State Surfing Beach, near San Diego, California. Note also the well- Formation. Highway 33 north of Wheeler 
developed imbrication, with clasts dipping upstream (to the right). Gorge, California. 
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plug of material. The resulting deposit 
commonly has large blocks projecting 
up above the top of the bed, or even 
resting almost entirely on top of the 
bed. The deposits show no internal ev- 
idence of slumping. 

The terms slump and slide are used 
to describe deformed groups of beds, 
with slide implying a little less internal 
deformation. Slumps can range from 
coherently deformed beds (where 
many if not most beds can be traced 
part way through the slump) to totally 
disrupted strata. Thicknesses range 
from a few metres (only a few beds 
deformed) to over 100 m, and the ma- 
terial deformed can range from almost 
all shale to thick classical turbidites in- 
terbedded with mudstones. The fol- 
lowing distinct slump facies may have 
environmental significance, but more 
work on slumped facies will probably 
show that this list is incomplete. 
1 ) Slumped shales and mudstones. 
This facies contains relatively few 
sandstone beds, and is characterized 
by many subtle soft-sediment folds on 
a variety of scales (Fig. 12). The domi- 
nance of mudstone, along with abun- 
dant slumping, suggests deposition on 
the slope into the basin. A good 
example has been given by Clari and 
Ghibaudo (1 979). 
2) Slumped thin-bedded turbidites. 
These slumps occur on a variety of 
scales, and can involve a few beds 
(Fig. 13) or great thicknesses of beds 
(Fig. 14; Gregory, 1969). Thin-bedded 
turbidites originally deposited on the 
basin floor are less likely to slump than 

Figure 13 Long arrow shows thinning-upward succession of beds in Cretaceous rocks of 
Wheeler Gorge, California. Smaller arrows show way up of a single bed within a complex, 
soft-sediment fold (nose at top of photo). 

4 those deposited On channel margins Or Figure 14 Large slump involving thin-bedded turbidites of the Lower Mlocene Waitemata 
i levees. On fans (discussed Group. Exposure is on the wave-cut platform east of Army Bay, Whangaparaoa Peninsula, 

levee failure leads to slump/ near Auckland, New Zealand. Width of wave cut platform in centre of photo is about 60 m. 
debris flow deposits tens of metres 

Figure 15 Soft sediment slump in the 
Upper Cretaceous Great Valley Sequence 
at Lake Berryessa, California. The matrix is 
a silty mudstone, which contains a large 
variety of pebbles and cobbles. Note particu- 
larly the stratified blocks (SB) of interbedded 
sandstone and mudstone; they cannot have 
been transported more than a few metres, or 
they would have peeled apart. Such blocks 
probably collapsed into a channel from an 
immediately adjacent channel wall. Double 
black lines indicate regional bedding; their 
convergence is due to perspective because 
the camera is pointed up a steep cliff. 
Stratigraphic top is to the left, and the 
slumped bed is about 7 m thick. 
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thick. It is therefore tempting to inter- 
pret thick slumped masses of thin- 
bedded turbidites (Fig. 14) as originally 
having been deposited on levees. 
3) Slumps with angular stratified 
blocks. Angular stratified blocks (Fig. 
15) suggest that the slumped mass 
has not moved very far, because the 
cohesionless sandy layers in  the 
blocks have not broken apart. De- 
posits containing such blocks may rep- 
resent collapse of a channel wall 
rather than erosion of a channel floor 
(Walker, 1985). 

TURBIDITY CURRENT DEPOSITION 
The facies described above, with the 
exception of boulder conglomerates 
and the various debris flows and 
s lum~s.  can be inter~reted in terms , r 

Figure 16 A) a fully turbulent turbidity of the way in whidh sediment is 
current maintains all of its sediment load in 
suspension by fluid turbulence. B) as it slows rOm the turbidity current 
down, the coarser grains settle toward the (Lowe, 1982; Middleton and Southard, 
base of the flow (large black dots with wiggly 1984). In the current, all the sand and 
arrows). They continue to be transported as 
a layer of colliding grains, the friction being 
overcome by the shear stress applied by the 
main body of the turbidity current. C) when 
the shear stress can no longer overcome the 
friction (too many grains, or the flow has 
slowed down too much, or both), the layer of 
colliding grains stops moving (Vreezes"), and 
the initial loosely packed bed compacts 
down to form a sandy or pebbly deposit 
without sedimentary structures. 

A 

\ 

LOWER FAN 

BASIN 
PLAIN 

A' 
RADIAL PROFILE 

Figure 17 Model of a submarine fan, 
after Normark (1978). Fan is divided into 
upper, mid and lower fan; the mid-fan 
grows by the switching in position of 
suprafan lobes. These have a distinct de- 
positional topography (see radial profile), 
and their margins are sedimentologically 
determined rather than being constrained 
by topographic elements within the basin. 

most of the granules and pebbles, are 
supported above the bed by fluid tur- 
bulence (Fig. 16A). As the flow decel- 
erates, the upward components of 
turbulence become too weak to sup- 
port the coarser grains, which grad- 
ually settle toward the base of the flow. 
Here, they may collide with each other, 
and with the bed, in a dispersed grain 
layer (Fig. 16B). The dispersion is 
maintained by the shear stress applied 
by the main body of the turbidity 
current. At some point, the applied 
shear stress will become insufficient to 
overcome the friction within the dis- 
persed grain layer. The layer will then 
rapidly "freeze" (stop moving), forming 
Bouma's division A or a thick massive 
sandstone (Fig. 16C). Graded bedding 
is present in some layers. In thicker 
beds (commonly more than one metre), 
escape of fluid during initial compaction 
of the dispersed grains forms vertical 
fluid escape pillars and dish structures 

Figure 18 Classical turbidites in the Ordovician Cloridorme Formation at Grande VallBe, 
Quebec. Beds are slightly overturned with stratigraphic top to left. Arrow marks a thickening- 
upward succession. 

The upper fan is characterized by one 
leveed channel with a meandering thalweg, Figure 19 Thinning-upward succession beginning with massive sandstones and passing 
and the lower fan is topographically fea- upward (arrow) into classical turbidites. Cambrian St. Roch Formation at St.-Jean-Port-Joli, 

- .  

tureless. QuBbec. 
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(Fig. 7). 
In classical turbidites, the continued 

deceleration of the flow forms parallel 
lamination (Bouma's division B), either 
by deposition of new sand from the 
suspension, or by reworking the top of 
division A. Similarly, ripple cross lami- 
nation (division C) forms by the re- 
working of division B, or by deposition 
of new sand from suspension; in the 
latter case, the ripples commonly 
climb. Rapid deposition from suspen- 
sion in division C traps fluid between 
the grains, and climbing ripples can 
easily be deformed into convolute lami- 
nation. This is more common on chan- 
nel margins and levees (CCC tur- 
bidites; Fig. 5), where the turbidity 
current still has an abundant sus- 
pended load, than on the deep basin 
floor. 

FACIES SUCCESSIONS IN 
TURBlDlTES 
One of the first steps in linking studies 
on the scale of facies to studies on the 
scale of submarine fans is to identify 
distinctive successions of facies. It has 
been suggested that some succes- 
sions can be interpreted in terms of 
deposition in particular topographic 
parts of fans. 

Fans are largely built up of the de- 
posits of turbidity currents. They com- 
monly occur at the end of a submarine 
canyon or feeder channel (Fig. 17), 

Figure 20 Thinning-upward succession of 
classical turbidites in Paleocene rocks at 
Shelter Cove, Point San Pedro, California. 
Note the absence of massive sandstones, 
and the monotonous interbedding of clas- 
sical turbidites with no indication of topog- 
raphy on the seafloor. The sequence may 
be due to lateral lobe shifting, or to distal 
overbank deposition in a situation where 
the channel is progressively migrating away 
from this area. 

and consist of channelized and un- 
channellized deposits. The channels 
commonly have levees, and together 
build up channel-levee complexes. 
Levees tend to decrease in height 
downfan, and the channels become 
shallower. As a result, the turbidity cur- 
rents spread out to form topographically 
distinct depositional lobes (suprafan in 

Fig. 17), or more extensive sheet-like 
deposits. 

Successions of turbidite facies were 
first compared with these elements of 
fan topography by Mutti and Ricci 
Lucchi (1 972). They described two 
types of succession, those in which in- 
dividual beds became thicker upsec- 
tion (thickening-upward) or thinner 

MUDSTONES -1-1-1 - - - - - - - - -  - - -  - - - -  - -  

..* 

I SLOPE 
FAILURE 

SEA LEVEL 

-.. '.. ... .... 
FAILURE 

Figure 21 (Left) three types of submarine fans related (right) to three proposed stages of 
fan evolution, after Mutti (1985). The detached lobes without channel deposits (Type I fan) 
are believed to result from large slope failures and the generation of large, sandy turbidity 
currents. Type II resembles the channel and lobe model of Normark (1978; Fig. 17), and type 
Ill consists of muddy channel-levee deposits believed to form from small, muddy turbidity 
currents that develop during a rising stage of sea level. The fan models, and their relation- 
ship to relative sea level, are controversial (see text). 

Figure 22 Block diagram of Navy Fan, California, simplified from Normark et a/. (1979). 
Fan lobes 1,2 and 3 (not shown) occur in the subsurface, and lobes 4,5 and 6 have slight 
topographic expression on the present fan surface. Channels A and C are no longer con- 
nected to the main fan valley (channel B). 
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upsection (thinning-upward). The 
thickening-upward successions (Fig. 
18) were compared with prograding 
delta lobes, and were therefore inter- 
preted as having been formed during 
the progradation of a submarine fan 
lobe (Fig. 17). The thinning-upward 
successions (Fig. 19) were compared 
with channel fills on the delta plain, 
and were interpreted as the fills of 
submarine channels (Fig. 17). These 
two types of succession definitely 
exist, but their recognition in the field 
is sometimes subjective - many indi- 
vidual "successionsn exist only in the 
eye of the beholder. Interpretations 
are difficult in the absence of abundant 

core information from modern fans. 
For thinning-upward successions, 
there are at least three ways in which 
the succession can be controlled auto- 
cyclically (i.e., by sedimentary pro- 
cesses operating within the fan, rather 
than by external [allocyclic] processes 
such as tectonics or sea level fluctua- 
tion). First, successions about 10-40 m 
thick that begin with thick massive 
sandstones, and pass upward into 
classical turbidites, can be recognized 
in many places and probably indicate 
channel filling (Fig. 19). Second, thick 
successions that show thinning up- 
ward without the presence of massive 
sandstones (Fig. 20) suggest the pos- 

I 1 L O W E R  F A N  \ -  d 

Figure 23 Main components of the Amazon submarine fan in the south Atlantic. S D-F in- 
dicates slump/debris flow complexes, and CLC indicates channel-levee complexes. Sinuous 
lines show positions of the main channels on the fan surface. Fan passes seaward into the 
Demerara Abyssal Plain, and abuts against the irregular topography of the mid-Atlantic 
Ridge (black). Short, heavy line toward northern end of the Western channel-levee complex 
indicates the location of Figure 29. 

sibility of gradual lobe shifting, with 
lobe margin replacing lobe centre de- 
positional environments. Third, other 
thinning-upward sequences, with CCC 
turbidites and small soft-sediment 
slumps (Fig. 13), represent successive 
deposition of thinner beds on a levee 
rather than channel filling. 

The interpretation of facies succes- 
sions has presented many problems. 
Mutti (1985) has recently rejected his 
original autocyclic ideas concerning 
channel filling and lobe progradation in 
favour of an allocyclic origin for the 
successions related to the sizes of 
flows generated by slumping at the 
shelf edge (Fig. 21). He has sug- 

Figure 24 Map of the Rhone Fan in the 
Mediterranean Sea. Feeder canyons are the 
Nimes (NC), Arles (AC), Petit Rhone (PRC) 
and Grande Rhone Canyons (GRC). There 
are two seismically transparent layers close 
to the fan surface, the Eastern and Westem 
Transparent Series (ETS, WTS). The ETS is 
contoured in milliseconds (ms of two way 
travel time), and the black area is thicker 
than 160 ms. One ms roughly equals a thick- 
ness of one metre if the velocily of sound is 
taken at 2 krnls. OW, G and 83-84 locate the 
cross sections shown in Figure 30. The most 
recent event on the fan surface was the wn- 
struction of a neofan at the end of the 
sinuous Petit Rhone Canyon. The black 
areas on the lower fan are salt domes. 
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gested (Mutti, 1985, p. 73) that flow 
size is a function of the position of rel- 
ative sea level (Fig. 21), with large 
slumps forming sand-rich turbidity cur- 
rents at times of relative lowstand, and 
small slumps forming mud-rich tur- 
bidity currents during rising stage or at 
highstand. He therefore suggests 
(p. 88) that "small-scale fluctuations of 
sea level ...p robably account for a large 
part of the medium- to small-scale 
cyclicity observed in ancient turbidite 
lobe and channel-fill deposits". This 
hypothesis depends on a single gener- 
ating mechanism for turbidity currents 
(shelf edge slumping), and a definite 
relationship between slump size, grain 
size of sediment within the slump, and 
the position of relative sea level; Fig. 
21). By completely rejecting earlier 
autocyclic interpretations, Mutti may 
have thrown the baby out with the 
bathwater. 

MODERN SUBMARINE FANS AND 
FAN MODELS: 1970-1983 
The facies and facies successions de- 
scribed above form the main interpre- 
tive link between the geological record 
and modern submarine fans. The 
study of modern fans blossomed in the 
1970s, following the first attempt at syn- 
thesis - "Growth patterns of deep-sea 
fans" (Normark, 1970). With added in- 
formation, Normark (1 978) improved 
the model (Fig. 17), suggesting that 
fans consisted of three parts, 1) a 
single leveed valley on the upper fan, 
2) a mid fan built up of suprafan deposi- 
tional lobes at the ends of channels - 
these lobes switched in position period- 
ically, and 3) a topographically smooth 
lower fan without channels (Fig. 17). 
This three part channel-feeding-lobe 
model is largely based upon Navy Fan 
(Fig. 22), where there is a wealth of 
high-resolution depth sounding and 
seismic profiling, and side-scan sono- 
graphs. However, the Navy Fan lobes 
are only 2-3 km in length, and bathy- 
metric maps (Normark et a/., 1979, p. 
754) indicate that their topographic 
relief is very small, and always much 
less than 5 m. Although there are more 
than 100 cores from Navy Fan, few are 
longer than 6 m, and sand recovery is 
not always good. It is not known 
whether the Navy depositional lobes 
contain sandier- and thickening-upward 
successions, nor if the lobes have pro- 
graded in the manner of the models of 

Mutti and Ricci Lucchi (1972). Despite 
the appealing simplicity of channel- 
feeding-lobe models of the type pic- 
tured by Mutti and Ricci Lucchi (1972), 
Normark (1 978; Fig. 17), Normark et al. 
(1979; Fig. 22), Walker (1978) and 
Mutti (1985; Fig. 21), the data base for 
such models is poor. 

The fan models that flourished in the 
1970-1 983 period were purely sedi- 
mentological (autocyclic). They did not 
incorporate the effects of relative sea 
level fluctuation, changes in the grain 
size of the sediment supplied, and 
basinal tectonics. The effect of grain 
size on fan development was first hy- 
pothesized by Mutti (1979), who was 
also among the first workers to incorpo- 
rate the effects of sea level fluctuation 
into fan models (Mutti, 1985). Again 
based on theory, he introduced three 
types of submarine fans (I, II and Ill; 
Fig. 21), and implied that these types 
corresponded with stages I, II and Ill in 
the evolution of a single turbidite 
system during rising relative sea level. 
Mutti's Type II is close to the channel- 

feeding-lobe model of Normark (1 978). 
His type I implies that large sandy flows 
can move a long way from the base of 
slope, resulting in a deposit that is de- 
tached from its feeder channel(s). His 
type Il l  implies that muddy channel- 
levee complexes can form during rising 
sea level without time-equivalent depo- 
sitional lobes. These theoretical models 
are not well supported by data from 
modern fans. 

SEISMIC STUDIES OF MODERN 
FANS (1983-PRESENT): 
INTRODUCTION 
The year 1983 represents a major 
turning point in the study of modern 
fans, with the publication of sidescan 
sonographs of the modern Amazon 
submarine fan (Damuth et al., 1983a, 
b). They revealed a pattern of contin- 
uous channels a few tens of metres 
deep and up to about 1 km wide. How- 
ever, the really surprising feature was 
the extreme sinuosity of the channels, 
with bifurcations, avulsions, cutoffs and 
oxbows. The channels marked the 

Table1 Dimensions of modern submarine fans. 

Amazon Rhone lndus Laurentian Mississippi 

Length km 700+ 440 1500 700+ 540 

Width km 250-700 210 960 450 570 

Area km2 3.3x105 7x104 1.1 x l o 6  3x lo5 3x105 

Thickness km 4.2 1.2 3 +  2 4 

Volume km3 7 x 1 O5 1.2 x lo4 1 x lo6 1 x lo5? 2.9 x lo5 

Figure 25 Location (right) of the lndus Fan off the coast of Pakistan and India; K and B in- 
dicate Karachi and Bombay, respectively; after Kolla and Coumes (1985). Boxed area (right; 
top centre) is enlarged to left, showing shelf edge (200 m) and continental rise (2000 m). 
After McHargue and Webb (1986). Channels are lettered in sequence from the modern 
channel (A) backward in time. Short heavy lines A2, A3 and the line crossing channel C (C7) 
refer to the cross sections in Figure 28. 



Figure 27 Seismic facies, illustrated in a cross section of the Mississippi Fan. Upper section uninterpreted, lower section shows interpreta- 
tton. From Weimer (1989). 
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facies on various scales, in the same 
way as sedimentary structures and 
lithologies can be used to define geo- 
logical facies. The most important de- 
scriptive parameters are 1) the amp- 
litude of the seismic signal, 2) the conti- 
nuity of the seismic reflectors, 3) the 
external form (or three dimensional 
geometry) of seismic packages, and 
4) the configuration of reflectors within 
3-D packages (Table 2). In Figure 27, 
high-amplitude (HAMP) and low-ampli- 
tude (LAMP) signals are illustrated. 
Continuous reflectors are shown (e.g., 
where they are paired and interpreted 
as a condensed section), and can be 
contrasted with the much more discon- 
tinuous reflectors within the mass trans- 
port complex. The external forms in- 
clude sheets (above the upper con- 
densed section), wedges (levees), 
lenses (channel) and mounds (mass 
transport complex). Internal configura- 
tions include parallel, subparallel and 
hummocky or mounded shapes. 

In the following text, the terms HAD 
(high amplitude discontinuous), LAD, 
HAC and LAC (low amplitude contin- 
uous) will be used. If the reflectors are 
very discontinuous and of extremely low 
amplitude (the end member LAD 
facies), there is almost no acoustic re- 
SpdnSe at all; such facies will be termed 
acoustically transparent. 

LARGE-SCALE SEISMIC FACIES 
ON MODERN FANS 
The characteristics of the seismic signals 
(Table 2), and their mutual relationships, 
allow the definition of four large-scale 
facies associations, 1) channel-levee 

systems, 2) continuous unchannelized 
sheet-like deposits (overbank or basin 
plain), 3) mass transport complexes, and 
4) slumps and debris flows associated 
with levee failure. 

Channel-levee systems 
Channel deposits are characterized by 
HAD reflectors that probably indicate 
the interbedding of coarse sands and 
gravels with muddier horizons. Chan- 
nel deposits may also be acousti- 
cally transparent, suggesting a single 
lithology without distinct interbeds. This 
could be sand (as in Figure 6), or it 
could be mud filling the channel after 
abandonment (central portion of 
channel fill in Figure 28427). 

The coarser facies may be restricted 
to thalweg channels, and the acousti- 
cally contrasting beds may be finer 
grained, accumulating at times when 
the channel is disused. In many chan- 
nel-levee systems, the HAD reflectors 
stack vertically, indicating channel 
aggradation (Figs. 29, 30, 31). In other 
examples (Indus, Fig. 28) there is 
abundant evidence of lateral migration 
of the thalweg during overall fan aggra- 
dation; up to 15 km in Figure 28-A3. In 
six of the seventeen channel-levee 
systems in the Mississippi Fan (Figs. 
32, 33), there is no evidence of lateral 
channel migration during aggradation. 
In the other eleven, the channels 
migrate laterally from 1 to 12 km during 
aggradation (Weimer, 1989). Clearly, 
the resulting channel sandbody geom- 
etry will be greatly affected by the 
degree of vertical aggradation and 
lateral migration. 

In the Indus, the HAD reflectors 
suggest aggraded thalweg deposits 
between 130 and 580 m thick (Fig. 28). 
The spectacularly sinuous channels on 
the surface of the Amazon Fan are 30- 
80 m deep and 400-3000 m wide in the 
mid-fan area; their aggraded thickness 
of 70-350 m is equal to the thickness of 
the channel-levee system (Fig. 29). In 
the Mississippi, the stacked and ag- 
graded channel deposits at Deep Sea 
Drilling Project (DSDP) site 621 (Fig. 
34) are about 350 m thick, of which the 
lower 200 m is dominantly sandy (with 
some gravel). Stacks of massive sand- 
stones occur in the geological record, 
and about 180 m of amalgamated clas- 
sical turbidites and massive sandstones 
are shown in Figure 6. 

The levees are characterized by LAD 
to LAC divergent reflectors within 
wedge-shaped external forms (Figs. 
28-31). There is a suggestion that levee 
reflectors have slightly higher ampli- 
tudes, and become a little more contin- 
uous away from the levee crests. This 
may indicate slower rates of deposition 
and more interbedded hemipelagic 
beds away from the crests (Fig. 29). 
Near the crests, the levees can be as 
steep as 3.5", and are prone to 
slumping. The thickness of channel- 
levee systems (and hence thickness of 
aggraded channel deposits) on various 
fans varies from about 150-500 m 
(Table 3), and widths vary from about 
30-250 km. Channel depths and thick- 
nesses of channel-levee systems both 
decrease downfan, and the channel- 
levee systems grade into more sheet- 
like deposits. 

Table 2 Nature of seismic facies in various environments. 

Amplitude Continuity External Form Internal Configuration Lateral Distribution 

Channels High FairILow Lens Sub-parallel Narrow, Linear 

Levees LowIFair Mod. Wedge Sub-parallel, Parallel to channel 
diverging toward channel 

Overbank LowIFair Fair Sheet Sub-parallel Widespread away from 
channel 

Un-chann. LowIMod. Fair Sheet Sub-parallel Widesread 
Basin 
Floor 

Mass Low Poor Mounds Mounded, hummocky Underlies and is subparallel 
Transport to channel 
Complex 

Levee LowIFair FairIPoor Wedge Mounded, hummocky Limited 
Failure 
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I * Figure 28 Seismic cross sections A2, A3 and C7, located in Figure 25. After McHargue 
1 and Webb (1986). Note that the sections are presented at different vertical and horizontal 
I scales. Degradational channels have erosional bases and no levee deposits. Transitional 

channels also have erosional bases, but with the development of sandy thalweg deposits 
(black), the levees appear to grow. In A3, the thalweg shifts progressively to the right (south- 
east), and the levee builds laterally over the thalweg deposits. Aggradational channels have 
more conformable bases; as well as thalweg migration, C7 also shows some vertical 
stacking of channel-levee systems. 

Continuous sheet-like deposits 
Sheet-like deposits typically occur in 
the lower fan, as seen in the Rhone 
(Fig. 30) and Mississippi Fans (Fig. 31). 
Sheet-like deposits also underlie the 
channel-levee systems in the Amazon 
Fan (Fig. 29). Reflectors tend to be 
LAC and HAC, and probably represent 
the deposits of widespread unchannel- 
ized turbidity currents. In the Missis- 
sippi, cores taken during Leg 96 of 
DSDP (Fig. 34) suggest that sand can 
bypass the mid-fan channels (Fig. 34 
site 621, located in Fig. 26) and 
become concentrated in the lower fan 
(site 615). Here, individual sand and 
coarse silt beds are "from 10 cm to at 
least 12 m in thickness" (O'Connell et 
a/., 1985). 

In the Amazon, the lower fan also 
contains highly reflective, conformable 
but discontinuous reflectors that reflect 
more sheet-like turbidite deposi- 
tion than in the mid-fan channel-levee 
systems. Cores show medium- to 
fine-grained turbidite sands (much 
coarser than the turbidites in the mid- 
fan channel axes) in beds up to a few 
metres thick (Ciro et a/., 1988). The 
turbidites of the mid-fan channel axes 
and the lower fan "cannot be related in 
time and event to the thicker and 
coarser turbidites sampled on the 
lower fan and abyssal plain, which are 
certainly older" (Ciro et a/., 1988, p. 
451). Thus these coarser lower fan 
sands have also bypassed the mid-fan 
area, as in the Mississippi. 

Figure 29 (left) East (left) to west high-res- 
elution seismic-reflection ~rofile across Dart 
of the western channel-le\;ee complex of'the 
Amazon Fan (located by short, heavy line in 
Figure 23). Interpretation (below) shows an 
upper channel-levee complex made up of in- 
dividual channel-levee systems that shingle 
upon each other. DF indicates seismically 
transparent areas interpreted as debris flow 
deposits. Note the presence of continuous 
reflectors above unit R at the base of the 
upper channel-levee complex. Upper, middle 
and lower channel-levee complexes are 
shown, and the vertical scale is two-way 
travel time, in seconds. If the speed of sound 
in poorly consolidated sediments is taken as 1 roughly 2 km/s, then I second of two-wey 
travel time is equivalent to 2000 m of travel, 
or a sediment thickness of about 1000 m. 
Diagram simplified from Manley and Flood 
(1 988). 
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Sheet-like reflectors also occur in 
levees (away from levee crests) and 
overbank areas. There is almost no 
core control of the nature of the geo- 
logical facies present. The seafloor 
slopes are low (0.7O to l.1° estimated 
from Figs. 29 and 30 respectively) and 
the lateral extent is great (tens of km), 
suggesting that the turbidites would be 
laterally extensive and unchannellized. 
Because they have been deposited 
from the portion of the turbidity current 
that spilled over the levee crest, the 
beds are probably relatively fine 
grained, with a low sandlshale ratio. 
These overbank classical turbidites 
might be distinguished from lower fan 
and basin plain turbidites by their thin 
bedding and low sandlshale ratios. 

Mass transport complexes 
This seismic facies has best been de- 
scribed from the Mississippi Fan 
(Weimer, 1989, 1990), where it is 
characterized by mounded external 
forms and hummocky to subparallel in- 
ternal reflectors of low- to fair-ampli- 
tude and poor continuity (Fig. 27). The 
mass transport complexes erode up to 
200 m into underlying sequences (Fig. 
33), and average about 180 m (range 
90-256 m) in thickness. The sedimen- 
tological aspect of the mass transport 
complex deposits is unknown; they are 
probably poorly sorted and poorly 
stratified debris flow deposits. 

Slumps and debris flows 
associated'with levee failure 
Acoustically transparent deposits 
occur on the present-day surfaces of 
several fans, especially the Amazon 
(Fig. 23), Rhone (Fig. 24) and Mis- 
sissippi. The slumpldebris-flow de- 
posits of the Amazon are 10-50 m 
thick, and have volumes of 300-1 500 
km3. The flows head in scarps 25 to 
250 m high, and have travelled for 
200-300 km on slopes as low as 0.35 
to 0.6". In the few cores from this 
facies, the beds show "zones of 
disturbed, contorted bedding, colour 
changes and angular contacts" 
(Damuth and Embley, 1981). Similar 
transparent seismic facies occur on 
the Rhone Fan, as Eastern (E.T.S.) 
and Western (W.T.S.) Transparent 
Series (Fig. 24). The ETS is up to 160 
m thick, and covers an area of about 
2250 km2. Droz and Bellaiche (1985, 
p. 467) state that it "clearly shows 

[derivation] from a slump originating in 
the north in the area of curvilinear es- 
carpments on the continental slope". 
However, the thickest part of the 
slump (black area at eastern end of 
line OW in Fig. 24) is very close to 
slump scars in the back of the upper 
fan levee, suggesting some levee 
failure also. 

The beds originally deposited on the 
backs of the levees were probably 
thin-bedded classical turbidites with a 
low sandlshale ratio. Slumping without 
too much lateral displacement and 

mixing of lithologies might lead to thick 
slump deposits of thin-bedded tur- 
bidites similar to those in Figure 14. 
With more displacement and mixing, 
these slumps might evolve into muddy 
debris flows which could continue for 
many tens of km across the fan sur- 
face (Figs. 23,24). 

FACIES RELATIONSHIPS AND 
FAN EVOLUTION 
The facies relationships suggested 
here result from the comparison and 
contrast of the fans mentioned above. 

(b) Rofik G 

(c )  M i l e  83-84 

UPPER FAN 

5 KM 
MID FAN 

I-- > - 6 7 

3.4 
3.6 5 KM 

LOWER FAN 

- 
5 KM 

Figure 30 Seismic profiles OW, G and 83-84, located in Figure 24. From Droz and 
Bellaiche (1985). The numbered units (channel-levee systems) in the upper part of the 
diagram are sketched below for more clarity. Note the vertical stacking pattern on the upper 
fan, and the lateral shingling of the channel-levee systems on the mid fan. The channel-levee 
systems are more laterally extensive on the lower fan, but individual systems cannot be 
mapped because of interference by the salt domes. 
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Figure 31 Cross sections A through E (see Fig. 26) of Mississippi Fan channel. Horizontal 
scale is the same for all sections, but vertical scale varies. Note tendency for lateral shin- 
gling of channel-levee systems (especially in C and D), and more sheet-like reflectors, with 
smaller channels, in the lower fan (E). Short dashes in channels indicate HAD reflectors, and 
'bumpy" symbol indicates hummocky reflectors and probable mass flow deposits. After 
Bouma and Coleman (1 985). 

Figure 32 Channel patterns for sequences 1-17 on the Mississippi Fan, from Weimer 
(1989). 621 and 615 indicate core locations, and other numbers identify the channels of par- 
ticular sequences. 

This distillation does not yet have the 
power of a good facies model because 
1) few examples are included, 2) the 
facies relationships in each example 
are not identical, and 3) individual fans 
may be evolving in different ways. 

The first generalization is that the 
lower fan is much sandier than the mid- 
fan, and contains deposits that are 
much more extensive laterally. In some 
cases, these lower fan deposits are 
older than those of the mid-fan. The 
mid-fan is characterized by channel- 
levee systems that shingle against one 
another to form channel-levee com- 
plexes. The Amazon contains at least 
three channel-levee complexes (Fig. 
35). Here, the upper channel-levee 
complex contains six shingled channel- 
levee systems; the lower channel-levee 
complex is less well defined but 
appears to contain five channel-levee 
systems. Individual channel-levee 
systems build up above the general 
level of the fan surface by 200-300 m 
until there is an avulsion. Then a new 
channel-levee system begins to build 
on the flanks of an older one. 

In the Amazon, there is a distinct 
stratigraphy consisting of debris flows 
overlain by sheet-like reflectors, over- 
lain in turn by channel-levee systems 
(Fig. 29). The debris flows in Figure 29 
(? DF - about 100 m thick; and the DF 
of Unit R - about 150 to 225 m thick) 

, are overlain by parallel sheet-like re- 
flectors, perhaps indicating that the 
channel-levee systems develop, not 
immediately on top of a debris flow 
deposit, but on top of older laterally ex- 
tensive (? sandy) turbidites. This might 
be yet another example of mid-fan 
channel-levee systems prograding 
over older lower fan sandy sheet-like 
turbidites. 

The importance of the mass trans- 
port complexes in the Mississippi Fan 
has been emphasized by Weimer 
(1 989, 1990). He relates the mass 
transport complexes to the initiation of 
a phase of fan growth (a new seismic 
sequence), when there is erosion at 
the base of slope "as submarine 
canyons were forming ... [also] ... as 
the slope-derived sediments are trans- 
ported basinward, they have tremen- 
dous erosive abilities that scour into 
the underlying sequence and are de- 
posited farther downfan in the form of 
mass transport complexes" (Weimer, 
1989, p. 270). Further mass transport 
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complex deposition results from retro- 
gressive slumping in the canyon head. 
When the canyon head has cut back 
far enough to join up with the incised 
channels on the shelf, sand is fed di- 
rectly to the submarine fan (Goodwin 
and Prior, 1989), probably as turbidity 
currents. 

The Rhone is constructed in a very 
similar way, with eight shingled 
channel-levee systems making up a 
channel-levee complex (Fig. 30). In 
both the Amazon and Rhone fans, the 
channel-levee complexes are sepa- 
rated stratigraphically by seismically 
transparent facies (Figs. 29, 36). 
Unfortunately, it is not clear whether 
these are early-formed mass transport 
complexes, or later-formed slope and 
levee failure deposits. However, there 
is clear evidence in the Rhone that 
episodes of channel-levee system de- 
velopment are terminated by major 
slides and slumps, at least partly from 
the slope. 

RELATIONSHIP OF FAN 
DEVELOPMENT TO SEA LEVEL 
FLUCTUATIONS 
There is almost no detailed dating of 
modern fans that permits the facies and 
facies successions described above to 
be related to Plio-Pleistocene fluctua- 
tions of relative sea level. However, it 
is fairly well established that high- 
stands of relative sea level result in 
fan abandonment, and the draping of 
the fan surface with hemipelagic mud- 
stones to form condensed horizons 
(Fig. 27). In the Mississippi, the mass 
transport complexes rest on, or scour 
into condensed horizons (Weimer, 
1989), suggesting that mass transport 
complexes initiate new phases of fan 
growth during lowering of relative sea 
level, slumping on the slope, and 
canyon formation. By contrast, the 
debris flows related to levee fail- 
ures on the Rhone and Amazon fans 
seem to be almost the youngest fea- 
tures on the fan surfaces, suggesting 
formation during rising Holocene sea 
level and fan abandonment. Some 

same problem exists in the Rhone 
(Fig. 36), where the slumps and slides 
clearly divert turbidity currents and ini- 
tiate new locations of fan growth. 
However, in the absence of dating, it is 
not possible to relate the Rhone slide 
and slump facies to relative sea level 
lowering (mass transport complex) or 
rising (levee failure). 

In the absence of dating, the chan- 
nel-levee complexes are also difficult 
to relate to sea level fluctuations. The 
Plio-Pleistocene record of relative sea 
level fluctuations has been worked out 
from studies of oxygen isotopes 
(Chapter 2). There have been seven 
major fluctuations in the last 700,000 
years, and each of these fluctuations 
may have resulted in one of the 
Mississippi seismic sequences. The 
older 10 sequences may have been 
influenced by one or many of the sea 
level fluctuations older than 700,000 
years. However, these fluctuations 
have smaller absolute ranges, and 
appear to be tuned to a cyclicity of 
about 41,000 years (Chapter 2). In 
fans other than the Mississippi, the 
correlation between Plio-Pleistocene 
fluctuations and numbers of fan lobes 
is even more difficult to investigate. In 
the Amazon, for example, Manley and 
Flood (1988) argue persuasively that 
the Upper channel-levee complex (Fig. 
35) developed during the Wisconsin 
lowstand of sea level (85,000-12,000 
years ago). In the Mississippi, fora- 
miniferal dating of fan sequences 16 
and 17 (Fig. 34) indicate deposition 
during the Wisconsin lowstand, but the 
presence of two sequences within one 
lowstand also suggests that an auto- 
cyclic process is operating. Thus it is 
currently almost impossible to relate 

fan lobes or seismic sequences to 
specific fluctuations of relative sea 
level. 

In a theoretical sense, fan facies are 
tentatively related to relative sea level 
fluctuations in the following scheme: 
1) Lowering of relative sea level initi- 
ates a phase of fan growth. Coastal 
depocentres prograde out to the shelf- 
slope break, where the added sedi- 
ment load may cause slope failure, 
slumping and canyon development. 
The upslope edge of the first slump 
scar will tend to be unstable, and will 
result in retrogressive slumping and 
canyon enlargement. The slumped 
sediment will move into the basin and 
be deposited as mass transport com- 
plexes. If canyons already exist, the 
shift of coastal depocentres to the 
shelf edge may result in the direct fun- 
nelling of sand down the canyons in 
turbidity currents. These will deposit 
sheet-like sandy turbidites in pre-ex- 
isting topographic lows on the basin 
floor. 
2) During continued falling stage, 
and/or during lowstand, channel-levee 
complexes build out onto the fan sur- 
face. It is not clear what controls the 
change from unconfined sheet-like 
flow of sandy turbidity currents to con- 
fined flow of muddier currents within 
channel-levee systems. One possi- 
bility is that levees initially form on the 
walls of the incised canyon. As more 
and more flows use the canyon, with 
fines spilling up onto and over the 
levees, the levees lengthen onto the 
fan surface, and grow in height and 
width as more and more fine-grained 
material spills overbank. The sus- 
pended fines will lead to levee growth, 
and the sand will bypass the leveed 
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acoustically transparent or chaotic 
facies within the fans (e.g., ?DF and 
the DF of Unit R, Amazon Fan, Fig. 
29) cannot reliably be assigned either 
to mass transport complexes or to 
levee making it difficult to Figure 33 West (left) to east (right) composite cross section of the Mississippi Fan, 
know whether these layers initiate or showing the stacking pattern of the 17 sequences, from Weimer (1989). Note vertical exag- 
terminate a phase of fan growth. The geration of 30 times. 



Figure 34 Graphic logs of Deep Sea Drilling Project (Leg 96) cores from sites 621 (mid-fan 
channel) and 615 (lower fan). Note that 621 has been extended down below the cored in- 
terval using interpretations of seismic data. Z, Y and X refer to biostratigraphic zones, with 
ages given in years before present. Zone Y corresponds to the Wisconsin late glacial stage, 
and X to the Wisconsin interstadial. Horizons 20 and 30 are distinctive seismic markers; 
horizon 30 marks the beginning of sequence 16, and 20 marks the beginning of sequence 
17. Depths in core are given below sea level, with datum at the present sediment-water inter- 
face. Note particularly the sandy nature of the lower fan, and implied sediment bypassing of 
the mid-fan (where the core shows much more mud in the upper part of sequence 17). 
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Figure 35 Schematic diagram, after Manley and Flood (1988), showing the proposed sequence 
of fan growth-debris flows (black) overlain by channel-levee complexes. No debris flow deposits 
are known beneath the middle channel-levee complex. Note construction of each channel-levee 
complex from five or six individual channel-levee systems. 

part of the fan en route to the sandy 
lower fan. Alternatively, if the sediment 
introduced into the basin becomes 
progressively muddier and impover- 
ished in sand, the flows may evolve 
into continuous low-density under- 
flows. The fan channels will become 
much more sinuous, and no sand will 
be funnelled through the channels to 
the lower fan. 
3) The active construction of channel- 
levee complexes is probably termi- 
nated by a relative rise in sea level. At 
this time, empty channels (and feeder 
canyons) may fill with mud. Sediment 
failures on the lower slope and on 
levees may lead to slumps and debris 
flows that travel over large parts of the 
fan surface. 
4) During continued rising stage, and 
during highstand, the fan surface is 
passively blanketed by hemipelagic 
fines, resulting in a condensed horizon. 
5) Despite the present relative high- 
stand of sea level, turbidity currents 
are now being generated at the rate of 
about one every two years in the 
Congo and Magdalena systems. Even 
on passive margins, there are also 
enough earthquakes that sediment 
can be catastrophically dislodged from 
canyon heads and resedimented into 
deep water (as in Laurentian Fan). Fan 
growth is therefore not entirely re- 
stricted to times of relative lowstand. 

These ideas are embodied in the 
two models of Figure 37, where model 
A incorporates mass transport com- 
plexes and channel switching in the 
upper fan (based largely on the 
Mississippi). Model B incorporates 
sheet-like sandy turbidites without 
mass transport complexes but with 
some vertical channel stacking in the 
upper fan (based more upon the 
Rhone Fan). In the models, phases of 
fan growth related to sea level cycles 
(seismic sequences) are separated by 
hemipelagic layers (Fig. 37). 

FANS IN A SEQUENCE- 
STRATIGRAPHIC CONTEXT 
Fan stratigraphy has been related to 
global eustatic sea level fluctuations in 
widely published but misleading 
schemes such as that shown in Figure 
38. In sequence stratigraphic theory, 
one complete cycle of sea level fluctu- 
ation takes place between the se- 
quence boundaries (SB, Fig. 38). In 
one terminology, the sediments have 
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been subdivided into lowstand fans 
and lowstand wedges (Posamentier 
and Vail, 1988), representing falling 
stage and lowstand, respectively. In 
an alternative terminology, Vail (1 987) 
recognizes a basin floor fan, a slope 
fan (channel-levee complex), and a 
lowstand wedge - prograding complex 
that progrades and buries both the 
slope fan and basin floor fan (Fig. 38). 
Note also that prograding highstand 
systems tract deposits are shown 
burying the lowstand wedge. In the ex- 
amples described in this chapter, there 
are no lowstand wedge - prograding 
complexes (and certainly no pro- 
grading HST deposits) that bury the 
basin floor fan and slope fan (channel- 
levee system) deposits (compare 
Figure 38 with Figures 29, 30, 33, 35). 
In fans where the data are available 
(Mississippi), the condensed section 
(CS, Fig. 38) overlies the basin floor 
fan and slope fan (channel-levee 
system), not a thick lowstand wedge - 
prograding complex. Figure 38 shows 
too much theory and not enough real 
geological relationships! Another 
problem is the use of the term slope 
fan (Vail, 1987) and placement of the 
channel-levee complex on the slope 
(Posamentier et al., 1988). On fans 
such as the Amazon, Rhone and 
Mississippi, the channel-levee com- 
plexes form on the fan surface, sea- 
ward of both the slope and the rise. 

Widely published diagrams similar to 
Figure 38 have not been carefully con- 
structed by the distillation of real ex- 
amples; they do not act as "norms", 
and cannot be used for prediction. 

COMPARISON OF MODERN FANS 
AND ANCIENT ROCKS 
This comparison is very difficult, the 
first problem being one of scale. From 
outcrops, it is almost impossible to re- 
construct features as large as those 
seen on modern fans (e.g., a channel- 
levee system 200 m thick and tens of 
km wide). Scale remains a problem in 
most subsurface studies, although 
some examples approach the scale of, 
and have the same sedimentary fea- 
tures as, modern fans (e.g., Lower 
Eocene Frigg Fan, North Sea, 
McGovney and Radovich, 1985; Fig. 
39). The second major problem con- 
cerns the features.of modern fans, 
particularly the abundance of channel- 
levee systems and scarcity of deposi- 

tional lobes. Most overall interpre- 
tations of ancient turbidite systems rely 
heavily on the individual interpretations 
of thinning- and thickening-upward 
successions. With the scarcity of lobes 
on modern fans, the interpretations of 
ancient thickening-upward successions 
becomes much more difficult. It is not 
yet known whether thickening-upward 
successions can be understood in the 
context of deposition in channel and 
levees, or on the smooth sand-rich 
lower fan. Indeed, the facies and facies 
geometries of lower fan deposits are 
probably less well known than any 
other part of the fan, despite their 
sandiness and hence importance in 
understanding ancient sandy turbidite 
oil and gas reservoirs. 

The following discussion is mostly 
concerned with ancient rocks, in four 
situations; large feeder channels, 
channel-levee systems, sheet-like tur- 
bidites and slumpldebris-flow facies. 

Large feeder channels 
No large (deeper than 500 m) feeders, 
or canyons have been described from 
outcrop, but several are known in the 
subsurface, including Eocene and 
early Oligocene canyons in Czecho- 
slovakia (1-3 [max. 101 km wide, 800- 
1060 m deep; Picha, 1979), the 
Eocene Yoakum canyon of Texas (16 
km wide, 1067 m deep; Dingus and 
Galloway, 1990), the Paleocene 
Meganos canyon of California (16 km 
wide, up to 760 m deep; Fischer, 

Table 3 Dimensions of mid-fan channel-levee systems. 
Amazon Rhone Misslsslppi 

CHANNEL-LEVEE SYSTEMS 
Average thickness (m) 330-360 150 140 

Average width (km) 20-40 70 250 

INDIVIDUAL CHANNELS 

Aggraded HAD thickness 

(range, milliseconds [ms]) (70-350) (70-1 40) (60-530) 

average (ms) 180 90 21 0 

Width of HAD reflectors (km) 1.7 0.44 3.0 

I. BASAL SERIES 2. LOWER SERIES 3. SLIDES, SLUMPS 

4.  UPPER SERIES 5. SLIDES, SLUMPS 6.  NEOFAN 

, . 
IF 

I 
I 

\ 
I 

< - - a x  

Figure 36 Growth pattern for the Rhone Fan, after Droz and Bellaiche (1985). The basal 
series (1) is poorly understood. The lower series (2) consists of s'everal individual channel- 
levee systems, and their deposition was terminated by slumps and slides (3). These caused 
a westward diversion of the fan (4) and deposition of the upper series of channel-levee 
systems. Slumping and debris flow (5) covered a large part of the fan surface and blocked 
fan channels, causing channel diversion and deposition of the neofan (6). 
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MASS TRANSPORT 
COMPLEX \ \ 

C I M N N t L - L t V t t  

LME-OVERBANI 
g SYSTEM 

MlOnl F F A N  I 

3 rLOWS AND \ tnns&essivelhlgi 
n-.DITES lowstand wedge \ 

LOWER FAN 

UNCHANNELLIZED LOWER FAN 

UPPER FAN 
VERTICAL 
STACKING 

MIDDLE FAN CHANNEL-LEVEE 

lransgrossIvo/hlphaUndnd 
(HEMIPEUOIC BLANKET) 

LOWER FAN 

lowsland wedge 
basln floor fen 

UNCHANNELLIZED LOWER FAN 
(basin floor Ian) 

Figure 37 Preliminary fan models. A) model in which fan deposition begins with a Mass Transport Complex (basin floor fan in the termi- 
nology of Fig. 38), overlain by channel-levee systems. B) model in which fan deposition begins with sheet-like basin floor turbidites (basin 
floor fan, Fig. 38), overlain by channel-levee systems. Note stacking on upper fan (as in the Rhone) and lateral shingling on the mid-fan. 
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SB - SEQUENCE BOUNDARY 
HST - HIGHSTAND SYSTEMS TRACT 

LST -LOWSTAND S.T. - bf basin floor fan 
sf slope fan 

I low lowstand wedge - prograding complex I 
Figure 38 Submarine fans in a sequence-stratigraphic context. This diagram is a combina- 
tion of similar diagrams published by Vail (1987) and Posamentier and Vail (1988). Diagram 
shows the conceptual development of a fan within one sequence (i.e., the result of one cycle 
of sea level fluctuation). SB = sequence boundary, TS = transgressive surface, CS = con- 
densed section (or maximum flooding surface), and cs = coastal sandstones. None of the 
modern fans discussed in this chapter has a thick lowstand wedge (with downlapping 
shallow-marine Highstand Systems Tract deposits) on top of the "slope fan" (channel-levee 
complex, which does not occur on the slope). See text for further discussion of this contro- 
versial model. 

, 

LATERAL MIGRATION 
OF CHANNELS 

NEL SANDS CUT DOWN 
OGRADED SHEET SANDS 

STACKED CHANNELS 

Figure 39 Interpretation of sheet sandstones and overlying channelized sandstones in 
Frigg Fan, North Sea. From McGovney and Radovich (1985). 1 1  

- 5  km - 

LA60 SOFIA LENS CERRO TOR0 
FORMATION 

. - 
Figure 40 Schematic cross section through a coarse "Lago Sofia" lens in the Cretaceous 
Cerro Torro Formation, southern Chile. From Winn and Don (1979). I ]E:/ -.  I I 
Figure 41 (right) Stratigraphic section through Cretaceous rocks at Wheeler Gorge, 
California. Base of section is faulted (Santa Ynez Fault), and overlain by a small slump. The 
lower part of the section consists of 250 m of mudstones. CM = channel margin deposits, LV w w -  

= levee. Arrows indicate thinning- and fining-upward facies successions. L 
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1979), and the early Cretaceous 
Gevaram canyon of Israel (7 km wide, 
1000 m deep; Cohen, 1976). Of these, 
only the Czechoslovakian example 
contains appreciable sandstone and 
conglomerate (up to 300 m) in the 
canyon fill; the others are mudstone 
filled. 

The Yoakum canyon appears to 
have formed by retrogressive slump- 
ing at the shelf break (Dingus and 
Galloway, 1990), as has been sug- 
gested for the canyons and feeders of 
the Plio-Pleistocene Mississippi 
fan. By contrast, the cutting of the 
Meganos canyon has been related to 

Paleocene fault movements (Fischer, 
1979, p. 7). Both the Czechoslovakian 
canyons and the Gevaram canyon 
appear to be submerged fluvial valleys 
further developed and enlarged by 
marine processes. It would now ap- 
pear that the initiation of all of these 
canyons except Meganos is directly 
related to a lowering of relative sea 
level. The canyons appear to have 
widened and deepened whilst they 
acted as conduits for turbidity currents, 
but because of relatively steep axial 
gradients, little turbidite sand or gravel 
remains in the canyon. The canyons 
are all mudstone filled (except for the 

I 

CHANNEL - LEVEE COMPLEX 

- -  - -  - - - - - - -  - - - -  - - - - - - - - - - - - - - - - -  - - - - - - - - - - - - - -  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - BASIN FLOOR ---------------=----------------- - - -  - - - -  - - - - - - - - - - -  - - - - - - - - - - - - -  - - - - - - - _ - _ _  - 

Figure 42 Interpretation of the Wheeler Gorge section in terms of the models of Figure 37. 
WG indicates the vertical profile of Wheeler Gorge. Circled numbers suggest the order of 
channel-levee system development, and uncircled numbers 1-3 indicate the stacked chan- 
nels at Wheeler Gorge. LA = lateral accretion and AV = avulsion. Thus the thinning-and 
fining-upward levee sequences are interpreted to reflect lateral migration of the channel 
away from Wheeler Gorge. Channel-levee systems 2 and 3 are necessary in order that the 
levee sequences of system 4 can build on top of the stacked channel deposits of system 1. 
No horizontal scale is implied; systems 2 and 3 could equally well be on opposite sides of 
system 1, and system 4 could be a mirror image of what is shown, on the left of Wheeler 
Gorge. Stipple indicates sandstone and conglomerate within channels. 

lower parts of the Czechoslovakian 
canyons), presumably during a rise of 
relative sea level. The size of the 
canyons suggests some turbidity 
current scouring (not just retrogressive 
slumping), and hence the model pre- 
dicts submarine fan sandstone and 
conglomerate deposits at the ends of 
the canyons. For various reasons, 
these deposits have not yet been dis- 
covered. 

Channel-levee systems 
Channels seen on the surfaces of 
modern fans in mid-fan areas average 
about 40 m deep, but aggraded HAD 
thicknesses of channel-fill facies range 
from about 60-530 m (Table 3). Levee 
and overbank deposits of modern fans 
have similar thicknesses, and widths of 
tens of kilometres. In the geological 
record, they are probably made up of 
laterally continuous and extensive thin- 
bedded turbidites. 

In the literature, the interpretation that 
most closely approaches the model of 
channel-levee systems developed in 
this chapter is the Eocene Frigg Fan 
(subsurface, North Sea; McGovney and 
Radovich, 1985). The interpretation is 
based on seismic lines, well logs and 
cores, and shows four radiating finger- 
like sandbodies (Fig. 39) 4-5 km wide 
and 10-20 km long. The stacks of chan- 
nelized sandstones occur along the 
central parts of the fingers, and vary 
from 20-200 m in thickness. with thin 
shale partings 2-5 m thick,  he chan- 
nelized sandstones cut into older 
sheet-like sandstones that have a much 
greater lateral extent, and show very 
gently mounded seismic reflectors. In 
the interpretation (Fig. 39), it is notable 
that the channel sands are stacked in 
the upcurrent position, but are shown 
as thinner and laterally migrating in the 
downcurrent position (as in the modem 
Rhone and Mississippi fans, Figs. 30, 
31). 

In outcrop, the scale of channel-levee 
systems makes them difficult to recon- 
struct. Many of -the finer-grained facies 
may be obscured by cover, and the 
section may be broken up by folds and 
faults. The best reconstruction is prob- 
ably that of Winn and Don (1979), from 
Late Cretaceous rocks of southern 
Chile. They summarise their obser- 
vations in a cross section that shows 

I Figure 43 Slumped slope deposits in the Carboniferous Gull Island Formation of County two superimposed channel-levee 
Clare, western Ireland. systems, with a total aggraded channel 
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thickness of about 300 m (Fig. 40). The 
channel deposits consist of sandstones 
and conglomerates. Thinner-bedded 
turbidites make up the levee deposits, 
and the proposed width of the channel- 
levee system is about 20 km. Some of 
the thinner-bedded turbidites occur in 
slumped horizons up to about 15 m 
thick; reconstructed directions of 
slumping tend to be mostly eastward, 
whereas regional paleoflow in the chan- 
nels is southward. This suggests the 
possibility that the slumped horizons 
represent levee failure (cf., Rhone and 
Amazon fans). 

There is also one superb vertical 
section through a channel-levee system 
in the Cretaceous Wheeler Gorge 
section in California (Walker, 1985; Fig. 
41). In Figure 41, the section is trun- 
cated at the base by the Santa Ynez 
Fault. A basal slump is overlain by a 
fine-grained section about 250 m thick, 
dominated by 1 -cm-thick graded silt- 
stones - there are about 6000 such 
beds present. The depositional en- 
vironment appears to have been very 
quiet and monotonous, far from the 
action of large turbidity currents (the 
"basin floor" of Figure 41). Stacked 
channels overlie the basin floor de- 
posits extremely abruptly, suggesting a 
lowering of relative sea level and rapid 
progradation of a channel-levee sys- 
tem. Channels 1 and 2 are both con- 
glomeratic at the base and fine upward 
through pebbly and massive sand- 
stones. The sandstones of channel 2 
are overlain by thin-bedded turbidites 
(CM in Fig. 41), characterized by 
bedding lenticularity and CCC turbidites 
(Fig. 5). These features, along with the 
stratigraphic position, suggest a 
channel margin (CM, Fig. 41). Channel 
3 has an erosive base, and a spectac- 
ular example of a collapsed channel 
wall with stratified blocks similar to 
those in Figure 15. The bulk of the fill is 
unstratified conglomerate, but there is a 
fining upward at the top through 
massive sandstones into classical tur- 
bidites. The two levee successions 
(LVI and LV2) both fine upward, from 
classical turbidites into mudstones. 
Succession LV2 (Fig. 41) is dominated 
by multiple horizons of soft-sediment 
slumping within a thin-bedded turbidite 
facies (Fig. 13). The levee interpretation 
is based particularly on the association 
with coarse channelized deposits, and 

e of deformation within 

thin-bedded CCC turbidites. 
The scale (1 00-m channel stack, 80- 

m-thick levees) invites comparison with 
channel-levee systems of the Amazon 
(Fig. 29) or Rhone Fans (Fig. 30). The 
interpretation of Figure 42 shows how 
guidance from the channel-levee fan 
model developed in this chapter (Fig. 
37) can suggest predictions from one 
new piece of information (the Wheeler 
Gorge section). Note that the use of a 
Rhone- and Amazon-based model sug- 
gests that channel-levee systems must 
shingle at the same stratigraphic level 
as the Wheeler Gorge channels before 
thick levee deposits (LV1 in Fig. 42) 
can spread across the channels at a 
higher stratigraphic horizon. 

Other channel-levee interpretations 
in the literature commonly refer to 
sandy systems of limited lateral extent, 
and with channel depths of only a few 
tens of metres (e.g., Cretaceous 
Chatsworth Formation of California; 
Advocate and Link, 1981). Alternatively, 
there are interpretations of shifting and 
nested channel and channel-margin 
facies 20-40 m thick, where the in- 
terbedding of sandstones and mud- 
stones may respond acoustically as 
an HAD facies (Upper Miocene Capis- 
trano Formation, California, Walker, 
1975b). It is possible that these exam- 
ples, or systems like them, represent 
thalweg channels within a much larger 
canyon (Figure 28), rather than indi- 
vidual channel-levee or channel-margin 
systems. 

Sheet-like turbidites 
There are many examples of appar- 
ently unchannelized, sheet-like tur- 
bidites in the geological record. In some 
cases, individual beds can be traced for 
kilometres or tens of kilometres, im- 
plying very smooth basin floors (Enos, 
1969; Hesse, 1974; Ricci Lucchi and 
Valmori, 1980). The topography of 
modern fans shows that smooth, low- 
gradient depositional areas exist 1) on 
the lower fan, and 2) on the flatter 
parts of levees some distance from the 
levee crest. Limited data from modern 
fans suggest that the lower fan setting 
would contain much sandier turbidites 
than on the distal parts of levees. It is 
important to develop criteria for distin- 
guishing the two settings, in order to 
make better predictions of lateral facies 
changes, and in order to place the de- 
posits correctly - within a fan stratigraphy - 

(the lower fan sandy sheet-like facies 
would commonly be older than the 
distal levee facies). 

In the geological record, classical tur- 
bidites in apparently unchannelled set- 
tings commonly occur in thicken- 
ing-upward successions. These have 
been related to the progradation of de- 
positional lobes (Mutti and Ricci Lucchi, 
1972), although this interpretation must 
now be questioned because 1) deposi- 
tional lobes are not common on modern 
fans, and 2) some thickening-upward 
successions might be related to fluctua- 
tions of relative sea level (Mutti, 1985). It 
is not known whether thickening-upward 
successions occur in the lower sandy 
parts of modern fans. Conversely, depo- 
sitional lobes in the geological record 
can only confidently be identified by their 
external form, not by the presence of 
thickening-upward successions. There 
are few good examples where the ex- 
ternal form can be defined. One 
example is the Cretaceous Forbes 
Formation, California (Weagant, 1972), 
where the stack of sandy lobes and in- 
terbedded mudstones is about 1000 m 
thick. Individual lobes are up to 60 m 
thick and 10 km in diameter in the 
Grimes gas field. The lobes appear to be 
irregularly stacked, and are separated 
by blanketing mudstones that partly trap 
gas in the reservoirs. 

Slumpldebris flow facies 
Although there are many examples of 
slumps and debris flows in the geolog- 
ical record, there are very few that ap- 
proach the scale of the chaotic and 
acoustically transparent layers on 
modern fans (many tens up to about 
200 m). One of the best examples of a 
slumped slope facies is in Penn- 
sylvanian rocks on the coast of western 
Ireland, where there is an almost con- 
tinuously exposed section up to 550 m 
thick (Martinsen, 1989; Fig. 43). The 
styles of deformation include mud 
slumps 0.5 to 15 m thick (with com- 
posite thicknesses to about 50 m) and 
mud and sand slides involving sedi- 
ment thicknesses up to about 60 m. 

Large-scale levee failures, similar to 
those of the Amazon and Rhone fans, 
have not been identified in the geolog- 
ical record, although the slump in the 
Waitemata Group (Fig. 14) is a possible 
analogy. On a smaller scale, 15 m thick 
slumps of thin-bedded turbidites, pos- 
sibly of levee origin, occur in Creta- 
- -  - . - _ - -- 
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ceous rocks of southern Chile (Winn 
and Dott, 1979). 

CONCLUSIONS 
Submarine fan studies are presently in 
a state of flux. The seismically derived 
information from modern fans con- 
cerning facies geometry and internal 
stratigraphy cannot yet be applied very 
easily in the geological record, where 
the scale of observation is commonly 
very much smaller. Conversely, fea- 
tures in the geological record cannot 
always be related to parts of modern 
fans. lnformation is gradually becoming 
available to link fan development with 
fluctuations of relative sea level, but 
there is an urgent need for precise 
dating within modern fans. lnformation 
from smaller sand-rich fans is needed 
to complement the data from large fans 
such as the Amazon, Mississippi and 
Rhone. Finally, tectonic setting clearly 
influences fan development in major 
ways; however, there are too few well- 
studied fans in each tectonic setting to 
allow any models to be formulated. 
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THE SEDIMENTS ARE BORN, 
NOT MADE 
This deceptively simple phrase encap- 
sulates the main theme of carbonate 
and evaporite sedimentation. It also 
highlights the differences between 
such deposits and the terrigenous 
clastic facies described in preceding 
chapters. Terrigenous clastic sedi- 
ments are made primarily by the dis- 
integration of parent rocks and are 
transported to the depositional envi- 
ronment. Once there, patterns of tex- 
ture and fabric are impressed upon 
them by the hydraulic regime. The sig- 
natures of such facies are in their sedi- 
mentary structures and grain-size 
variations (Table 1). Carbonate and 
evaporite sediments are "born" as pre- 
cipitates or skeletons within the depo- 
sitional environment. For carbonate 
sediments, this attribute has profound 
consequences, namely 1) sediment 
composition is fundamental in charac- 
terizing the depositional environment, 
2) grain size variations need not signal 
changes in hydraulic regime, 3) large 
structures such as platforms are pro- 
duced entirely by sediments formed in 
place, they are self-generating and 
self-sustaining, 4) the temporal and 
spatial style of accumulation depends 
upon the nature of the sediments them- 
selves. Consequences for evaporites 
kclude: 1) mineralogy reflects the type 

' of water being evaporated and the 
salinity of bottom brines, 2) many sedi- 
ments are never transported but grow 
in place, at or below the sediment 
surface, and 3) most are shallow water 
( 4 0  m) or pelagic deposits. 

As carbonate sediments and facies 
have become better understood over 
Ihe last two decades (Bathurst, 1975; 
Wilson, 1975; Scholle et al., 1983), at- 

, tention has shifted to the dynamics of 
sediment accumulation. Compilations 
for evaporites have appeared more re- 
cently (Dean and Schreiber, 1978; 
Sonnenfeld, 1984; Schreiber, 1988; 

Warren, 1989; Melvin, 1991). The li- 
brary of modern and ancient examples 
has grown to the point where true 
comparative sedimentology can now 
be practised, revealing previously un- 
recognized, universal themes in sedi- 
mentation. Nevertheless, as illustrated 
in the following chapters, consensus 
has yet to be reached on many funda- 
mentals of sediment dynamics. 

Dynamic stratigraphy demands that 
the input distilled from modern and 
ancient environments should be as 
fully understood as possible. Problems 
arise for some carbonates because the 
ecology of extinct rock-forming orga- 
nisms may not be fully known. These 
difficulties are even more prevalent 
for evaporites because many have no 
Holocene analogue. 

In the following chapters the facies 
are considered first and then placed in 
an allostratigraphic context. In many 
instances evaporites are a minor, but 
nevertheless important, component of 
other facies models, e.g., interdune 
evaporites in eolian facies, coastal 
sabkhas in carbonate or siliciclastic 
peritidal facies. However, when evap- 
o r i t e ~  and evaporitic carbonates fill 
entire basins, or evaporites form later- 
ally extensive shelf deposits, they war- 
rant separate facies models (see 
Table 2 in Chapter 19). This intro- 
duction summarizes themes impor- 
tant to all carbonate and evaporite 
accumulations. 

CARBONATE PLATFORM 
\ 

AHiF BANK 
\ 

Figure 1 A sketch showing the different 
geometries of platforms and their termi- 
nology. No scale is intended. 

SOME TERMINOLOGY 
Words used to describe carbonate and 
evaporite accumulations vary greatly, 
as do their meanings (Ginsburg and 
James, 1975; Wilson, 1975; Read, 
1985; Geldsetzer et al., 1988). Al- 
though they can form across the envi- 
ronmental spectrum, the thickest car- 
bonates accrete- as platforms while the 
thickest evaporites form as basinal de- 
posits. To maintain continuity, the fol- 
lowing section defines the terms used 
in this book. 

Platforms 
A carbonate platform (Fig.1) is a large 
edifice formed by the accumulation of 
sediment in an area of subsidence. 
Most such structures have a flat top, 
possess steep sides and can be 
several kilometres thick and extend 
over many hundreds of square kilome- 
tres. A carbonate shelf is a platform 
tied to an adjacent continental land 
mass. This hinterland is a potential 
source of terrigenous clastic sediment, 
fresh water, terrigenous organic matter 
and nutrients. A craton many hundreds 
to thousands of kilometres across is 
called an epeiric platform when 
covered by shallow seawater. A car- 
bonate bank is an isolated platform 
surrounded by deep ocean water and 
cut off from terrigenous clastic sedi- 
ments. (Note that here "bank" is not 
synonymous with mound - a smaller, 
reef-like carbonate body that may lack 
definitive evidence of an organic frame- 
work, see Chapter 17). A carbonate 
atoll is a specific type of bank devel- 
oped on a subsiding volcano. Similar 
banks, unrelated to volcanoes, are 
termed faros. Atolls and banks can be 
so dominated by reefs that their geo- 
logical expressions are termed reef 
complexes or carbonate buildups. 

The platform edge is critical. A 
rimmed platform (Fig. 2) has a seg- 
mented to continuous rampart of reefs 
andlor lime sand shoals along the 
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margin that absorbs ocean waves. 
Modern warm water platforms are gen- 
erally rimmed because corals are proli- 
fic and construct large reefs along the 
edges of shelves and banks. By ab- 
sorbing waves and swells and dissipat- 
ing storm energy, the rim generates a 
variety of lower energy environments. It 
also confines the movement of coarse- 
grained sediment to the lagoon/shallow 
platform and can potentially restrict 
water circulation, increasing the possi- 
bility of evaporites. Accumulation space 
is limited by sea level and carbonate 
facies are strongly differentiated. 

An unrimmed or open plat form 
(Fig. 2), is one in which there is no bar- 
rier. Unrimmed platforms occur today 
on the leeward side of large tropical 
banks and are the norm in all cool 
water settings. A ramp is an unrimmed 
shelf that slopes gently basinward at 
angles of less than 1 degree. Near- 
shore, wave-agitated facies grade into 
deeper water, low-energy deposits 
and there is no discernable break in 
slope. Because oceanic waves and 
swells can sweep directly onto and 

across the shallow seafloor of open 
shelves and ramps, 1) the energy level 
of most shallow water environments is 
high, 2) nearshore facies are complex, 
3) sediment can easily be transported 
into deep water, 4) only the nearshore 
zone can keep pace with sea level 
rise, and 5) subtidal accumulation 
space will be controlled as much by 
the depth of wave abrasion as by sea 
level (Chapter 15). Since unrimmed 
platforms and ramps are affected by 
the same physical processes as ter- 
rigenous clastic shelves (Chapters 11, 
12), they have similar facies. What 
sets them apart is the continual i n  
place production of carbonate sedi- 
ment and early cementation, which 
constantly alters the nature of the sea 
floor. 

Lagoons and widespread shallow 
platforms may become restricted and 
hypersaline. Widespread shelf evapor- 
ites that pass basinward into open 
marine sediments are confined to 
rimmed platforms (Fig. 3). The absence 
of restrictive barriers on unrimmed plat- 
forms limits evaporites to marginal 

sabkha and associated salina deposits. 
In situations where the entire deposi- 
tional basin is evaporitic, however, 
evaporitic shelves may occur without 
platform edge barriers. Theoretically, 
evaporite ramps could occur around 
evaporite basins; however, not one has 
been confidently identified. This is 
probably because rapid evaporite ac- 
cumulation is restricted to shallow 
brines. Evaporites are either confined 
to marginal shelves built on the shal- 
lowest parts of older ramps, or they 
form on the deepest parts, when the 
adjacent basin desiccates. 

Basins 
Deep water environments are only sig- 
nificant repositories for carbonate sed- 
iment in post-Jurassic time, when 
pelagic calcareous microorganisms 
evolved. These planktonic foramini- 
fera, green algae and tiny gastropods 
live in the upper parts of the water 
column and upon death sink to the 
seafloor as a pelagic rain (Fig. 2). 
Older basinal sediments are primarily 
terrigenous clastic or siliceous, with 

Table 1 Differences between terrigenous clastic, carbonate and evaporite sediments. 

Terrigenous Clastic Carbonate Evaporite 

Climate is no constraint, sediments occur Most sediments occur in shallow, warm Most sediments occur in shallow-water or 
worldwide. water environments. mud flat environments. 

Sediments are both terrestrial and Sediments are mostly marine. Sediments occur only in restricted 
marine. terrestrial and marine environments. 

Grain-size reflects hydraulic energy of the Grain-size reflects the size of skeletons and Crystal size reflects nucleation and growth 
environment. precipitated grains. rate, or diagenetic alteration. 

Mud indicates settling from suspension. Mud commonly indicates prolific growth of Fine carbonateslsulphates indicate rapid 
organisms that produce tiny crystals. precipitation. 

Currents and waves form shallow-water Many sand bodies form by localized Shallow-water sand bodies are rare. 
sand bodies. physicochemical or biological production 

of carbonate. 

Environmental changes are induced by Environmental change can be induced by Environmental change is induced by 
widespread changes in hydraulic localized buildup of carbonate, without changes in basin dynamics. 
regimen. change in hydraulic regimen. 

Sediments remain unconsolidated in the Sediments are commonly cemented on the Sediments are commonly cemented or 
depositional environment. seafloor. form crystal crusts in the depositional 

environment. 

Periodic exposure does not alter the Periodic exposure results in intensive dia- Periodic exposure results in growth of 
sediments. genesis. intrasediment evaporites or wholesale 

dissolution. 

Walther's law applies to most deposits. Walther's Law applies to many, but not all, Walther's law applies to few deposits. 
deposits. 
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Figure 2 A sketch of rimmed and unrimmed platforms illustrating the position of the car- 
bonate factory and the main directions of sediment transport. Note that open ocean waves 
and swells impinge on open shelves and ramps but are absorbed at the edge of the rimmed 
platform. Offshore banks are the same as these shelves and can have rimmed (generally 
windward) and unrimmed (generally leeward) margins. 
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Figure 3 A sketch illustrating locations of the evaporite factory and resulting facies in con- 
tinental, shelf and basin-central locations. Continental playa evaporites can be extremely 
large. Basin-central evaporites form as basin-margin shelves and deep water deposits when 
brine level is high and as shallow water deposits when brine level is low. 

the only carbonate input coming from 
shallow platforms. 

All large and thick evaporites occupy 
depositional basins that suffered par- 
tial or complete desiccation during 
isolation from the sea. Such evaporite 
basins can be flanked by evaporitic 
shelves, or alternatively, earlier car- 
bonate shelves that become emergent 
during evaporitic episodes (Fig. 3). 
Evaporites cease to form during periods 
of flooding and the same basins be- 
come open- or restricted-marine envi- 
ronments. 

THE SEDIMENT FACTORY 
Carbonates 
The carbonate factory (Fig. 2 )  is the 
shallow, illuminated seafloor. Particles 
of all grain sizes are born here, either 
crystallizing as skeletons or precipi- 
tating directly out of seawater. Sedi- 
ments mostly remain in place forming 
widespread "subtidal" deposits (Chap- 
ter 15) or reefs and mounds (Chapter 
17). Much of the abundant fine frac- 
tion is resuspended periodically and 
piles up as muddy peritidal flats 
against highs on the platform and 
along the shoreline (Chapter 16). Fine 
sediment is also swept seaward where, 
together with sediment gravity flows 
originating at the margin, it accumu- 
lates on the slope and on adjacent 
basin margin (Chapter 18). Regard- 
less of facies, it is the factory that is at 
the core of carbonate deposition. All 
carbonate facies and carbonate 
stratigraphy depend on the "health" of 
this production unit. 

Evaporites 
The evaporite factory (Chapter 19) can 
operate in both terrigenous clastic and 
carbonate settings (Fig. 3). Evaporites 
similarly accumulate most rapidly in 
shallow water conditions. Export of 
sediment from this evaporite factory 
does occur, but it is substantially less 
than in carbonate settings because so 
much of the sediment is lithified ini- 
tially, or quickly becomes cemented. 
Environments (see Table 2 in Chapter 
19) range from continental lakes to 
coastal salinas and sabkhas to shelf- 
wide complexes. Evaporites can also 
develop in shallow- and deep-water 
basin centres. 

The advantage of modelling evap- 
orite systems is that deposition occurs 
by physico-chemical precipitation. 
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The original overall composition and 
mineralogy of an evaporite provide in- 
formation about the type of water 
being evaporated, the brine tempera- 
ture and salinity, and the degree of 
basin isolation. The disadvantages 
occur because, 1) most early models 
were chemical in nature and/or based 
upon few examples, 2) evaporites 
exposed in outcrop (uncommon) are 
much altered, and subsurface core is 
limited, 3) no areas of present-day 
evaporite deposition compare in size 
with many ancient basins (Fig. 4), 
4) changes in depositional conditions 
are rapid, profound and commonly 
result in superimposed facies, making 
original environmental recognition diffi- 
cult, 5) characteristically, new environ- 
ments destroy and replace older ones, 
rather than moving laterally, so that 
associated facies are unreliable when 
interpreting poorly preserved deposits, 
and 6) evaporites are susceptible to 
wholesale, postdepositional change 
that can remove all primary features. 

THE CONTROLS 
For carbonate production and sedi- 
ment accumulation to be at a maxi- 

mum, the environment must be just 
right; not too deep, not too shallow; 
not too warm, nor too cold; not too 
fresh, but not too saline either; not 
too much terrigenous clastic sediment; 
not too many nutrients but neither 
too few (the Goldilocks Window of 
Goldhammer et a/., 1990). A similar 
depositional "window" controls evap- 
orite accumulation. Water inflow must 
not be too much, nor too little: brine 
loss (reflux) must be allowed to occur, 
but must not be too great; evaporation 
rates must be high, but terrigenous 
clastic influx must be low. The prin- 
cipal regulators are climate, oceanog- 
raphy (including basin and/or shelf 
restriction) and tectonics, but for most 
carbonates, organism biology is the 
major factor. 

Organism biology 
Most carbonate sediments are pro- 
duced biologically or by biochemical 
mediation. There are four sorts of car- 
bonate particles: 1) precipitates - 
those grains formed by direct or bio- 
logically mediated precipitation of 
calcium carbonate, e.g., ooids and 
some lime mud; 2) bioclasts - the cal- 
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Figure 4 Comparison of size (aerial extent) of Recent (right) and ancient (left) evaporite 
settings. 

careous sheaths, shells, tests and 
spicules of the myriad of sessile, bur- 
rowing, drifting or swimming inverte- 
brates, microbes and algae that live in 
shallow and deep water across the 
environmental spectrum; 3) peloids - 
grains of microcrystalline carbonate, 
generally agglutinated or cemented 
feces or diagenetically altered grains; 
and 4) lithoclasts - fragments of con- 
solidated, hardened or lithified sedi- 
ment. Precipitates around, and skel- 
etons of, phototrophic organisms are 
particularly important because they 
rapidly produce enormous amounts of 
sediment. Such organisms are mostly 
photosynthetic microbes and algae, or 
invertebrates such as living stony 
corals, giant clams and big forami- 
nifers, which have symbiotic pho- 
totrophs (light-dependent microorgan- 
isms) in their tissue. These symbionts, 
by taking over metabolic functions, 
allow otherwise small- or modest-sized 
invertebrates to precipitate large cal- 
careous skeletons, but restrict such 
organisms to the photic zone. This 
bargain, large size for light depen- 
dence, restricts carbonate deposition 
to very specific settings. 

We rely heavily upon observations 
from modern environments of deposi- 
tion to interpret ancient sedimentary 
sequences and to construct facies 
models. This approach works, and is 
seen to work, because the composi- 
tion of most sedimentary particles has 
remained the same through time; a 
quartz sand grain or an ooid is the 
same in the Pleistocene, Permian or 
Precambrian. Because organisms have 
changed with time, it is difficult, at first 
glance, to compare modern and spe- 
cific ancient carbonate facies. This 
tends to intimidate those who are 
beginning the study of carbonates, 
but it should-not. Carbonate-secreting 
organisms in the rock record, when 
viewed as sediment producers, do 
have living counterparts, although they 
may not even belong to the same 
phylum. Thus "carbonates are like 
Shakespeare; the plays remain the 
same, only the actors changen. This 
is because, despite the numerous 
groups of organisms with hard parts, 
there are only two ways in which these 
hard parts are arranged either as 
whole, rigid skeletons (e.g., foramini- 
fers, snails, corals) or as numerous in- 
dividual segments held together in life 
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by organic matter (e.g., trilobites, 
clams, crinoids). Table 2 lists the more 
important modern carbonate compo- 
nents and their fossil equivalents. 

The sedimentology of organism 
remains should not be equated with 
their paleoecology. Evolution of the 
"modern" carbonate-producing com- 
munity was gradual and took place in 
the Mesozoic. The shallow water 
Paleozoic brachiopod1echinoderm1 
tabulate and rugose corallstromato- 
poroidlred algal assemblage was re- 
placed by a green and red calcareous 
algaelscleractinian coral1mollusc1 
foraminifera1 consortium. Many sur- 
vivors from the Paleozoic era, such as 
the crinoids, stromatoporoids (scle- 
rosponges), brachiopods and bry- 
ozoans, are sti l l  with us, but are 
abundant only in deep or cool, or less 
saline settings. Interestingly, these 
refugees (together with barnacles) pro- 

duce most of the sediment on many 
modern cool water platforms. 

But organisms are not just sediment 
producers. Grasses and microbes of 
various sorts are efficient sediment 
trappers, binders and stabilizers. 
lchnofauna burrow through the sedi- 
ment, moving and sorting particles, in- 
gesting, processing and excreting 
sediment, forming grains (peloids) and 
diagenetically altering fine particles. A 
boring flora and fauna excavates into 
grains and hard substrates, and in the 
process breaks down the carbonate 
host and produces-sediment. Large 
skeletons form elevations above the 
seafloor and create new environments. 
The carbonate platform is truly a 
living thing and, as the biosphere has 
evolved, its character has var ied 
through geologic time. 

Evaporitic environments are rarely 
completely lifeless, although hyper- 

salinity does reduce organism diversity 
to low levels. Carbonate-secreting or- 
ganisms are eliminated early in brine 
concentration so that almost all subse- 
quent precipitation is inorganic. In the 
initial stages, however, microbes thrive 
within the brine and on the sediment 
bottom. Evaporitic sediments can be 
greatly modified by this addition of 
organic material, or by the binding and 
trapping activities of benthic microbial 
mats. 

Climate 
Evaporites are more sensitive to cli- 
mate than any other sediment type. 
They provide unequivocal evidence of 
arid, but not necessarily warm, condi- 
tions (they occur in Antarctic playa 
lakes). Nevertheless, almost all an- 
cient evaporites formed in warm cli- 
mates because, when the atmosphere 
is undersaturated, more evaporation 

Table 2 The sedimentary aspect of modern warm and cool water carbonate components and their counterparts in the fossil record. 

Modern, Warm Water Modern, Cool Water Ancient Counterpart Sedimentary Aspect 

Corals ABSENT Corals, Stromatoporoids, Large components of reefs and 
Stromatolites, biogenic mounds 
Coralline Sponges, 
Rudist Bivalves 

Bivalves, Bivalves, Red Algae, Remain whole or break apart into 
Red Algae, Echinoderms Red Algae, Brachiopods, several pieces to form sand and 

Brachiopods, Cephalopods, gravel size particles 
Echinoderms, Trilobites 
Barnacles 

Gastropods, Gastropods, Gastropods Whole skeletons that form sand 
Benthic Foraminifera Benthic Foraminifera Benthic Foraminifera and gravel size particles 

Green (Codiacean) & Red Algae Red Algae Phylloid algae, Crinoids and Spontaneously disintegrate upon 
Bryozoans other echinoderms, death to form many sand-sized 

Bryozoans particles 

Ooids, peloids ABSENT Ooids, peloids Concentrically laminated or 
micritic sand sized particles 

Planktonic Foraminifera, Planktonic Foraminifera, Planktonic Foraminifera, Medium sand-sized and smaller 
Coccoliths, Pteropods Coccoliths, Pteropods Coccoliths (post-Jurassic), particles in basinal deposits 

Styliolinids 

Encrusting Foraminifera, Encrusting Foraminifera, Red Red Algae, Renalcids, Encrust on or inside hard 
Red Algae, Bryozoans Algae, Bryozoans, Encrusting Foraminifera, substrates, build up thick 

Serpulid Worms Bryozoans deposits or fall off upon death 
to form sand grains 

Dasyclad Green Algae ABSENT Dasyclad Green Algae Spontaneously disintegrate upon 
death to form lime mud 

Cyanobacteria and Cyanobacteria and Cyanobacteria and other Trap, bind and precipitate fine- 
other calcimicrobes other calcimicrobes calcimicrobes (especially grained sediments to form mats 

pre-Ordovician) and stromatolites or thrombolites 
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occurs at higher temperatures. 
Aridity is also prevalent in 1) moun- 

tain-bounded basins at any latitude, 
because the mountains act as rainfall- 
snowfall traps and barriers, resulting in 
basin-floor, rain-shadow deserts, 
2) continental areas in low to middle 
latitudes isolated from the ocean, 
where temperatures are high and 
humidity low, creating high evapora- 
tion rates capable of generating brines 
that can even precipitate potash salts, 
and 3) regions adjacent to cool, up- 
welling oceanic currents which gen- 
erate cool onshore winds with high 
humidity but low moisture content. 
These winds warm as they move 
inland, lowering their humidities and 
promoting evaporation. 

The general climatic setting also 
partly controls the rate at which ter- 
rigenous clastic sediments are deliv- 
ered to a shelf or basin by fluvial and 
eolian processes. This siliciclastic 
influx can partially or completely 
suppress the production of carbonate 
by 1) reducing water transparency, 
2) clogging the feeding and/or respira- 
tory apparatus of sessile benthic or- 
ganisms and/or, 3) increasing nutrient 
and particulate organic content of the 
water. Reefs, in particular, can grow in 
nutrient-poor environments (Chapter 
17). An increase in nitrates and phos- 
phates can lead to displacement of 
coelenterates by filamentous algae 
and a dramatic increase in bioeroders 
(Hallock and Schlager, 1986). Climate 
also controls the amount and rate of 
evaporation or rainfall, and thus the 
composition of seawater, in shallow, 
partially restricted basins on or along- 
side continents. Furthermore, climate 
controls the "storminess" of the ocean 
and whether high energy is constant 
or episodic. 

Oceanography 
The ocean is inexorably linked to the 
atmosphere and climate, but there are 
inherent attributes which directly affect 
carbonate productivity. 

Light penetration 
Light penetration, which controls the 
phototrophs, varies with water depth, 
latitude (controls light refraction into 
the water) and water clarity. The last is 
markedly reduced where turbidity 
is high as a result of clastic runoff, 
particularly on west sides of tropicall 

subtropical oceans, or upwelling and 
high surface productivity above outer 
parts of platforms on eastern sides 
of oceans (Zeigler et al., 1984). 
Carbonates have restricted distribu- 
tions at these sites. 

Water temperature 
In open ocean situations there is a 
clear temperature stratification. Warm 
to cool surface waters extend down to 
-50 or -100 m, below which there is a 
decrease in temperature (thermo- 
cline). The deep ocean below about 
1000 m is close to zero degrees. A 
similar stratification can be present in 
enclosed basins and shallow seas, but 
the temperature in many of them, es- 
pecially if estuarine circulation is de- 
veloped, is roughly the same from 
surface to seafloor. 

A water temperature of about 20°C 
partitions carbonates in modern shal- 
low seas into a warm water, low-lati- 
tude realm and a cool- to cold-water 
mid- to high-latitude realm. Carbon- 
ates of all types are produced on 
warm water platforms but such set- 
tings are dominated by direct precipi- 
tates and particles from phototrophic 
organisms. The photic zone is about 
70 m deep in most places and it is in 
this zone that carbonate production is 
highest, being greatest in the upper 
10-20 m. On modern cool water plat- 
forms the photic zone is of lesser im- 
portance because carbonates are 
generated almost entirely by nonpho- 
totrophic organisms; the only impor- 
tant phototrophs are coralline algae. 
The rates of sedimentation also seem 
to be much lower. Sediments which 
accumulate in deeper, cooler water 
parts of modern warm water platforms 
are much like those at higher latitudes. 
Whereas warm and cool water plat- 
forms have been differentiated in 
Cenozoic and Mesozoic sequences, 
their recognition in Paleozoic and 
Precambrian carbonates, although 
claimed, is less certain. 

Water circulation 
Unrimmed shelves and ramps have 
free circulation and open marine con- 
ditions are the norm. Fine-grained 
carbonates, suspended by storms 
and by organism activities, may be 
carried from where they form to 
quieter or deeper environments. Rim- 
med shelves commonly have poorer 

circulation and fine-grained sediment 
transport is curtailed. Carbonates are 
typically muddy, even in shallow 
environments subject to frequent high- 
energy storms. Furthermore, poor 
water circulation results in departures 
from oceanic water composition. 
Freshwater inflow into restricted 
shelves causes brackish conditions 
nearshore, or even bottom anoxia 
where persistent density stratification 
results. In arid climates, restricted 
shelves become hypersaline. For 
evaporites to form, however, the 
degree of restriction required is 
extreme (Lucia, 1972; Kendall, 1988), 
to the extent that large evaporite de- 
posits are confined to basins that 
become isolated or nearly isolated 
from the open sea. Evaporative losses 
in such basins are not offset by inflow, 
and the water level drops below sea 
level; a process termed evaporative 
drawdown. Some interpretations of 
ancient, widespread and shallow cra- 
tonic seas (Shaw, 1964; Irwin, 1965) 
conclude that poor water circulation 
was the norm and resulted primarily 
from salinity variation, tidal and other 
currents being suppressed by friction. 

Oxygenation 
Because well-oxygenated waters are 
essential for the growth of skeletal in- 
vertebrates, any decrease in dissolved 
oxygen values reduces the diversity 
and then the abundance of such or- 
ganisms in a predictable way. Partial 
to complete anoxia can be induced by 
1) a stratification of the water column 
by pronounced temperature and/or 
salinity layering, reducing or arresting 
vertical mixing, or 2) a dramatic in- 1 
crease in nutrient supply to surface 
waters resulting from increased runoff I 
or upwelling of deep ocean waters. i 
Salinity 
Increasing salinity reduces biotic diver- 
sity (Chapter 15) (although this com- 
monly is difficult to differentiate from 
the effects of fluctuating salinity) and 
above 40%0 most invertebrates dis- 
appear; calcareous algae, however, 
continue to be sediment producers for 
a time. Occasionally, tolerant skeleton- 
producing invertebrates thrive in sa- 
linities too high for calcareous mud- 
producing algae. These shells may 
accumulate in enormous numbers, as 
in Shark Bay (Western Australia). This 
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serves as a reminder that not all hy- 
persaline carbonates are muddy. The 
amount of carbonate generated by 
direct precipitation, however, in- 
creases with increasing salinity and 
the sediments grade insensibly into 
fine-grained evaporitic carbonates. 

Tectonics 
The tectonic setting controls the rate 
and style of subsidence and the nature 
of the foundation upon which a car- 
bonate platform nucleates or on which 
evaporites accumulate. The effect of 
antecedent topography is most obvious 
during the early stages of rifting. 
Carbonate platforms nucleate on horsts 
and/or evaporites accumulate in gra- 
bens. On newly riffed, passive conti- 
nental margins the rate of subsidence 
is predictable. Any changes in these 
rates occur slowly. lntracratonic basins 
have the same subsidence style and 
rate as mature passive margins. Thus, 
the space for sediment production and 
accumulation has been similar in these 
settings throughout geologic time. 
Platforms and ramps on the inboard 
side of foreland basins, toward the 
craton, have similar subsidence rates, 
but the style is more irregular and less 
predictable. Both subsidence and uplift 
occur as the basin responds to litho- 
spheric flexure. Carbonate structures 
and evaporite accumulations in strike- 
slip basins and/or on thrust complexes 
are affected by unpredictable episodic 
and dramatic subsidence. 

Paleotectonic setting also deter- 
mines the nature of the adjacent hin- 
terland and therefore, in part, the rate 
of terrigenous clastic sediment supply 
to the shelf or basin. Too much clastic 
sediment will "drown out" the carbon- 
ate or evaporite contribution. Finally, 
because platforms and basins are on 
moving tectonic plates, they may drift 
out of latitudes where carbonatelevap- 
orite accumulations are favoured. 
Carbonate platforms may move out of 
a low-latitude, warm water belt and the 
sediments change to those dominated 
by cool water invertebrates, with lower 
accumulation rates. Alternatively, car- 
bonate deposition may be replaced by 
terrigenous clastics as the platform 
moves into a more humid climatic belt. 
Similarly, evaporitic basins may be 
transported away from areas of nega- 
tive water deficits so that evaporite 
accumulation ceases and either ter- 

rigenous clastics or carbonates take 
their place. 

Carbonate platforms are most fre- 
quent along passive continental mar- 
gins as l )  small banks atop horsts on 
newly rifted crust, 2) huge shelves 
along mature margins, 3) giant off- 
shore banks, which continue to grow 
and coalesce as antecedent riff-blocks 
are buried, and 4) atolls around 
oceanic volcanoes. They are also fami- 
liar as 5) shelves around the margins 
of, and as banks within, shallow in- 
tracratonic basins. Although not as 
common on convergent margins, they 
do form irregular banks and shelves 
encircling fragmented and obducted 
tectonic slivers. Ramps are prevalent 
as the initial or foundation stages of 
rimmed platforms or as structures 
in their own right during geological 
periods when there were few large 
skeletal organisms to build reefs and 
form a rim. They occur most frequently 
in intracratonic basins or along the 
inner, craton side of foreland basins. 

Apart from climatic control, large 
evaporite deposits only form in 1) 
hydrologically closed sedimentary 
basins in which outflow is less than 
inflow, 2) originally deep depressions, 
or areas which subside rapidly during 
evaporite accumulation, and 3) set- 
tings starved of terrigenous clastic 
sediment. Three types of basins are 
particularly susceptible to restriction 
and therefore potential sites of evap- 
orite precipitation (Kinsman, 1974). 

lntracratonic basins are long-lived, 
with active subsidence histories of 
tens of millions of years. Evaporite de- 
position tends to be episodic and su- 
perimposed so that evaporites are 
sandwiched between other sediment 
types. Although aerially extensive, the 
evaporites are typically thin (tens to 
hundreds of metres). If the evaporites 
are marine-derived, calcium sulphates 
are over-represented relative to halite. 
Some basins accumulate nonmarine 
evaporites. Evaporitic intervals are 
episodic and superimposed. Facies 
consist of shallow water and mud flat 
sequences (with both shelf and basin- 
central distributions) but episodes of 
basin starvation, together with subsi- 
dence, may generate depositional 
basins with several hundred metres of 
relief, in which "deep water" evaporites 
can accumulate. 

Divergent plate margin basins occur 

within continental riff valleys, juvenile 
actively spreading oceans, and failed 
rifts (aulacogens). Evaporites can be 
thick, exceeding 5 km in many in- 
stances. They are generally composed 
of halite but also may contain MgSO, 
deficient potash salts. Such composi- 
tions suggest the influence of hydro- 
thermal fluids, either as the source of 
the evaporites or substantially modi- 
fying the seawater source (Hardie, 
1990). Where continued spreading 
has generated wide oceans, evaporite 
deposition essentially ceases and the 
older evaporites now occur as linear 
belts along the newly formed passive 
continental margins. 

Remnant ocean basins at conver- 
gent plate boundaries, under appro- 
priate conditions of restriction and 
climate, can change into enormous 
and deep evaporite basins. Desic- 
cation of these basins, under condi- 
tions of intense evaporative loss, may 
create shallow water environments 
several kilometres below world ocean 
level. These are situations that have 
no parallel today. 

AUTOSTRATIGRAPHY 
Once carbonate and/or evaporite pro- 
duction begins in earnest the sedi- 
ments accumulate by vertical and/or 
lateral accretion. Vertical accretion 
typifies carbonate and evaporite sys- 
tems, in that sediments are produced 
in place and so, with time, inexorably 
build up toward sea level, (or the local 
brine level in a desiccated evaporite 
basin) even though they may never 
reach it. Shallowing-upward is inherent 
in the carbonate system and is com- 
mon in evaporite settings. Lateral ac- 
cretion of carbonates occurs because 
the factory is too shallow to retain the 
sediments or because they are piled 
up against a shoreline, forming a pro- 
grading sedimentary wedge. Whereas 
both lateral and vertical accretion will 
occur on a carbonate shelf, vertical ac- 
cretion is probably more typical on car- 
bonate banks (because there are few 
highs around which strandline facies 
can nucleate) and in large evaporite 
basins. Walther's Law is clearly appli- 
cable to lateral accretion but may not 
always apply during vertical accretion, 
because new environments may be 
created simply by shallowing or re- 
stricting water movement. If exposed, 
carbonate and evaporite platforms will 
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be subject to diagenesis in the mete- 
oric realm, the nature and extent of 
which depends upon both intrinsic 
(mineralogy, previous history, porosity) 
and extrinsic (climate, time) factors 
(James and Choquette, 1990). 

Since carbonate and evaporite pro- 
duction and accumulation are predom- 
inantly shallow water phenomena and 
the controls are dynamic, the deposi- 
tional systems are always in imminent 
danger of being shut down. For car- 
bonates this occurs by intersecting, or 
being intersected by a critical interface 
that limits deposition. Such interfaces 
are 1) airlwater (exposure and shut- 
down of all carbonate production), 2) 
base of photic zone (the demise of 
phototrophic organisms), 3) base of the 
zone of wave abrasion (above which 
bottom currents and wave action may 
lead to erosion and cementation), 4) 
0, minimum zone (extinction of all 
higher plants and animals), 5) thermo- 
cline (water is too cold for most car- 
bonate-producing organisms), 6) pyc- 
nocline (the salinity is too great for 
most organisms). These interfaces 
cause the bounding discontinuities and 
are responsible for the conspicuous 
packaging of carbonate facies succes- 
sions. Changes in the water balance 
within evaporitic settings are commonly 
fast, and result in equally abrupt ver- 
tical changes in evaporite mineralogy 
and brine depth (and consequent eva- 
porite facies). This may also lead to 
cessation of evaporite deposition or its 
sudden appearance. 

ALLOSTRATIGRAPHY 
Space for accumulation must be 
created in order for deposition to con- 
tinue, even if sediment is being pro- 
duced at a rapid rate. For carbonate 
systems, this accumulation space is 
that space available for deposition 
between the seafloor and any critical 
interface. This is where the combined 
effects of the controls come into play 
in a dynamic way. The principal vari- 
ables that determine the size of this 
space through time are the rates of 1) 
subsidence, 2) eustasy, 3) sedimenta- 
tion (carbonate, evaporite and silici- 
clastic), and 4) for evaporitic systems, 
brine-level suppression below sea 
level. Excellent discussions of the 
interaction of these variables in car- 
bonate systems are found in Kendall 
and Schlager (1981), Tucker and 

Wright (1990), Goldhammer et a/. 
(1 990) and Einsele et a/. (1 991), 
whereas evaporite systems are dis- 
cussed in Kendall (1988). 

The concepts of seismic and se- 
quence stratigraphy were developed 
using the principles of terrigenous 
clastic sedimentation (Vail eta/., 1977; 
Van Wagoner et al., 1988). Carbon- 
ates and evaporites have only recent- 
ly been interpreted using these tech- 
niques (Sarg, 1988; Tucker, 1991). 
There is currently no consensus as to 
the response of sedimentation to 
eustasy largely because the same 
principles of sedimentation do not gen- 
erally apply to both terrigenous clas- 
tics and carbonates/evaporites. Again, 
it is the same problem -there is no in 
situ factory for terrigenous clastics. 
Eustatic changes affect terrigenous 
clastic systems by controlling accumu- 
lation space and hence shifting the 
locus of sedimentation from one site to 
another. Eustatic changes in car- 
bonate and evaporite systems deter- 
mine the health or very existence of 
the sediment factory. 

Such differences affect the dynam- 
ics of sedimentation, and thus allo- 
stratigraphy. To illustrate this point we 
generalize and contrast sedimentation 
on a terrigenous clastic shelf and 
basin with that on a rimmed carbonate 
shelf and basin, during a long-term 
(third-order) fluctuation in relative sea 
level with superimposed short-term 
(fourth- and fifth-order) perturbations 
(Fig. 5). A cautionary note - these 
are end members and if similar com- 
parisons are made between terrige- 
nous clastic shelves and carbonate 
ramps or open shelves, the differ- 
ences are less pronounced. Evapor- 
ites are not restricted to either setting 
but have been placed mostly in the 
carbonate example because they are 
commonest there. 

Lowstand systems tract 
Terrigenous clastics. Sediments 
bypass the exposed shelf and are de- 
posited in deep water on the slope and 
basin margin. Sand-rich submarine 
fans, fed from fluvial systems which 
cross the shelf, form at the base of 
slope during early stages of sea level 
fall. Later phases are characterized by 
initial filling of incised valleys on the 
shelf and the formation of mud-prone 
lowstand wedges on the slope and on 

top of earlier submarine fans. 
Carbonates. Exactly the opposite 

occurs. The carbonate factory is shut 
down, or confined to a small fringing 
shelf on the slope. The adjacent slope 
and basin are thus starved of car- 
bonate sediment, except for planktonic 
carbonate, and then only in Jurassic 
and younger settings. A contrasting 
view (Jacquin et al., 1991) suggests 
that the narrow shelf is a source of 
much sediment and deep water sedi- 
mentation is active. Offshore banks or 
shelves bordering a carbonate hinter- 
land are subject to subaerial diagen- 
esis, the intensity of which depends 
upon climate, relief (extent of sea level 
fall), time of exposure and original 
mineralogy, resulting in a karst sub- 
aerial unconformity bounding surface. 
When shelves boraer a landmass of 
terrigenous clastic sediments, al- 
though subaerial diagenesis is com- 
mon, they are also likely to be ve- 
neered by prograding fluvial deposits 
that can spill over the shelf edge, cre- 
ating a terrigenous clastic lowstand 
fan or wedge. This results in alter- 
nating carbonate and terrigenous 
clastic sediments on the shelf and in 
the basin (Chapter 3). 

Evaporites. Basin-central evapor- 
ites, often of great thickness, are char- 
acteristic when basins become iso- 
lated or greatly restricted by lowered 
sea level. The extent of water-level 
drop is greatly magnified by evapora- 
tive drawdown. Brines in basins that 
experience only partial drawdown 
rarely reach halite saturation and are 
characterized by marginal gypsum 
wedges and basinal, deep water lami- 
nated gypsumlevaporite carbonates 
(Tucker, 1991). Basins subject to near- 
ly complete desiccation have shallow 
water mud flat evaporites on the basin 
floor. Such deposits are typically domi- 
nated by halite and can contain some 
of the more soluble potash salts. 
Because evaporite deposition occurs 
in near isolated environments, the ele- 
vation of the basin rim (relative to sea 
level), rather than the elevation of the 
depositional site, is of primary impor- 
tance, While slight drops in sea level 
can allow basins to desiccate, slight 
rises may drown basins and quickly 
eliminate evaporite deposition alto- 
gether. Evaporite accumulation also 
causes onlap of the basin flanks, unre- 
lated to sea level rise. 



Transgressive systems tract 
Terrigenous clastics. Incised valleys 
on the shelf are filled and estuarine 
sedimentation accompanies flooding. 
There is a rapid landward shift in  
facies belts, little widespread shelf de- 
position and the slope and basin are 
largely sediment starved, culminating 
in a maximum flooding surface. 

Carbonates. In contrast, this period 
of long-term relative sea level rise 
allows the carbonate factory to oper- 
ate at optimum capacity, slowed only 
by short periods of incipient drowning. 
Migration of an oxygen-minimum zone 
onto the platform can also cause peri- 
odic shutdown. Progressive addition of 
new accumulation space results in the 
infilling of previous topography, accu- 
mulation of thick, subtidal-dominated 
sediment packages and growth of 
reefs. Amalgamated subtidal units are 
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common. Vertical sediment accretion 
or facies backstepping is the typical 
mode of sedimentation. Reefs, which 
have the greatest potential of all car- 
bonates to track sea level rise 
(because of their relatively high growth 
rates), can build exceptionally high 
(stratigraphically thick) reliefs. The 
amount of off-platform sediment trans- 
port depends upon the effectiveness 
of the rim and the rates of carbonate 
sediment production. Prograding car- 
bonate andlor evaporite tidal flats do 
not generally reach the shelf edge and 
can be stranded during short-term sea 
level changes. A maximum flooding 
surface can cap the transgressive 
systems tract. The condensed section 
develops when parts of the platform 
fall so far below the base of the photic 
zone that carbonate production is 
reduced dramatically or stops entirely. 

LOW 

ALLUVIAL PLAIN COASTAL PLAIN 

& EVAPORITE 

Figure 5 Diagrams illustrating the general sedimentary response of terrigenous clastic 
versus carbonate-evaporite shelves to long-term (third-order) changes in sea level. Shaded 
sequences formed during the indicated positions of sea level. 

Evaporites. If the rim is continuous 
and well developed it can be a barrier 
to water circulation. Short-term fourth- 
or fifth-order sea level falls partially to 
completely restrict movement of 
marine waters onto the shelf, in- 
creasing the potential for shelf evapor- 
ites. Subtidal evaporites can develop 
only on the platform during these 
short-term, sea level falls, and will 
generally. be confined to onshelf or 
onbank basins. 

Highstand systems tract 
Terrigenous clastics. Early phases 
encompass eustatic rise and stillstand 
while later phases record eustatic still- 
stand and the beginnings of sea level 
fall. There is general widespread shelf 
deposition. Aggradation typifies early 
stages and is usually succeeded by 
pronounced progradation. Depending 
upon the rate of sediment supply, the 
top of this systems tract can contain 
extensive fluvial and alluvial facies. 
Slope and basin sedimentation in- 
crease dramatically during late stages. 

Carbonates. Carbonate and terrige- 
nous clastic settings are most alike 
during this situation. The rate of addi- 
tion of new accumulation space is 
low and under many circumstances 
periods of deposition alternate with 
roughly equal periods of exposure. 
The carbonate factory shrinks and 
becomes localized. During early stages 
antecedent depositional topography on 
the shelf is filled in. Reefs reach sea 
level and begin to expand laterally. 
Prograding tidal flat caps may periodi- 
cally reach the shelf edge. Relatively 
short episodes of subaerial exposure 
result in moderate diagenetic change 
to carbonates. 

During late stages, because the 
platform is essentially at mean sea 
level, the factory operates only inter- 
mittently, when flooded due to short- 
term changes in sea level. The main 
factory is at the shelf margin, pro- 
ducing a "shelf margin systems tract" 
(Sarg, 1988). Since accumulation 
space on the platform top is small, 
peritidal deposition is common. Few 
reefs develop and biostromes or sand 
shoals are the norm. The platform 
exports much sediment, especially 
from the margin facies, resulting in 
coarse-grained sediment-gravity flows 
and thick prograding or forestepping 
wedges of slope sediment. Sediments 
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on the platform top are intensively 
altered by long periods of meteoric di- 
agenesis. 

Evaporites. Prograding alluvial and 
strandline terrigenous clastic facies 
can form isolated saline lakes on allu- 
vial plains and salinas behind beach 
ridges. The reduced accumulation 
space and propensity for poor circula- 
tion on the carbonate platform top is 
ideal for thin shelf and peritidal evap- 
orite accumulation. Diachronous units 
of sabkha and salina evaporites may 
be widespread. Under exceptional 
conditions of a rimmed platform, short- 
term falls in sea level may result in 
large hypersaline lagoons or shelves 
within which subtidal evaporites form. 
If the climate i s  ar id and rimmed 
shelves are markedly restricted, wide- 
spread thin subtidal evaporites 
develop surmounted by thick peritidal 
evaporites. 

CYCLICITY 
The vertical, cyclic repetition of car- 
bonate and/or evaporite facies is a 
hallmark of carbonate platforms and 
evaporite basins (Wilson, 1975; 
Kendall and Schlager, 1981; Algeo 
and Wilkinson, 1988). Carbonate 
cycles tend to record deposition in pro- 
gressively shallower environments 
(shallowing-upward); evaporites may 
display vertical changes in mineralogy 
indicating increasing salinity (brining- 
upward) or, less commonly, de- 
creasing salinity (freshening-upward). 
Cycles are m-scale to 100-m scale 
and their universality means that the 
mechanisms are either inherent in the 
system (autostratigraphic) or the plat- 
form is responding to some outside 
control (allostratigraphic) that has 
been present since Precambrian time, 
or both. The drive to produce a shal- 
lowing-upward, brining-upward or 
freshening-upward sediment package 
by either lateral or vertical accretion is 
inherent in the systems; what is much 
more difficult to determine is why and 
how numerous packages are stacked 
in a variety of different ways (Chap- 
ters 15, 16, 18, 19). 

Thin evaporite units probably form in 
time intervals too short to have been 
markedly influenced by sea level  
changes. On the other hand, thicker, 
>0.1 km, evaporites are invariably 
compound units, commonly markedly 
cyclic. The delicate balance of influx, 

reflux and brine residence time that 
controls evaporite deposition is partic- 
ularly sensitive to changes in sea level 
in marine-fed basins and evaporite 
shelves. It is therefore not surprising 
that sea level changes have been 
seen as controls of evaporite basin 
cyclicity. Climate, however, also con- 
trols the water balance in evapor- 
ite environments. Climate changes 
alone, or in combination with sea level 
changes, are also possible causes of 
evaporite cyclicity. Continental eva- 
por i te~,  particularly those forming in 
basins above sea level, will obviously 
respond only to climate (and tectonic) 
changes. 

SUMMARY 
Carbonate and evaporite facies, while 
controlled to a large degree by eu- 
stasy, are also defined and deter- 
mined by the nature of the in situ 
sediment factory. They are therefore 
fundamentally different from terrige- 
nous clastic sediments. This theme 
pervades the following chapters on 
carbonate facies models. Evaporite 
facies are treated in a single chapter. 
This is because they are differentiated 
on the basis of sedimentary features, 
and so independent of geographic 
setting and associated facies, carbon- 
ate or terrigenous clastic. Identification 
of environmental facies depends more 
on the stratigraphic relationship of 
evaporites to other facies and their 
distributions relative to depositional 
basins. 
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1 5. Shallow Platform Carbonates 
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INTRODUCTION 
The shallow illuminated seafloor is the 
place where carbonate is fixed most 
rapidly by plants and animals and 
where carbonate particles precipitate 
most easily. While material may be ex- 
ported from this factory to form tidal 
flats or slope deposits, much also 
stays in place, to be preserved as 
what are euphemistically called sub- 
tidal limestones. The focus of this 

chapter is the origin, composition, 
facies and stratigraphy of these plat- 
form sediments. 

The dynamics of this environment 
are outlined in Figure 1. The starting 
point (upper left) is the carbonate 
factory where the nature of the sedi- 
ment is dictated by evolution, organism 
biology, climate, salinity, water depth, 
and clastic sediment influx. Once 
formed, the fate of the carbonate sedi- 

ments is dictated by wind waves, tides, 
storms, and large-scale oceanic cur- 
rents. The balance between sediment 
production and sediment transportation 
determines the growth potential of the 
platform. 

Carbonate platforms are dynamic 
depositional systems because fluctua- 
tions in sea level and variations in the 
rate and style of subsidence cause 
ever-changing environmental condi- 

Figure 1 Diagram summarizing the main factors that control the formation of carbonate successions on platforms. 
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tions (centre). A drop in sea level may 
lead to siliciclastic sediment influx or 
karsting of previously deposited car- 
bonates. Karst topography can control 
platform morphology during subse- 
quent flooding. The vertical accumula- 
tion of platform sediments (right) is 
governed by the interplay between 
carbonate growth potential, the rate of 
change in relative sea level, and plat- 
form morphology. 

The first section of this chapter out- 
lines factors that control sediment pro- 
duction and distribution in the car- 
bonate factory. The second presents 
platform facies models and uses 
modern and ancient examples to illus- 
trate variations that can be expected in 
each type. The third part examines the 
factors that determine carbonate accu- 
mulation on platforms through time. 
The fourth illustrates the response of 
platforms to the dynamic changes that 
occur through time. 

THE CARBONATE FACTORY 
Location 
The main environmental factors which 
determine the health of the carbonate 
factory are outlined in Chapter 14. A 
carbonate factory can form in any part 
of the world where shallow water, 
marine conditions exist. A fully func- 
tional factory will only be established, 
however, in areas isolated from exten- 
sive siliciclastic influx. The broad conti- 
nental shelf stretching from North 
Carolina southward to the Florida 
Keys, for example, is the site of both 
siliciclastic and carbonate sedimenta- 
tion (Fig. 2). Siliciclastic sedimentation 
occurs in the north because numerous 
rivers shed detrital sediment onto the 
shelf. Carbonate sedimentation occurs 
south of Miami mainly because silici- 
clastic sediments are absent. The Be- 
lize, West Florida (Fig. 2), and Queens- 
land shelves are variants of this 
general scheme because they have 
siliciclastics on the inner shelf and car- 
bonates on the outer shelf. 

The areal dimensions of a car- 
bonate factory are governed by the 
size of the platform and extent of 
siliciclastic sedimentation. Because 
benthic phototropic organisms are the 
source of most carbonate sediment in 
warm water factories, the vertical di- 
mension is determined by the depth of 
the photic zone, usually 80 to 100 m. 
Information regarding cool water car- 

bonate factories is sparse because 
they have not received as much study 
as their warm water counterparts. The 
cool water factory seems to be effec- 
tive to depths of 350 m (or more) 
because most sediment is derived 
from skeletons of nonphototrophic or- 
ganisms. Depths below the photic 
zone on and .around warm water plat- 

forms are characterized by cool water 
and pelagic carbonate sedimentation. 

Of particular importance to the con- 
struction of subtidal platform facies 
models and their interpretation in the 
rock record are sediment composition, 
the relationships between sediment 
and environment and the distribution 
of fossilized benthic organisms. 

a Peloidal lime sands 
Peloidal lime muds 

Figure 2 Map showing regional facies distribution on the Bahama Bank and the coasts of 
Florida. Modified from Wanless and Dravis (1989). - OOlDS 
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Figure 3 Comparison of foramol and chlorozoan carbonate assemblages. Modified from 
Lees and Buller (1 972). 



Sediment composition and can be divided into a foramol and 
On a global scale, modern carbonate a chlorozoan assemblage (Fig. 3). The 
sediments are largely controlled by foramol assemblage, composed of 
temperature and salinity (Chapter 14) benthic foraminifera, molluscs, barna- 

Figure 4 Distribution and origin of bioclasts across Florida Bay and Florida Shelf. Note that 
the sediment is derived from a diverse array of organisms. Modified from Ginsburg (1956). 

Dominant 0 Minor A =Aragonite 

lmporfant 
LMC = Low magnesium calcite 
HMC = High magnesium calcite 

Figure 5 Distribution of main groups of animals and plants through the Paleozoic (P), 
Mesozoic (M), and Cenozoic (C). The fact that the different groups of animals and plants 
have skeletons formed of different mineralogies means that there are substantial differences 
between the Paleozoic and Mesozoic/Cenozoic sediments and cool versus warm water sedi- 
ments (compare with Figure 3). Adapted from Wilkinson (1982). 

cles, bryozoa, and calcareous red 
algae characterizes cool water set- 
tings. Recent studies of modern and 
ancient cool water shelf carbonates 
have highlighted the importance of 
bryozoa and the term bryomol has 
been applied to these distinctive sedi- 
ments (Nelson et al., 1988). Converse- 
ly, the chlorozoan assemblage, dom- 
inated by hermatypic corals and 
calcareous green algae in addition to 
the foramol components, occurs in 
warm water areas where water temper- 
ature is above 18°C. Foramol and 
chlorozoan assemblages develop in 
places where salinities range between 
32 and 4W0. Elevated salinities in trop- 
ical regions cause the demise of corals 
but not calcareous green algae. Thus, 
a chloralgal association usually occurs 
at salinities of >40%0. Ooids and aggre- 
gates are restricted to the chlorozoan 
assemblage. Pellets are more common 
in the chlorozoan assemblage than in 
the foramol association. 

Analysis of carbonate sediment from 
any platform, such as the Florida Shelf 
(Fig. 4), shows that it is largely skeletal 
material derived from plants and/or 
animals that secrete skeletal material 
with ,a specific composition (Scholle, 
1978). Such precipitation is governed 
by the metabolic processes of the or- 
ganisms and so, even under similar 
environmental conditions, different or- 
ganisms will precipitate low magne- 
sium calcite (LMC), high magnesium 
calcite (HMC), or aragonite. The chloro- 
zoan and chloralgal assemblages (Fig. 
3) are mostly aragonite and HMC. The 
foramol and bryomol assemblages are 
composed of HMC and LMC. Evolu- 
tion becomes an important considera- 
tion because different groups of or- 
ganisms, each with its characteristic 
mineralogy, were important at different 
times in geological history (Fig. 5). 
These mineralogies are variably pre- 
served in the fossil record; arago- 
nite fossils are commonly dissolved 
whereas HMC and LMC components 
are usually preserved. 

Lithofacies 
Although initial sediment composition 
is determined to a large degree by 
skeletal architecture, resultant litho- 
facies are also determined by the 
overall energy spectrum and the effec- 
tiveness of sediment binding. In 
general terms, except for platform 
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margin facies, lithofacies on rimmed Bafflestone and bindstone material may be incorporated if it is 
platforms are muddy while those on Plants can induce deposition through transported into the area by storms. 
open, unrimmed platforms are grainy. baffling and binding. They also provide Such facies are easy to recognize in 

ideal substrates for calcareous epi- modern warm and cool water settings, 
Mudstone biontic organisms. Although plants typ- because the plants are obvious (Fig. 
Calcareous mud in warm water set- ically root in muds and sands, coarser 7). Their recognition in ancient succes- 
tinas comes from the breakdown of " 
green calcareous algae (e.g., Penicil- 
/us, Halimeda; Fig. 6), inorganic pre- 
cipitation from seawater, and/or from 
the disintegration of large skeletal parti- 
cles into their smallest crystallographic 
unit. These muds accumulate in quiet 
water areas that are not affected by 
tidal and/or strong oceanic currents. 
Such habitats are found in deep water 
shelf areas below wave base or in the 
lee of islands and shoals. Conversely, 
calcareous mud can accumulate in 
moderate- to high-energy areas if it is 
bound into place by cyanobacterial 
mats, sea grasses like Thalassia, or 
trees such as mangroves. Recognizing 
low-energy as opposed to moderate- 
or high-energy mudstone facies is diffi- 
cult because they are lithologically 
similar. They are best differentiated on 
the basis of faunal composition/diver- 
sity and sedimentary structures. 

~ r a ~ o n i t i c  muds-are rare or absent 
in cool water settings because the or- Figure 6 General view of lagoonal seafloor covered with skeletal sand and mud with nu- 
ganisms that produce the aragonite merous green calcareous algae (Halimeda), each about 10 cm high. Water is about 3 m 
are scarce. ~~d in these settings is deep. Frank Sound, Grand Cayman Island, West Indies. 

formed from the bioerosional break- 
down of benthic skeletons or the accu- 
mulation of pelagic ooze. 

Wackestone and packstone 
Wackestones and packstones are 
transitional between low-energy mud- 
stones and high-energy grainstones in 
warm water settings. They are not 
common in cool water settings be- 
cause of the overall lack of mud. Such 
sediments generally accumulate on 
warm water platforms where current 
activity has been insufficient to remove 
the mud. As such they tend to be 
located away from the edges of plat- 
forms or on deeper parts of ramps 
where there is some protection. In 
areas of moderate to high energy they 
are organically bound. 

Many wackestones and packstones 
are formed of pellets that reflect the 
activity of burrowing (e.g., ghost 
shrimps) and grazing (e'g'' sea cucum- Figure 7 General view of Thalassia grass which is stabilizing sand and mud in the inner 
hers) animals' If cemented early* such part of a shallow lagoon in water about 3 m deep. The mound is about 50 cm across and 
fecal pellets are preselved and become was formed from sediment expelled by the burrowing shrimp Callianassa. The dark-coloured 
the dominant constituent of resultant sediment is material that has been brought up from sediments below the surface where con- 
wackestones or packstones. ditions are reducing. 
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$ions is difficult because the organic 
lissue of plants is lost following their 
rapid decay. Examples of fossilized 
Thalassia grass and/or mangrove roots 
are the exception rather than the rule. 
Poor sorting of sediment, or the presence 
d identifiable mound-like structures may 
provide some clues. Knowledge of the 
associated fauna/flora, however, may be 
the best evidence because some taxa 

are known to be specific to seagrass 
meadows or mangroves. Gastropods and 
foraminifera are particularly useful 
because certain forms live only on grass 
blades or submerged tree roots (Jones 
and Hunter, 1990). 

Bindstones produced through the trap- 
ping action of algal mats may be easier to 
recognize because they are generally 
laminated. Conversely, burrowing organ- 

Figure 8 General view of shelf sands in 5 m of water that have been extensively biotur- 
bated by burrowing shrimp (Callianassa). Such burrowing activity will homogenize the sedi- 
ment and completely destroy other original sedimentary structures. Hammer handle is 20 cm 
long. 

Figure 9 Boulders from a rimming reef prograding over lagoonal sands. Most clasts are 
coral heads that are transported during storms. Large clasts in the foreground are 50 cm in 
diameter. East Sound, Grand Cayman Island. 

isms (e.g., shrimp, crabs; Fig. 8) may 
remove all trace of such laminations as 
they homogenize the sediment. 

Grainstone and rudstone 
Grainstones in cool water settings are 
well-washed skeletal sands derived 
from bryozoa, molluscs, brachiopods, 
and foraminifera. Further information 
on the depositional setting of such 
grainstones can be deduced from the 
bioclasts. Skeletal morphology has 
been used to define environmentally 
sensitive subfacies in the widespread 
bryozoa-rich facies that characterize 
cool water platforms (Nelson et a/., 
1988; James and Bone, 1991). 

Warm water grainstones, formed 
of bioclasts, ooids, and/or peloids, 
usually occur in high-energy areas, 
such as shoals and beaches. In some 
cases high-energy conditions are con- 
stant (e.g., tides and/or oceanic waves 
and currents). In other instances the 
environments are only periodically 
subjected to storm-induced high- 
energy conditions which remove the 
mud but leave coarser-grained sedi- 
ment behind. Haloes of gravels and 
boulder-rich sediments (rudstones) are 
common around patch reefs or behind 
barrier reefs (Figs. 9, 10). Such sedi- 
ment may be generated catastrophi- 
cally during storms or through the 
everyday breakdown of the reefs by 
bioerosion. 

Storm deposlts 
Storms can quickly and radically alter 
sediment distribution on any part of the 
platform that is above storm wave base. 
Although their effect on shallow water 
carbonates is the most obvious it must 
be remembered that the base of stom- 
generated waves may reach tremen- 
dous depths. Nelson et a/. (1 982) noted 
that storm waves produced current ve- 
locities of up to 11 cmlsec at depths 
down to 100 m on the Three Kings 
Plateau, northern New Zealand. 

Storm waves and currents cause ex- 
tensive remobilization of sediments and 
basinward transport of sands and 
muds. This leaves beds of grainstone- 
packstone with distinctive sedimentary 
structures that will be interbedded with 
the fairweather, bioturbated wacke- 
stone-mudstone (Figs. 11, 12). Hum- 
mocky cross-stratified grainstone and 
graded grainstone-packstone are two 
types of tempestite that commonly form 
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between fairweather and storm wave 
base. Tempestite beds can, however, 
range from interbedded grainstone- 
mudstone to amalgamated grainstone 
depending upon water depth, frequency 
and intensity of storms, and proximity to 
the source area or shoreline (Aigner, 
1985; Sami and Desrochers, 1992). 
Other storm-generated features in tem- 
pestites include scoured bases, swaly 
cross stratification, grading, gutter 
casts, interference ripple caps, shell co- 
quinas and condensation horizons (see 
Kreisa, 1981). 

Storm deposits can be recognized 
by evaluating geomorphologic, strati- 
graphic, and biostratinomic evidence. 
Geomorphic evidence includes the for- 
mation of offbank spillover lobes and 
onbank sand lobes (Aigner, 1985) 
which appear to develop after the 
passage of hurricanes over shallow 
water areas (Ball, 1967; Hine, 1977). 
Stratigraphic evidence includes sharp- 
based skeletal layers that commonly 
overlie erosional surfaces and fining- 
upward sequences (Aigner, 1985). 
Biostratinomic evidence includes ex- 
cellent preservation of articulated 
shells despite movement from their 
original life position. This occurs 
because the shells are rapidly buried by 
storm-transported sediment and there 
is little opportunity for postmortem 
breakdown by biological and physical 
processes. Storms will commonly trans- 
port or move large masses of skeletal 
material from their place of growth. 
Thus, coral heads can be transported 
for considerable distances before being 
deposited elsewhere on the platform. 
This process may be accelerated if the 
coral basal attachment had previously 
been weakened by bioerosion. 

Distribution of biota 
Animals and plants are sensitive to 
their surrounding environment. The 
biota will change in concert with varia- 
tions in light level, oxygen content, 
water temperature, sedimentation rate, 
water depth, substrate condition, water 
turbidity, and food availability across a 
carbonate platform (Heckel, 1972; 
Pickerill and Brenchley, 1991). This 
dependence of the biota on the envi- 
ronment is important because it pro- 

pertaining to the different benthic com- 
munities and their distribution provide 
vital clues regarding depositional con- 
ditions. On modern rimmed platforms 
Thalassia banks grow on the inner 
shelf whereas patch reefs and mobile 
sands occur on the outer shelf. Such 
faunal zonations across shelves have, 

for example, also been broadly out- 
lined for the Permian of the Southern 
Alps (Flugel, 1981a) and the Triassic 
of Northern Calcareous Alps (Flugel, 
1981 b). 

More detailed community analysis 
can help elucidate paleogeography. 
Boucot (1 975), for example, developed 

Figure 10 Coarse sands and gravels on outer part of shelf. Ciast at upper right is 10 cm 
long. Water is about 1.5 m deep. 

valuable the Figure 11 lnterbedding of thin, sharp-based tempestite units and thicker, normally bedded 
carbonate factory that Cannot be ob- lime mudstones. Lens cap (55 mm in size) is located on packstone-filled depression 
tained from lithofacies alone. between two hummocks of a HCS tempestite unit with a gradational, intraclastic base. 

At the broadest scale, information Bescie Formation (Lower Silurian), Anticosti Island, Quebec. 
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Figure 12 A graded tempestite unit with gradual transition from intraclastic coarse-grained pensated by an increase in the 
grainstone up into laminated fine-grained grainstone overlain by nodular bedded mudstones. number of individuals of the species 
Note sharp scoured base. Pencil is 15 cm long. Bescie Formation (Lower Silurian), Anticosti that survive. Similarly, the biota Can 
Island, Quebec. provide information about the consis- 

Calcareous Foraminifera 
Agglutinated Foraminifera 

Calcisponges, Hyalosponges 

Calcareous worm tubes 

Figure 13 Effect of salinity on modern plants and animals. This diagram clearly shows how a decrease or increase in salinity will severely 
limit the diversity of the fauna and flora. Modified from Heckel (1972). 
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tency of the substrate; for example, it 
is the biota that usually leads to the 
recognition of hardgrounds and firm- 
grounds (Fig. 14). 

PLATFORM FACIES MODELS 
Platform morphology determines sub- 
tidal facies distribution. In most cases, 
however, the poor exposure of ancient 
successions or the lack of seismic pro- 
files precludes an assessment of orig- 
inal platform morphology. Thus, the 
challenge is often to use the facies ar- 
chitecture to interpret platform type. 
This challenge is accentuated by the 
difficulty that can be encountered in 
translating the interpreted environ- 
mental parameters into a precise de- 
positional setting! Geography is crucial 
because it is the spatial relationship 
between lithofacies and/or biofacies 
that usually provides the vital informa- 
tion. In the following section general 
facies attributes are outlined first and 
then amplified by specific modern and 
ancient examples. 

Unrimmed shelves 
Unrimmed shelves are swept by 
onshore waves because there is no 
barrier along their seaward margin. 
Such shelves range from ramps where 
slopes are relatively uniform (a few 
metreslkm or <I0) and merge gradually 
into a relatively shallow basin (Ahr, 
1973; Read, 1983, 1985) to open 
shelves (distally steepened ramp of 
Read, 1985) where there is an in- 
crease in gradient in the outer, deep 
shelf area (Ginsburg and James, 1974) 
before it merges with the deeper, 
oceanic basin. The nature of the shelf 
edge may vary along strike. The West 
Florida Shelf, for example, has a ramp 
profile without a major break in slope 
(-1-2") in its northern portion; a distinct 
shelf edge with concave-up, outer 
slope profile (up to 12") in its central 
part; and a steeper but similar profile 
(-5") in its southern portion. 

Modern, unrimmed shelves (Fig. 15) 
are characterized by 1) a seafloor, 10 
to 300 km wide, gently sloping off- 
shore from a continental area, 2) 
facies belts of variable width that 
closely parallel bathymetric contours, 
3) gradual transition of facies belts 
from inner, shallow shelf to outer, 
deep shelf to basin, -4) high-energy, 
carbonate sands in the wave- andlor 
tide-agitated, inner shelf (above fair- 

weather wave base), 5) skeletal 
muddy sands to muds in quiet, deeper 
outer shelf (below fairweather wave 
base) that are only periodically af- 
fected by storms, 6) no continuous 
reef trends, and 7) localized patch 
reefs and sand shoals. 

Holocene, warm water 
Modern, warm water, unrimmed plat- 
forms are the sites of low or moderate 
energy processes controlled by waves, 
local tides and/or oceanic currents. 
High-energy conditions may be in- 
duced by hurricanes. Modern exam- 
ples include the ramp off the Trucial 
Coast (Fig. 16) and the open shelves 
of West Florida and Campeche 
(Fig. 17). Much of the sediment on 
these shelves is not in equilibrium with 
present-day shelf hydrodynamic pro- 
cesses. Sands on the West Florida 
Shelf, for example, formed in water 
about 5 m deep during the early 

Holocene, are now stranded near the 
shelf edge in water 80 to 100 m deep. 

The Persian (Arabian) Gulf, a typical 
foreland basin, is a shallow, asym- 
metric sea with its deep axis ( 4 0 0  m) 
near the steeper Iranian coast 
(Fig. 16). The north side receives ter- 
rigenous sediment from the moun- 
tainous lranian coast. Almost pure 
carbonate sediment accumulates on 
the Arabian side because there is little 
siliciclastic material being brought into 
the area. Sediments off the Trucial 
Coast accumulate on a ramp (c35 cm/ 
km). A transect perpendicular to strike 
crosses 1) a back ramp with microbial 
intertidal flats that pass landward into 
broad evaporitic sabkhas and skeletal- 
pelletal sands to pelleted lime muds in 
protected coastal lagoons, 2) a shal- 
low ramp with high-energy skeletal/ 
oolitic sand shoals, beach-barrier 
systems and coral reefs, 3) a deep 
ramp that is transitional from aggre- 

OMINANT TYPE 

Colonial Corals 
Calc. Worm Tubes 

Other Brachiopods 
Pelmatozoans 

Figure 14 Substrate preferences for modern animals and plants. Modified from Heckel 
(1 972). 



gatelskeletal sands dominated by mol- marls (>20% terrigenous material) of 
luscs and foraminifera to skeletal the deeper axial zone that contain 
muddy sands (mud-supported) domi- coccoliths. Sediment distribution is 
nated by mollusc debris, and 4) a controlled by NW winds (shamals) that 
gradual transition into bivalve-rich generate waves several metres high 

torm Wave Base 

Figure 15 Facies models for unrimmed shelves (A) warm water ramps, and (B) cool water 
open unrimmed shelf (high energy). 

Figure 16 Distribution of facies on the ramp off the Trucial Coast in the Persian Gulf with 
summary of conditions that control sediment formation. Modified from Purser (1973, 1983). 

that move sediment to depths of 30 m. 
Local tidal currents are less important. 
The biota is influenced by water circu- 
lation, especially in the restricted 
lagoons where stagnation leads to ele- 
vated salinities (>70%0). Although the 
biota in open gulf waters (salinities 
-40-50%0) resemble the typical chloro- 
zoan assemblage, the coral fauna is 
less diverse and codiacean algae are 
absent. 

The West Florida and Campeche 
shelves, on opposite sides of the Gulf 
of Mexico (Fig. 17), have contrasting 
styles of sedimentation. The Gulf of 
Mexico is a partially enclosed, mi- 
crotidal, low-energy pericontinental 
sea that is essentially wind dominated. 
Although SE to NE waves associated 
with the Trade Wind Belt prevail, most 
energy comes from waves crossing 
the deep waters of the open gulf. 
Shelf sedimentation is controlled by 
waves and, to a lesser extent, by 
tides. Hurricanes, however, radically 
modify sedimentation. 

Facies on the West Florida Shelf 
(Fig. 17) which parallel the shoreline 
include 1) inner shelf quartz/molluscan 
sands, 2) outer shelf coralline algal 
sands, 3) shelf edge oolitic, peloidal, 
and lithoclast sands (mainly relict), 
and 4) slope planktonic foraminiferal 
oozes with up to 30 per cent clay min- 
erals. Landward of the shelf edge, 
small carbonate buildups are covered 
by branching and massive corals, bry- 
ozoans, and Halimeda. The facies ar- 
ctiitecture on the Campeche Shelf 
differs from that on the West Florida 
Shelf (Fig. 17) because there are no 
siliciclastic sands on the inner shelf, 
and isolated organic buildups occur at 
the shelf edge on top of antecedent 
highs. 

Ancient, warm water 
The Jurassic Smackover Formation in 
the southern United States accumu- 
lated on a ramp characterized by ooid 
grainstones, packstones, and sand- 
stones in the nearshore belt (Moore, 
1984). Further offshore, peloidallbio- 
clastic wackestones and foraminiferal 
mudstones were deposited in a deeper, 
lower energy setting. The deepest 
water areas were covered by organic- 
rich, laminated mudstones. Other 
examples of ancient ramps include 
those in the Upper Cambrian to Middle 
Ordovician carbonates of the Appala- 
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chians in Virginia (Read, 1980; 
Markello and Read, 1981) and possibly 
the Lower Carboniferous of South 
Wales (Tucker and Wright, 1990). 

Holocene, cool water 
Modern, unrimmed platforms in cool 
water settings include the relatively 
low-energy ramp of the Gulf of Gabes 
in the Mediterranean (Fig. 18) and the 
high-energy, swell-dominated Rottnest 
Shelf off western Australia (Fig. 19). 

The Gulf of Gabes and its northern, 
shallower extension which extend for 
200 km along the east coast of Tunisia, 
have a gently seaward-dipping seafloor 
with the 50 m depth contour situated 
up to 80 km offshore (Fig. 18). The 
main depositional belts, parallel to 
shoreline and bathymetric contours, 
are 1) a wave-agitated inner shelf 
above wave base at 20 to 30 m, 2) a 
quiet, low-energy outer shelf in water 
30 to 80 m deep, and 3) a deeper 
shelf in water more than 100 m deep. 
The wave-agitated, inner shelf is 
rimmed landward by a low-relief rocky 
coast with local sabkhas and salinas. 
Except for a narrow nearshore band of 
quartzose sands, the inner shelf sedi- 
ments are bioclastic sands distributed 
in a complex mosaic of sedimentary 
facies, especially in areas of sea grass 
meadows. The sediment is locally 
muddy because of baffling and stabi- 
lization by these sea grasses. Coarser 
and better sorted bioclastic sands 
occur where the sea grass is absent or 
in areas exposed to waves. Shelf sedi- 
ments are coralline algae, foramini- 
fera, molluscan and bryozoan debris, 
and locally, abundant Halimeda plates. 
The mixture of these bioclasts sug- 
gests that this area is transitional 
between foramol- and chlorozoan-type 
sediments. 

The wave-dominated Rottnest Shelf 
lies on a passive continental margin 
that flanks a continental area of low 
relief and sluggish drainage (Fig. 19). 
Bryozoans and calcareous red algae 
dominate along with molluscs, fora- 
minifera, echinoderms, pteropods, os- 
tracods, and brachiopods. The inner 
shelf, up to 100 m deep, is veneered by 
wave-rippled cross-stratified sand. The 
outer shelf, 100-1 70 m deep, is covered 
by bioturbated bryozoan sand to sandy 
mud and the upper continental slope 
(>I70 m) is blanketed by muddy plank- 
tonic carbonate. 

Ancient, cool water with identifying ancient temperate 
Examples of ancient carbonate suc- water carbonates. One example of this 
cessions that formed on temperate, type of succession is mid-Cenozoic 
unrimmed platforms are rare, probably carbonates of the Eucla Platform in 
because of the problems associated southern Australia (James and Bone, 

Tidal current: microtidal conditions 

Waw current: mainly NE to N, generated in 
open gulf, affects most of shelf 

Tidal current: microtidal conditions (<< 1 m) 

Figure 17 Comparison of facies distribution on the unrimmed West Florida Shelf (upper 
right) and the Campeche Bank (lower right) and summary of conditions that control sediment 
formation. 

MI* about 37%. 
W m  wrnnu: ral.tlvdy low 
ndd wmnt: rnicrolkid co mn&d (-1.8 m) 
Wlnd: atrang, p.rdmant NW wind8 with wnn 

NW to SE Sldlian current of mi 

Planktonic mud Blodulk und 

Figure 18 Facies distribution in the Gulf of Gabbs, Tunisia and summary of conditions that 
control sediment formation. The open shelf is mantled by sediments that are a mixture of 
cool and warm water components. Modified from Purser (1983). 
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Cl1m.t.: Mediterranean dimate with cool winter and warm dry summer. 
Evaporation > precipitation. 

Wlnd: dominantly onshore. but wind-driven waves of mim imporlaw. 
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1991). The limestones are largely 
skeletal grainstones with bioclasts 
derived from bryozoa, bivalves, bra- 
chiopods, and some corals. Facies 
include a lower cross-bedded and an 
overlying thin-bedded facies that prob- 
ably represent subaqueous dunes and 
interdunes that originated in water 
more than 70 m deep. This example is 
interpretable because the rocks can 
be compared directly to the modern 
cool water carbonate sediments off- 
shore. Interpretations of older carbon- 
ates are more equivocal because it 
has proven difficult to decouple the 
effects of evolution and environment. 
Nevertheless, Brookfield (1 988) sug- 
gested that Trenton limestones in the 
Middle Ordovician of southern Ontario 
were probably deposited in such a 
setting. The brachiopod-bryozoa- 
crinoid-dominated faunas in these 
limestones are strikingly similar to the 
benthic biota on modern temperate 
shelves in the Southern Ocean. 

Rimmed shelves 
Rimmed shelves differ from open 
shelves because reefs, sand shoals 
and/or islands located along their 
seaward margin effectively reduce 
connection between the open ocean 
and shelf. The type and distribution of 
facies is related to shelf depth (Fig. 20). 
Shallow water shelves have grass- 

Figure 19 Facies distribution on the Rottnest Shelf, Western Australia and covered sands and muds on their 
summary of conditions that control sediment formation. Modified from Collins inner parts and skeletal sands and 
(1 988). patch reefs on their outer parts. Deep 

water shelves, with lagoons up to 30 
m deep, are generally floored by 
muds. Steep-sided reefs, surrounded 
by haloes of reef talus, can form on 
the outer shelf whereas molluscan 
sands can develop in shallower, 
nearshore areas. 

Holocene 
The Florida (Fig. 21), Belize (Fig. 22), 
and Queensland shelves are modern 

B examples. The Florida Shelf is covered 
by carbonate sediments whereas the 
Belize and Queensland shelves are 
mantled by siliciclastic and carbonate 
sediments. A comparison between the 
Florida and Belize shelves illustrates 
the effect of water depth on facies dis- 
tribution. 

The Florida Shelf, with water less 
than 20 m deep, is covered by bio- 

Figure 20 Facies models for warm water (A) and cool water (B) rimmed genic sediment (Fig. 21) with most of 
shelves. The latter is modified from Sellwood (1986). the mud being derived from the break- 
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down of calcareous algae such as 
Halimeda and Penicillus. Patches of 
corals along the shelf edge are sepa- 
rated by areas of loose sediment. The 
outer shelf, subjected to high-energy 
conditions generated by onshore 
waves, is either bare Pleistocene lime- 
stone or rippled sand. Patch reefs and 
sessile organisms occur throughout. 
The inner shelf is covered by fine- 
grained sediment that is inhabited by 
Thalassia, algae (e.g., Halimeda, 
Penicillus), molluscs, coralline algae, 
echinoids, and small corals. Burrowing 
worms, molluscs, and crustaceans ho- 
mogenize the sediment. Carbonate 

banks (e.g., Tavernier and Rodriguez 
banks) occur inboard over depres- 
sions in the underlying Pleistocene 
limestone basement. 

The Belize Shelf facies (Fig. 22) 
comprises 1) an inshore siliciclastic 
belt, 2) a central trough-shaped lagoon 
ranging from 6 m deep in the north to 
60 m deep in the south, 3) pinnacle 

reefs and atolls (faroes) in the shelf 
lagoon, and 4) a barrier reef that re- 
stricts circulation across the shelf. 
Nearshore siliciclastic facies of quartz- 
ose sands are derived from onshore 
Pleistocene deposits. Sedimentation in 
the shelf lagoon is controlled by water 
depth and salinity. Fine-grained sedi- 
ments, accumulating in deeper parts 

, , , 1 , , 1 , , 

coM fmnts move south. 

Molluscan-foraminifera1 

Foraminifera1 marl 
Sand rich in Halimeda 

in north, 70 cmtyr in south. Cold air fmm north In October to January. 
Average of 1 hurricane every 6 years. 

Wlnd: predominantly from eant 
Ocmn current: Predominantly from east due to Caribbean current. 
Water depth: Up to 50 m on shelf, shallowest in north ( 4 0  m) 
Shdf Mrrgln: rimmed by 3 to 10 km wide barrier (<3 m water depth), with 
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S.llnlty: Generally 35.7%. to 36.1% well mlxed to depth8 of 30 -50 m. 

Decreases to north and wuth due to influxes of freshwater. Slightly higher 

Figure 21 Facies distribution on a segment of the Florida Shelf Figure 22 Facies distribution on the Belize Shelf and summary of 
near Key Largo and summary of conditions that control sediment conditions that control sediment formation. Modified from Purdy 
formation. Modified from Enos (1 977). (1974), Ginsburg and James (1974). 
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of the lagoon where energy levels are 
lowest, display two main trends. First, 
in an west-east direction, the car- 
bonate content changes from 30 per 
cent nearshore to 90 per cent near the 
barrier reef. Second, in a north-south 
direction, reflecting increasing water 
depth, there is a gradual change in 
dominant bioclasts from ~ ~ o l l u s c s  and 
foraminifera in the north, to breen algal 
(Halimeda) plates in the centre, to 
foraminifera (Gypsina) tests in the 
south. Coarse sediment shed from the 
pinnacle reefs and atolls accumulates 
as leeward blankets. The barrier reef 

rim has rubble on the crest and an 
apron of sand on its landward side. 

Ancient 
The Dachstein Limestone (Late 
Triassic) in the northern calcareous 
Alps, contains numerous examples of 
rimmed shelves. Such shelves, with 
rims of reefs or oolitic grainstone 
shoals (Schafer and Senowbari- 
Daryan, 1981), encompass a complex 
set of facies that parallel the shoreline. 
Other examples of rimmed platforms 
occur in the Devonian of the Canning 
Basin, Australia (Playford, 1980); the 

ZONE Z ZONE Y ZONE X 
LOW ENERGY , H W  . LOWENERGY 

EVAPORES UNDWARD QRAINSTONES FlNE-GRAlNED BASIN 
MUDSTONES (DOLOMITIZED) SEAWARD SEDIMENTS 

Figure 23 Facies model for an epeiric shelf (from Irwin, 1965). 

Figure 24 Facies models for carbonates on warm water (A) and cool water (B) banks. 

Upper Cambrian through Devonian 
strata of Nevada (Tucker and Wright, 
1990); and the Devonian of western 
Canada. 

Epeiric shelves 
The lack of modern epeiric seas means 
that ancient examples must be used to 
model the depositional characteristics 
of these vast shallow water ( 4 0  m) 
systems. The rocks present a dilemma 
because it is difficult to explain how 
such sediments could all be formed in 
'normal' seawater. Why are evaporites 
generally lacking from such shelves? 

lrwin (1965) suggested that epeiric 
shelves were quiet, shallow water 
areas not influenced by tidal activity. 
He divided them into, 1) zone X for the 
open ocean below wave base, 2) zone 
Y for a narrow high-energy zone that 
was under the influence of tidal ex- 
change, and 3) zone Z for the platform 
beyond the effects of tidal exchange 
(Fig. 23). This model assumed that 
tidal currents were not maintained 
across the platform because of the 
dampening effect of shallow water. 
Thus, epeiric shelves were viewed as 
enormous areas of restricted circula- 
tion, affected only by wind-induced 
waves. Storm activity strongly influ- 
enced sediment and biota distribu- 
tions. Storms caused piling of water in 
a downwind direction and when the 
storm had finished, water surged back 
across the platform, creating currents 
capable of transporting and sorting 
skeletal material. 

Ginsburg (cited in Pray, 1981) pro- 
posed three models that might permit 
the requisite seawater bathing of 
epeiric shelves, 1) prograding coastal 
complexes, an autocyclic model with 
shoreline-fringing banks prograding 
across the open shelf, 2) banks and 
seaways formed because the shelf is 
dissected by channels that allow water 
circulation, and 3) wind flushing, a 
model that is essentially the same as 
that suggested by lrwin (1965). Pratt 
and James (1985) suggested that 
epeiric shelf deposition was controlled 
by tidal activity and storms. They argued 
that tides were not dampened and 
thus viewed an epeiric shelf as a 
shallow, tidally swept sea character- 
ized by scattered islands and banks of 
varying sizes. Although shallow subtidal 
sediments dominate the sequence, 
each island and bank gave rise to its 
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own intertidal and supratidal complexes 
(Chapter 16). 

Examples of successions formed in 
epeiric seas are known from the late 
Precambrian to Ordovician of China, the 
Cambro-Ordovician of North America, 
the Triassic to Jurassic of Europe, and 
the Tertiary of the Middle East (Tucker 
and Wright, 1990). 

Banks 
Modern warm water banks tend to be 
covered by water less than 20 m deep 
whereas cool water banks are sub- 
merged to depths of 200-300 m 
(Fig. 24). 

Holocene, warm water 
Modem banks in a warm water setting 
are characterized by their large areas 
of shallow water (e.g., Bahama Bank - 
96,000 km2), isolation due to sur- 
rounding deep oceanic water, steep 
faulted margins (>40°), water circulation 
controlled by tides and waves, and 
storms that significantly influence sedi- 
ment transportation. In the simplest 
sense, warm water banks have coarse 
sediments around their periphery where 
tidal activity and/or wind-driven waves 
produce high-energy conditions. The 
shallow (< 6 m but locally up to 20 m), 
quiet water central parts are character- 
ized by muds and pellet muds (Fig. 24). 
This pattern can be substantially modi- 
fied by islands that block the effect of 
cross bank winds or by storms that pe- 
riodically sweep across the bank. Com- 
parison of the facies of the Great 
Bahama (Fig. 25) and Caicos (Fig. 26) 
banks illustrates the variation that can 
occur in response to different water cir- 
culation patterns. 

The correlation of lithofacies and bio- 
facies on the Great Bahama Bank 
(Table 1) shows that the sediment is 
largely biogenic. Coralgal and oolite 
lithofacies line bank margins whereas 
the oolitic-grapestone and lime mud- 
pellet mud lithofacies occur on the 
bank interiors. Reefs grow on the 
eastern margin where wave action 
keeps water moving, oxygenation high, 
turbidity low, and salinity and water 
temperature normal. Andros Island, on 
the windward, eastern margin pre- 
vents the east-west movement of water 
across the bank. Thus, most cross bank 
currents are weak and can only move 
mud. This protected area, character- 
ized by pellet muds and mud, is dis- 

GREAT BAHAMA BANK 
~ u u :  96,000 kmz Mugin.: steep (>BOO). f u n  bwndsd 
Watw u m p n t u m :  22. to 31°C Watn d.pth: Up to 15 m, most <6 m 
Rainfall: 100-150 wVyaar, most in wmmar 
Wind: Dominanl from east, winter atornu from m i h w s t  
ndai watu: Mov.8 on and on bank with rodid pmun 
Eastern mugln: Idands f w r y l  of PIei.tonm linuslom, mmmonly form banior 

against water drmlalion 
SsllnHy: Nwmal nau margins, can rmach 46% on bank inhrior 
E m a r m  Idmds: PIelrtonm limestom forms 1- ldanb on autnn. 

windward margin; strongly Iduanr* cmu.bank watar drmlalion 
F a c l ~ :  Lahofacies and Mdacias douly related 

Figure 25 Facies distribution on the Great Bahama Bank and summary of conditions that 
control sediment formation. Modified from Purdy (1963a, 1963b). 

Figure 26 Facies distribution on the Caicos Platform and summary of conditions that 
control sediment formation. Modified and greatly simplified from Wanless and Dravis (1989). 
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turbed only during storms or by the 
winter winds which blow from the 
northwest. During the summer, stag- 
nation of water on the centre of the 
bank coupled with high evaporation 
causes elevated salinities and a modi- 
fied benthic biota. 

The Caicos Bank has islands only 
on its northern margins (Fig. 26). 
Reefs are present in front of these 
islands where swells from the open 

/ 

Atlantic impinge on the bank. There is 
good circulation over the rest of the 
bank because of westward-flowing 
currents and waves generated through 
the combination of easterly trade 
winds and the westerly flowing Antilles 
Current. There are no areas of stagna- 
tion and so the lithofacies, which are 
not linked to the biofacies, are different 
from those on the Great Bahama Bank. 
Extensive mud accumulation is local- 

\ 
Table 1 Lithofacies, habitats, and communities of the Great Bahama Bank. Habitat 
refers to environment in which a particular group of organisms live, community refers to 
group of organisms which live together. After Bathurst (1975). 

Lithofacies Habitat Community 

Coralgal Reef Acropora palmata 
Rock pavement plexaurid (sea whip) 
Rocky shore littorine 
Rocky ledges and prominences Millepom 
Unstable sand Strombus samba 

Oolitic and grapestone Stable sand Strombus costatus 
Oolite Mobile oolite Tivela abaconis 
Mud and pellet sand Mud and muddy sand Didumnum candidurn and 

Cerithidea mstata 

ized to tidal flats on the southern, 
leeward sides of the islands. The rest 
of the bank is covered by skeletal, ag- 
gregate grain and ooid sand. 

Ancient, warm water 
Ancient examples of warm water 
banks occur in the Devonian of west- 
ern Canada. The Golden Spike Reef 
in the Leduc Formation, for example, 
was a platform rimmed by stromato- 
poroid reefs (Walls, 1983). The plat- 
form interior was covered by inter- 
bedded skeletal, sand flat grainstones 
and packstones and peritidal planar 
stromatolites. Some spectacular ex- 
amples of ancient banks occur in the 
Triassic strata of northern Italy 
(Fig. 27) where it is possible to drive 
around exhumed platforms. 

Holocene, cool water 
Banks in cool water settings are gen- 
erally covered by biogenic gravels and 
sands derived from bryozoa, molluscs, 

I I 

Figure 27 Bank and platform distribution 
in the Triassic successions of the 
Dolomites in northern Italy. Modified from Figure 28 Summaly of conditions, facies distribution, and sediment composition on Three 
Bosellini and Rossi (1974). Kings Plateau, northern New Zealand. Modified from Nelson etal. (1982). 
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echinoids, corals and gastropods 
(Fig. 28). Zonation of lithofacies 
across the bank is only evident in the 
skeletal composition of the sediments. 

Modern examples include the Three 
Kings Plateau and Rockall Bank (Wil- 
son, 1979, Scoffin eta/., 1980). Three 
Kings Plateau, New Zealand (Fig. 28), 
which lies in a zone of active nutrient 
upwelling, is swept by vigorous wind 
and storm waves and tidal currents. 
The seafloor is covered by bryo- 
zoa/bivalvelahermatypic coral sands 
and gravels that lack mud to depths of 
1500 to 3000 m. Facies belts are 
depth related. Biotic communities 
include 1) bivalve (bryozoan) facies 
(450  m) on particulate substrates, 2) 
bryozoan (coralline algae-barnacle) 
facies (85 to 250 m), 3) ahermatypic 
coral (bryozoan-serpulid) facies (200 
to 1000 m) on coarse and rocky sub- 
strates, and 4) planktonic foraminifera 
(>I000 m) in the peripheral basin sedi- 
ments. Active skeletal production is 
limited to inshore regions, areas of 
rough seafloor' topography, and ridge 
and bank crests. Most sediment 
seems to have been produced during 
low sea level stand(s) associated with 
the last glaciation. 

Drowned carbonate platforms 
Drowning of a platform occurs when 
the rate of sea level rise outpaces the 
rate of vertical sediment accumulation 
due to fault-induced subsidence, rapid 
glacio-eustatic sea level rises, or shut- 
ting down of carbonate production 
(Schlager, 1981). Such drowning is 
marked by a transition from shallow- to 
deep-water facies, a change from 
benthic to pelagic organisms, cemen- 
tation forming hardgrounds, production 
of Fe- and Mn-oxides, and phosphate 
formation. 

Modern examples of drowned plat- 
forms are common in the Pacific and 
Indian Oceans. Cay Sal Bank (Fig. 2) 
and the Blake Plateau are examples of 
drowned platforms in the Atlantic1 
Caribbean. On the latter, now in 2000 
to 4000 m of water, pelagic sediments 
and Fe and Mn precipitates are being 
deposited on shallow water Cretac- 
eous carbonates. Ancient examples of 
drowned carbonate seamounts occur in 
the Jurassic successions of the Apen- 
nines in Italy (Bice and Stewart, 1990) 
where pelagic limestones overlie 
shallow water platform carbonates. 

CONTROLS ON DEVELOPMENT OF 
CARBONATE PACKAGES 
The stratigraphy of subtidal platform 
carbonates is the sum of a number of 
different controls (Chapter 14). The 
most important universal, extrinsic con- 
trols are tectonic subsidence (Schlager, 
1981 ; Cleotingh et a/., 1985), eustatic 
changes in sea level (Chapter 2), plate 
movement (Davies et a/., 1989) and 
clastic sediment input (Doyle and 
Roberts, 1988; Budd and Harris, 1990; 
Lomando and Harris, 1991). Specific to 
this setting, however, are the intrinsic 
controls of antecedent topography, 
biotic evolution, carbonate growth po- 
tential and lag time. 

Antecedent topography - blueprint 
for sedimentation 
In modern settings, antecedent topo- 

graphic features are commonly the 
blueprint for sedimentation. Thus, 
many islands, shoals and barrier and 
patch reefs are located on highs in the 
antecedent topography where pho- 
totropic organisms were closer to sea 
level and thus in a better position for 
photosynthesis. Such highs are also 
the site of increased agitation and 
thus suitable for ooid shoal formation. 
Conversely, antecedent topographic 
lows become sheltered, quiet water 
areas where muds preferentially accu- 
mulate. The Belize Shelf (Purdy, 
1974) and the Trucial Coast (Purser, 
1973) are excellent examples of plat- 
forms that have a Holocene facies ar- 
chitecture related to antecedent 
topography. 

Antecedent karst topography is con- 
trolled by climatic conditions and, to a 

Rainwater pH generally c7 

Maximum dissolution Minimum dissolution 

PRE-KARST 
Karst Marginal Plain I Conical Karst (slopes 30"-40") 

Tower Karst I 

KARST 
Shelf Lagoon I Barrier Platform 

Barrier Reef 

POST-KARST 

Figure 29 Diagrammatic illustration of evolution of karst terrains and influence that this can 
have on the location of reefs and facies during later transgressions. From Purdy (1974). 
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MIXED BlOSTROMU lesser extent, the composition of the 
DELTA TERRWARB BDHERM REEF sea level exposed carbonates. Warm water car- 

bonates exposed to a wet, tropical 
climate are quickly lithified and a rugged 
karst terrain commonly results (Fig. 29). 
Cool water carbonates exposed to tem- 
perate climates do not react so radically 
and a much more subdued karst topog- 
raphy results. Exposure, however, does 

FLOODPLAIN SHELF EDGV 
0 

rn 60 
Siliiidastics dominant 

120 

Figure 30 Diagrammatic illustration showing progradation of coastal siliciclastic deposits 
over platform carbonates on the Northeast Australian Platform during lowstand periods. 
Modified from Davies et a/. (1 989). 
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Figure 31 Comparison of carbonate sediment production in cool water and warm water 
areas. The speculative nature of sediment production rates of the cool water carbonates 
(dashed line) reflects the lack of detailed information from these areas. 

not guarantee -karst development. 
Pleistocene lowstands on the Northeast 
Australia Platform, for example, led to 
the seaward progradation of coastal sili- 
ciclastic sediments. As a result, only the 
topographically higher carbonates of the 
barrier reef rim were karsted (Fig. 30). 
Pre-existing features such as old reefs 
and shoals, terraces formed by shoreline 
erosion, or siliciclastic river deposits can 
also influence later depositional patterns. 

Biological evolution 
Evolution is important because car- 
bonate production is tied to biota. 
Most Paleozoic bioclasts, for example, 
were calcite whereas the majority of 
Mesozoic and Cenozoic skeletal parti- 
cles were aragonite (Fig. 5). Never- 
theless, modern and ancient facies 
patterns are comparable because sub- 
tidal carbonate sediments have been 
produced in a similar range of environ- 
ments throughout the geological record. 

Evaluating the role(s) of nonskeletal 
organisms such as grasses and mi- 
crobes through time is difficult be- 
cause of their poor preservation 
potential. The role of soft-bodied 
animals in burrowing and bioturbation 
of sediment through time can be eval- 
uated through the ichnofossils that 
occur in many carbonate successions. 
Droser and Bottjer (1 989), for exam- 
ple, suggested that there was a major 
increase in depth and extent of biotur- 
bation in the Early Paleozoic. 

Carbonate growth potential 
The average growth potential of 
modem reefs and carbonate platforms is 
about 100 crn/k.y., a rate that exceeds 
the rates of relative sea level rise 
caused by long-term subsidence or 
eustatic sea level changes (Schlager, 
1981). It seems unlikely that these ex- 
trinsic processes could outpace the 
growth of healthy carbonate platforms 
except in situations where sea level 
change is accelerated due to rapid 
fault-controlled subsidence or quick 
rises associated with glacial melting. 
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Insights into the growth potential of 
carbonate platforms can be obtained 
by calculating the amount of sediment 
generated by modern carbonate-se- 
creting organisms, examining car- 
bonate productivity changes with 
depth and position on shelf, and con- 
sidering long-term accumulation rates 
on ancient carbonate platforms. 
Estimating the rates of vertical car- 
bonate accumulation is complicated 
because sediments may have been 
deposited through lateral progradation 
rather than vertical accretion (Hardie 
et a/., 1991). It must also be remem- 
bered that the thickness of sediment 
produced during a given period is con- 
trolled by the accumulation space, not 
the rate of sediment production. 

Estimates of sediment production 
can be calculated by considering 
the amounts of sediment produced 
through the breakdown of skeletal or- 
ganisms in the carbonate factory. 
Neumann and Land (1975) estimated 
that calcareous algae in the Gulf of 
Abaco, northern Bahamas, produced 
up to 168 x 1010 kg of sediment over 
the last 5500 years. Even though this 
estimate was based on selected algae 
(i.e., a small proportion of total produc- 
tion), it still represents an overproduc- 
tion of 190 per cent compared to the 
amount of sediment on the platform. 
Such calculations suggest that most 
sediment produced in the factory is 
transported onshore or into the nearby 
ocean basin. 

The rate of carbonate production is 
depth dependent (Fig. 31). In warm 
water settings, production is highest 
and relatively constant to depths of 
about 15 m because this zone is 
usually inhabited by numerous car- 
bonate-secreting phototrophic organ- 
isms. Sediment production in cool 
water settings is generally lower than 
that in warm water settings and does 
not show such variation with depth. 

Carbonate productivity also varies 
across a platform. Sediment produc- 
tion in back reef and lagoonal areas of 
the Florida Keys translates into vertical 
accretion rates of 40 and 20 cm/k.y., 
respectively (Bosence, 1 989). These 
values are comparable to estimates of 
Holocene sedimentation rates (muddy 
lagoon - 10-20 crn1k.y.; shallow sub- 
tidal - 40-60 cm1k.y.; deeper ramp/ 
shelf - 10-20 cm1k.y.) averaged over 
several thousand years (Read et a/., 

1990). These values are, however, 
lower than the average carbonate 
growth potential based on highly pro- 
ductive Holocene margin reef and 
sand shoal environments. Cool water 
carbonates accumulate at much 
slower rates (James and Bone, 1991). 

Estimates of long-term accumulation 
rates of ancient carbonate deposits are 
about two orders of magnitude less 
than those in modern warm water set- 
tings (Fig. 32). Cool water Cenozoic 
platform limestones, however, accumu- 
lated at rates similar to those of some 
ancient platforms. Some differences 
between modern and ancient sedimen- 
tation rates are due to the fact that 
ancient successions include numerous 
breaks related to hardground develop- 
ment, sea level fluctuations, or sub- 
aerial exposure. Sediments in metre- 
scale Phanerozoic cycles, typical of 
many ancient carbonate platforms, 
may have accumulated in 3-30 per 
cent of the time represented by the 

sequence; the rest of the time being 
represented by such breaks in sedi- 
mentation (Wilkinson 1991). 

Carbonate platforms throughout geo- 
logical time appear to have been the 
sites of rapid carbonate production and 
high growth potential. Nevertheless, the 
actual rates have varied through time 
with the highest rates being coincident 
with periods when reef-building organ- 
isms were abundant (Bosscher and 
Schlager, pers. comm.). The Early Car- 
boniferous, for example, was a time 
when carbonate ramps were the domi- 
nant settings for carbonate accumula- 
tion, possibly because of the absence 
of large skeletal framebuilders and 
water temperatures and productivity 
profiles that were different from other 
times (Wright and Faulkner, 1990). 

Lag time 
The initial stage of a transgression is 
not well understood, mainly because 
there is little direct evidence in terms 
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Figure 32 Comparison of estimated accumulation rates for warm water carbonates, cod 
water carbonates, and ancient carbonates. Modified from James and Bone (1991). 



of sediment. It has been suggested 1988; Jones and Hunter, 1989). Drowning 
that a minimum depth of water, the lag During transgression, a rapid rise in 
depth, is needed before circulation PLATFORM RESPONSE TO relative sea level may drown the plat- 
becomes effective enough to allow EUSTASY form (Figs. 33, 34). This generally 
sediment production, accumulation, Developing a single model that incor- occurs because the carbonate factory 
and dispersal (Ginsburg, 1971; Hardie porates all the variables that control is submerged below the photic zone 
and Shinn, 1986). Estimates of 1 to vertical sediment accretion is compli- and cannot produce sufficient sedi- 
2 m for the lag depth are based on cated because of the numerous fact- ' ment to keep pace with the rise in sea 
some Holocene shallowing-upward ors involved. Consequently, modelling level. Hardgrounds, which may develop 
cycles in Florida Bay (Enos, 1977) and is generally based on the two or three in such situations, form submarine un- 
the Bahamas (Harris, 1979) that have variables deemed the most important. conformity bounding surfaces or drown- 
a basal 0.5 m thick layer of mangrove Even if sediment is produced rapidly, it ing unconformities (Schlager, 1989). An 
peat overlain by carbonates. The can only build up on the platform if unconformity of similar appearance can 
upward change from peat to'cZrrbon- there is sufficient accumulation space. also form if the carbonate factory is 
ates records the evolution from initial Thus, relative changes in sea level are shut down through nutrient poisoning or 
platform flooding to the establishment the major control over the style of sed- choking by siliciclastic sediments during 
of an active carbonate factory. imentation because this ultimately a sea level highstand (Schlager, 1989). 

In some settings, the lag time is that controls the space available on the Unless platform drowning is tectoni- 
interval when sediments deposited platform (Chapter 14). There are three cally induced and subsidence is into 
during the preceding period of subaerial end member states associated with such deep water that little sediment is 
exposure (e.g., terra rossa, freshwater specific parts of a long-term third-order produced, the seafloor may eventually 
carbonate sediments) are removed change in relative sea level (Fig. 33). rise and reenter the photic zone, due to 
andlor modified by erosion. In addition, slow and steady sediment accumula- 
boring organisms (e.g., sponges, Exposure tion or a drop in sea level. Rapid sedi- 
worms, bivalves) may colonize the new If sea level falls below the edge of the mentation can then resume. Reefs on 
seafloor (Chapter 4). Thus, marine platform, the carbonate factory is shut these incipiently drowned platforms, 
borings can be superimposed on the down and production ceases and the which generally have a higher vertical 
unconformity that marks the sequence sediments are subject to meteoric dia- accretion rate than the subtidal plat- 
boundary (Desrochers and James, genesis (Figs. 33,34). form seafloor, may keep up with sea 

level and thereby create a rimmed plat- 
form with a deep lagoon (Kendall and 
Schlager, 1981). Cool water platforms 
are usually viewed as incipiently 
drowned because accumulation rates 
are slow and/or off platform sediment 
transpott is active. 

Flooding 
In a steady state situation, water depth 
over the platform is just right for max- 
imum sediment production and accu- 
mulation space is maintained by a 
combination of platform subsidence 
and sea level rise (Figs. 33, 34). The 
rates of Holocene carbonate deposi- 
tion on warm water platforms are 
greater than long-term rates of relative 
sea level changes on passive margins 
and intracratonic basins (Schlager, 
1981). The rates of accumulation on 
cool water platforms, however, are 
less or even nil when the depositional 
surface lies above wave base and 
hardgrounds form as water is rapidly 
pumped through the sediment by 
wave action. 

Variations on a theme 
The rate of sea level change is impor- 

Fiwe 33 Schematic diagrams illustrating the type of succession that forms as the rate of tant because different rates of flooding 
~ E I  level rise and the amount of carbonate sediment production varies. will trigger different responses from 
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the carbonate factory (Kendall and 
Schlager, 1981 ; Scaturo et a/., 1989), 
as it does in reefs (Chapter 17). 

Backstep (transgression) 
Backstepping denotes the movement 
and reestablishment of a shelf margin 
toward the shelf interior. A rapid, relative 
sea level rise causes growth on the pre- 
existirig shelf to cease or slow down 
and the reef margin establishes itself in 
a more landward position thereby re- 
ducing platform width (Fig. 34). 

Catch-up (transgression - early 
highstand) 
In this situation, an initially rapid in- 
crease in the rate of relative sea level 
rise is followed by a decrease. The de- 
positional surface remains in water 
depths conducive to high sediment 
production rate, and as the rate of rel- 
ative sea level rise slows, carbonate 
sedimentation promotes vertical accu- 
mulation, thereby allowing the seafloor 
to catch up with sea level. Although 
vertical sediment accretion dominates, 
progradation will began as soon as the 
rate of creation of new accumulation 
space decreases with time. This leads 
to the deposition of thick, subtidal- 
dominated sequences characterized 
by an overall shallowing-upward trend 
that may be capped by prograding 
tidal flats. 

Keep-up (transgression) 
Keep-up occurs when the rate of sedi- 
ment accumulation 'keeps-up' with the 
rate of relative sea level rise (Fig. 34) 
and accumulation space is continually 
being created. In this situation there is 
virtually no change in depositional 
conditions and facies are maintained 
throughout the period of rising sea 
level (steady state situation). Vertical 
sediment accretion dominates and 
thick, subtidal-dominated successions 
can form. Prograding tidal flats or sand 
shoal bodies are generally absent. 

Progradation, fillup, and spillout 
(highstand) 
This is the period when sediment pro- 
duction starts to exceed the rate of rel- 
ative sea level rise and a fundamental 

motes platform margin progradation 
(Chapter 18) thereby expanding the 
width of the platform and potentially, 
the size of the carbonate factory. 
Conversely, shoreward transportation 
of sediment will promote tidal flat 
progradation over the platform (Chap- 
ter 16) thereby reducing platform width 
and decreasing the size of the car- 
bonate factory. 

SUBTIDAL PLATFORM 
CARBONATE STRATIGRAPHY 
Thick successions of shallow water 
carbonate deposits commonly include 
repetitive metre-scale subtidal cycles. 
These differ from the classic peritidal 
cycles (Chapter 16) because they 
formed through sedimentation in shelf 
settings beyond the reach of pro- 
grading tidal flats or shoreline sand- 
bodies. 

Metre-scale cycles 
Metre-scale subtidal cycles include 
successions with no depositional or 
erosional breaks (depositional cycles), 
and successions with diagenetic caps 
(diagenetic cycles). 

Depositional cycles 
Such cycles are typified by an upward 
increase in grain size, bed thickness, 
and cross bedding and other high- 
energy structures and thus differ from 
fining- and thinning-upward peritidal 
cycles. Furthermore, they are not capped 
by intertidal facies or subaerial exposure 

features. These shallowing-upward 
cycles appear to be the dominant 
cycle type on unrimmed shelves, es- 
pecially ramps, throughout the geolog- 
ical record (Lohmann, 1976; Markello 
and Read, 1982; Aigner, 1985; Calvet 
and Tucker, 1988; Osleger, 1991). 
Upper Cambrian carbonates of Utah, 
for example, contain shallow to deep 
subtidal cycles formed of burrowed 
wackestone with open marine faunas 
that grade up into oncolitic-skeletal pack- 
stone that is capped by clean oolitic 
grainstone (Osleger, 1991). These cycles 
form a continuum across the carbonate 
ramp and are genetically linked to one 
another by shared lithofacies. 

Diagenetic cycles 
These cycles have a cap characterized 
by subaerial or submarine diagenetic 
features. The subtidal facies, formed in 
shallow to deep subtidal environments, 
include a single lithofacies, alternations 
of two lithofacies, or most commonly, 
vertically repeated lithofacies. 

Cycles with subaerial diagenetic caps 
are common on banks. The Middle 
Triassic Latemar Limestone (Fig. 35) of 
the Dolomites region, northern Italy, 
contains about 600 cycles. Each cycle 
is composed of a basal, shallow sub- 
tidal packstone-grainstone unit overlain 
by a thin dolomitized cap with vadose 
cements, pisoids and other evidence of 
calichification (Goldhammer et a/., 
1987). Exposure must have been linked 
to frequent drops in sea level because 

change in the overall balance of the Basement for wiginal platform c u b o w  platlorrn (ormrd ~ U ~ I W  fkrl oyd. 

System Occurs (Fig. 34). Under such Chnatmsforrnd in nlponu 10 wt.blishmsnt of naw sea I.-I 

conditions excess sediment becomes 
available for movement off the plat- Figure 34 Diagrams illustrating growth of carbonate platforms once the rate of sediment 
form. Basinward transportation pro- production exceeds the rate of sea level rise. 



15. PLATFORM CARBONATES 297 

the absence of peritidal deposits pre- example, is a cool water, deep shelf below the depth of wave abrasion and 
cludes exposure through tidal flat (>50 m) deposit which contains num- cementation took place when the shelf 
progradation. - erous cycles with well-cemented hard- was above wave base and subject to 

Cycles capped by submarine diage- ground caps. Comparison with mod- active water pumping (Fig. 36). 
netic features occur on deep open ern, swell-dominated shelves suggest 
shelves. The Oligo-Miocene Abrakurrie that this type of cycle resulted from Autocyclic versus allocyclic 
Limestone of southern Australia, for sedimentation when the shelf was controls 

Mechanisms proposed for the genera- 
tion of repeated' metre-scale subtidal 
cycles include autocyclic processes 
(vertical accretion, variations in sedi- 
ment production and redistribution), al- 
locyclic processes (episodic subsi- 
dence, short-term eustasy) or a com- 
bination of both. The nature of these 
cycles may also be influenced by 
energy regimes which are dictated by 
platform geometry and local climate. 

Autocyclic processes 
Vertical accretion of sediments on a 
platform will occur in situations where 
carbonate growth potential exceeds the 
rate of relative change in sea level. This 
simple relationship can be radically 
altered by storm and wave reworking 
and sediment redistribution that together 
may limit vertical sediment accretion and 
keep the seafloor below the zone of 
optimal carbonate productivity. The crit- 
ical element of this autocyclic process is 

Figure 35 General view of the Triassic Latemar Limestone in northern Italy. This ca. 100 the depth of the storm wave base. m-thick carbonate succession, formed of stacked metre-thick cycles, accumulated in the in- 
terior of a bank. Photograph courtesy Noel James. 
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Figure 36 Diagram summarizing effect of high sea level and low sea level on the carbonate 
successions forming on temperate water shelves such as the Great Australian Bight Shelf. 
Note the effect that sea level has on the formation of hardgrounds. Modified from James and 
Bone (1991). 

Allocyclic processes 
Allocyclic processes for forming metre- 
scale subtidal carbonate cycles involve 
episodic subsidence or short-term sea 
level fluctuation. Sea level change 
caused by episodic subsidence is un- 
likely unless the lithosphere or local 
fault blocks can oscillate with similar 
short frequencies. It is also hard to 
imagine that repeated tectonic pulses 
over a long period of time could pro- 
duce repetitive metre-scale cycles, es- 
pecially in relatively stable tectonic 
settings such as passive margins. 

The simplest driving mechanism for 
the repetition of metre-scale subtidal 
cycles would seem to be short-term 
eustatic sea level fluctuations (Gold- 
hammer eta/., 1987; James and Bone, 
1991 ; Osleger, 1991). This mechanism 
is in part supported by actualistic 
models such as glacio-eustasy that are 
driven by orbital perturbations (i.e., 
Milankovitch cycles). There is good ev- 
idence that Middle Triassic Latemar 
megacycles, formed of five thinning- 
upward cycles, were controlled pri- 
marily by composite eustatic sea level 
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changes in the Milankovitch band 
(Goldhammer eta/., 1987). 

Thick successions of depositional 
subtidal cycles on stable cratonic inte- 
riors and passive margins appear to 
be the product of short-term eustatic 
sea level fluctuations that act in 
concert with intrinsic factors such as 
storm and wave reworking (Osleger, 
1991). This process of wave reworking 
is a subsidiary but critical mechanism 
in the generation of subtidal cycles 
because it controls the upward limit of 
sediment accumulation. Fluctuations 
of the seafloor below and above this 
critical depth of wave reworking asso- 
ciated with short-term changes of eu- 
static sea level and/or storm activity 
may explain subtidal cycles with sub- 
marine diagenetic caps that form on 
deep shelves (Abrakurrie type, James 
and Bone, 1991). 

Relationship of cycles to 
platform geometry 
Subtidal cycles seem to be more com- 
mon on open shelves than on rimmed 
platforms where peritidal cycles 
appear to dominate. This relationship 
is probably due to differences in the 
energy regimes. Unrimmed platforms 
are influenced by high-energy condi- 
tions because oceanic waves and 
swells, which wash directly on and 
across the shallow shelf, cause con- 
stant submarine erosion and offshore 
transport of sediment. This inhibits 
aggradation above the depth of wave 
abrasion and limits progradation of 
tidal flat or shoreline sandbodies 
across the platform. In contrast, reef- 
rimmed platforms are characterized 
by low-energy conditions because 
oceanic waves and swells are ab- 
sorbed and storm activity is dissipated 
along the protective reef. Fine-grained 
sediments, which accumulate in re- 
stricted shallow lagoons, can be fed 
onto prograding tidal flats and wide- 
spread peritidal facies develop. Thus, 
peritidal cycles are common on rimmed 
platforms unless they are inhibited by 
other factors. 

Large-scale sequences 
Less is understood about 10-1,000 m- 
thick carbonate successions that 
contain repetitive small-scale subtidal 
cycles. In the Alpine Triassic, for ex- 
ample the long-term systematic ver- 
tical changes in the stacking pattern of 

the high-frequency cycles (fourth- and 
fifth-order) seem to have been dictated 
by a low-frequency (third-order) rise 
and fall of sea level against a back- 
ground of overall slow tectonic subsi- 
dence (Goldhammer et a/., 1990). In 
particular, the increase in the rate of 
addition of new accumulation space 
on the rising limb of a third-order sea 
level change resulted in thick cycles 
and condensed megacycles due to 
missing beats of submergence. These 
long-term systematic changes occur ir- 
respective of the allocyclic or auto- 
cyclic origin of the high-frequency 
cycles. Composite eustacy seems to 
impose a hierarchy of stratigraphic 
forcing that provides a link between 
metre-scale cyclostratigraphy and 
large-scale sequence stratigraphy. 

CONCLUSIONS 
Subtidal portions of carbonate plat- 
forms are complex depositional envi- 
ronments that are critical to the health 
of the entire carbonate depositional 
system. Complexity arises because 
the biota on these platforms, which are 
the source of most of the sediment, 
respond to a// changes in the variables 
that control conditions on the platform. 
Once formed, the sediments then 
come under the control of water move- 
ment generated by tidal exchange, 
ocean currents, wind currents, and 
storms. The effect of such currents on 
facies distribution and sequence gen- 
eration has been largely underesti- 
mated. Knowledge of carbonate 
platforms is disproportionally slanted 
towards those in warm water settings. 
More information is required from cool 
water settings before further advances 
can be made with respect to the full 
spectrum of carbonate platforms. 

Our understanding of the mecha- 
nisms that govern the vertical develop- 
ment of facies on carbonate platforms 
is largely based on a comparative ap- 
proach with modern facies analogs 
and knowledge of the dynamics of 
subtidal carbonate environments. 
There is need for a rigorous process- 
based approach to the interpretation of 
large-scale sequences built by stacked 
small-scale cycles. Allocyclic eustatic 
controls play a fundamental role in de- 
termining sequence development on 
platforms, a fact that it is implicit to 
many of the approaches used in com- 
puter modelling. In future, however, 

subsidiary autocyclic processes such 
as wave base reworking and redistri- 
bution will also have to be factored 
into the computer models. 
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INTRODUCTION 
Limestones and dolostones composed 
of calcareous sediment deposited in 
very shallow seawater and on muddy 
tidal flats are probably the most con- 
spicuous carbonate facies in the rock 
record (Fig. 1). The term peritidal (from 
the Greek peri, meaning around or 
near, and tidal, relating to tides) was 
coined in passing by Folk (1 973) and 
has proven a useful general name fo_r 
the spectrum of nearshore and shore- 
line depositional environments and 
facies. 

What distiniuishes these rocks is 
their wide variety of features that can 
be compared directly with modern 
analogues, making them both easy to 
recognize in the field and important pa- 
leobathymetric indicators. The facies 
are generally arranged vertically in a 
shallowing-upward sequence (James, 
1984), now referred to as a shal- 
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lowing-upward succession, in which 
marine sediments are overlain succes- 
sively by muddy carbonates deposited 
in paleoenvironments subject to 
varying periods of exposure. This ver- 
tical stacking of peritidal and related 
facies is a valuable record of the dy- 
namics of carbonate platform develop- 
ment, on both large and small scales. It 
hints at extrinsic factors such as rela- 
tive sea level change and climate, and 
records the effect on periodically 
exposed sediment of biotic evolution 
through geologic time. Peritidal carbon- 
ates are also economically important 
because they host Pb and Zn deposits 
and frequently form hydrocarbon reser- 
voirs. 

In this chapter, we first summarize 
the tidal flat environment from a 
Recent standpoint. We then discuss 
how the record of carbonate tidal flats 
may have changed through time in re- 

sponse to biological evolution and 
provide ancient examples of com- 
monly encountered peritidal facies, 
with evidence for their interpretation. 
Finally, we outline how peritidal facies 
are preserved in the stratigraphic 
record, describe current hypotheses 
used to explain stratigraphic repetition 
and suggest how these facies can 
best be used in sequence stratigraphic 
analysis. 

THE PERlTlDAL ENVIRONMENT 
The understanding of tidal flat car- 
bonate' rocks underwent a dramatic 
boost with the largely petroleum 
company-funded research on Holo- 
cene tidal flats during the 1950s and 
1960s. This produced comprehensive 
studies on shallow water sedimenta- 
tion of south Florida (Ginsburg, 1956; 
Gebelein, 1977; Enos and Perkins, 
1979), Andros Island of the north- 
ern Bahamas (Hardie, 19771, Belize 
(Wantland and Pusey, 1975), 'the Ara- 
bian (Persian) Gulf (Purser, 1973), and 
Shark Bay, Western Australia (Logan et 
a/., 1970, 1974). Observations from 
these areas were quickly applied to 
ancient examples (e.g., Beales, 1958; 
Roehl, 1967; Matter, 1967; Laporte, 
1967; Ginsburg, 1975; Schwarz, 1975), 
which ushered in the modern era of 
carbonate sedimentological thinking. 
These Holocene examples, together 
with more recently studied flats in the 
Caicos Islands (Wanless et a/., 1988) 
and southern Australia (Burne and 
Colwell, 1982; Belperio eta/,, 1988) are 
fundamental reference points for the in- 
terpretation of carbonate rocks and il- 
lustrate the wide variety of potentially 
preservable peritidal environments. The 
carbonate tidal flat is an easily acces- 
sible area and students are encouraged 
to explore for themselves a modern 

Figure 1 Panorama of Cambrian shallow water limestones and dolostones, Dezaiko example. 
Range, east-central British Columbia. Distinctive "stripyn bedding of lower unit, to the right of Three bathymetric zones are recog- 
the small ice field, is from peritidal facies of the Snake Indian Formation. The unit in the 
middle of the photograph is the Eldon Formation, consisting of locally dolomitized subtidal nized in the nearshore setting: sub- 

limestones, and the left side comprises peritidal limestones of the Lynx Group. tidal, intertidal and supratidal (Fig. 2). 
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The subtidal zone is permanently sub- 
merged and ranges from low-energy, 
lagoonal environments to higher 
energy shoals. Semimonthly neap 
tides may briefly expose the shal- 
lowest portions. The intertidal, or lit- 
toral, zone lies between normal low- 
and high-tide levels and is therefore 
submerged on a diurnal or semidiurnal 
basis. It is generally dissected by sub- 
tidal creeks and dotted with brackish 
or saline ponds. The supratidal zone is 
above normal high tide, and is flooded 
only during storms and semimonthly 
spring tides. It may become evaporitic 
in semiarid and arid climates, and for 
these supratidal flats the Arabic word 
sabkha has been adopted by sedi- 
mentologists (Chapter 19). 

The three-fold environmental subdi- 
vision is only an approximation, how- 
ever, since tidal flats are often geo- 
graphically complex, and tidal range 
can be modified by winds. While the 
environments are due to the variable 
submergence and emergence brought 
about by lunar tides, little sediment is 
transported onto the flats by the daily 
rise and fall in sea level. It is storms, 
which stir up the adjacent offshore 
sediments and drive sediment-laden 
waters up the tidal creeks and onto the 
flats, that result in sediment deposi- 

tion. Even so, it is still the depositional 
environments, which are generated by 
daily lunar tides, that contain the dis- 
tinctive sedimentary features that 
allow us to pinpoint facies so precise- 
ly. One approach to the analysis of 
environmental subdivision is to assign 
a specific, quantitative "exposure 
index" to lithologic features based on 
Holocene examples (see Hardie, 
1977), but few ancient deposits have 
been described in this way (Smosna 
and Warshauer, 1981). 

Marine coastlines can be separated 
into microtidal (<2 m), mesotidal (2- 
4 m) and macrotidal (>4 m) settings. 
Tidal range depends on basin shape 
and water depth. Strong tidal currents 
are generated when water is forced 
through relatively narrow straits or 
mouths of bays or over shallow shoals. 
Modern peritidal carbonate envi- 
ronments are exclusively microtidal. 
There is as yet no satisfactory way of 
judging ancient tidal range, but the 
scarcity of sedimentary structures 
formed by strong tidal currents sug- 
gests that most ancient carbonate per- 
itidal settings were also microtidal. 

Where do they form? 
Carbonate sediment, generated most- 
ly in the subtidal zone (the carbonate 

factory), can be subsequently trans- 
ported and molded into tidal flats by 
physical processes. In this sense, tidal 
flats are repositories of allochthonous 
sediment, and accrete as wedges 
along shorelines (e.g., Qatar, Shark 
Bay, Spencer Gulf), in the lee of 
rocky islands (e.g., northern Bahamas, 
Caicos, Belize), spits (e.g., Florida) and 
reefs and shoals (e.g., Trucial Coast), 
and as discrete islands and banks in 
shallow seas (Fig. 3). This last setting 
is inferred from ancient examples 
because modern shelves are compara- 
tively narrow and not directly analo- 
gous to the broad epeiric seas that 
were common in the past. 

For muddy tidal flats to form they 
must be protected from open ocean 
swells and such protection can be pro- 
vided by a platform rim or in the case of 
a ramp or unrimmed platform, by near- 
shore carbonate sand shoals (Fig. 4). 
Muddy tidal flats do not, therefore, 
generally occur in the facies spectrum 
of high-energy, unrimmed platforms, ex- 
cept behind nearshore shoals or islands. 

Holocene carbonate tidal flat 
environments 
Shallow subtidal and lower intertidal 
The shallow seafloor oceanward of 
modern tidal flats is generally a bio- 

DESERT ELEVATED 

BEACH RIDGE 

ARID HUMID 

TIDAL FLATS 

Figure 2 Block diagram showing the main morphological elements of a carbonate tidal flat. Left: a hypersaline tidal flat with few channels 
bordering a desert and developing evaporite deposits (based on modern Persian [Arabian] Gulf). Right: normal-marine tidal flat with many 
creeks, or channels, and ponds in a humid to sub-humid setting (based on modern Bahamas). 



turbated and pelleted lime mud vari- some higher-energy nearshore areas 
ably rich in  shelly material from where wave agitation is frequent. 
benthic oganisms, and commonly sup- In tranquil settings of normal salinity, 
ports a cover of sediment-stabilizing the lowermost intertidal zone tends 
sea grasses (Chapter 15). Protective also to be a thoroughly bioturbated 
low-relief banks of cross-stratified mixture of lime mud, pellets and bio- 
oolitic or bioclastic sand are present in clasts. This sediment is usually cov- 

Figure 3' Block diagram of a carbonate platform, with basinward to left and landward to 
right, showing possible locations of tidal flats: in the lee of reefs and carbonate sand shoals, 
as islands, and as shoreline deposits. 

beach & eolian dunes 

7 

Figure 4 Simplified map of modern tidal flat areas near Abu Dhabi, Persian (Arabian) Gulf; 
based on Purser (1 973). 

ered during low tide with an ephemeral 
microbial ("algal") slick that is the 
source of food for grazing organisms 
such as gastropods and worms. 
Crabs, shrimps, worms and fish are re- 
sponsible for the bioturbation in the 
underlying sediment. Many low-energy 
flats are fronted by beaches of bio- 
clastic sand winnowed from creeks 
and ponds or the adjacent seafloor 
during storms. Beach sands can be 
partially lithified by synsedimentary 
cement composed of aragonite fibres 
or bladed and micritic high-Mg calcite, 
forming gently seaward-dipping layers 
of beachrock. Beachrock tends to be 
crumbly and easily eroded, and sup- 
ports a hard-substrate biota of en- 
crusting and boring invertebrates, 
plants and microbes. 

Intertidal flats 
Higher in the intertidal zone, microbial 
mat cover is more permanent, and 
forms thick, leathery carpets that can 
be locally shrunken, torn and folded 
over (Fig. 5). These exhibit various 
surface features such as pustules, 
blisters, wrinkles, crenulations or 
small, domical stromatolites. These 
mats are composed of a variety of fila- 
mentous and coccoid cyanobacteria 
("blue-green algae") and bacteria, and 
are responsible for the millimetre-scale 
lamination exhibited by most of the 
sediment beneath them. The taxo- 
nomic makeup and surface appear- 
ance of such mats varies with degree 
of subaerial exposure and can be re- 
flected in the microscopic nature of the 
underlying lamination. This type of 
lamination was called "algal" or 
"cryptalgal" before geologists became 
familiar with the detailed biological 
nature of the mats; "microbial" seems 
now to be the preferred adjective. 

Ponds and creeks 
Ponds containing brackish or hyper- 
saline water are a common feature of 
the intertidal zone (Fig. 6),  especially 
in more humid climates. These contain 
a restricted biota of microbial mats, 
foraminifera, gastropods, small bi- 
valves, shrimps, ostracodes, and ne- 
matode and polychaete worms that is 
adapted to fluctuating salinity. This as- 
semblage, living in a stressed environ- 
ment, is typically one of high numbers 
of individuals but low species diversity, 
different from the immediate offshore 
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biota. Copses of mangroves are usually 
present, except in the most arid areas. 
Also characteristic of the intertidal 
zone are permanently submerged tidal 
creeks or channels that are the con- 
duits for tidal flooding and draining 
(Fig. 6). Such tidal creeks (least com- 
mon in arid settings) are up to several 
metres deep and tens of metres wide, 
and contain a basal lag of semilithified 
intraclasts eroded from the sur- 
rounding flats and flanking levees, and 
bars of bioclastic sand winnowed from 
the ponds. Supratidal levees protrude 
above high-tide level and are micro- 
bially laminated. Creeks migrate later- 
ally, as they do in siliciclastic tidal flats, 
and leave behind a vertical succession 
of cross-stratified, intraclastic and bio- 
clastic sand overlain in turn by biotur- 
bated bioclastic and peloidal lime mud 
and microbially laminated sediment. 
The amount of lateral migration of 
creeks and the proportion of the inter- 
nal facies mosaic of intertidal flats that 
is generated by such migration are not 
well understood, but studies of modern 
flats suggest that it may be consider- 
able (Hardie, 1977). 

Supratidal flats 

Landward parts of the supratidal 
zone grade into eolian deposits, soils 
or freshwater marshes and lakes, or 
onlap bedrock surfaces, depending on 
the region's geography and climate. 
Marshes and lakes, which exist in the 
more humid areas and have fluctu- 
ating water chemistry, are character- 
ized by microbial mats and stroma- 

tolites; these are partially lithified by 
high-Mg calcite cement and calcifica- 
tion of organic substrates, and are in- 
terbedded with thin-bedded, locally 
bioturbated lime mud and bioclastic 

i 
1 

and peloidal carbonate sand deposited 
during storms. Much of the microbially 

3 
laminated sediment shows fenestral I d 
fabric, i.e., the presence of millimetre- I 

i 

~ o s t  of the sediment surface in the 
upper intertidal and supratidal zones is Figure 5 Upper intertidal microbial mat mainly composed of filamentous cyanobacteria 
covered by microbial mats that are (Microcoleus) that has shrunken into desiccation polygons. Boca Jewfish, Bonaire; trowel is 
typically shrunken into desiccation poly- about 25 cm long. 
gons and commonly dislodged into 
chips or intraclasts. The laminated sedi- 
ment beneath these mats is generally 
fine grained with occasional coarser in- 
tercalations that reflect deposition by 
exceptional storms and, in some 
regions, by winds blowing off the neigh- 
bouring land surface. Beds and nodules 
of anhydrite precipitate in these sedi- 
ments in arid settings (Chapter 19). In 
many areas, the supratidal zone is the 
locus of widespread synsedimentary 
cementation by microcrystalline arago- 
nite, high-Mg calcite, or dolomite. This 
forms lithified pavements a few cen- 
timetres thick that are usually broken 
into intraclasts by forces exerted during 
crystal growth, groundwater pore pres- 
sure, or the roots of halophytic (salt-tol- 
erant) plants such as grasses and 
mangroves. Evaporating sea spray can 

be in arid areas for Figure 6 Oblique aerial photograph of the tidal flats on the northeast coast of Andros 
fans and iso~achous layers of fibrous Island, Bahamas, looking north. Offshore subtidal is to the left. The white areas along the 
aragonite that encrust stable substrates channel edges are supratidal levees. The dark patches are intertidal microbial flats between 
such as beachrock and shells, forming the levees and around the periphery of the mainly subtidal ponds. The field of view is about 
objects termed coniatolites. 3 km across. 

- - _ - 
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to centimetre-sized subhorizontal, 
sheet-like pores formed as voids 
bridged by microbial mats or as molds 
of degraded mats. Decimetre-scale 
tepee structures (Fig. 7), consisting of 
disrupted and overthrust crusts of lithi- 
fied, tufa-like fenestral sediment giving 
an inverted V-shaped cross section, 
form in areas of groundwater discharge 

(Kendall and Warren, 1987). These 
also contain complex generations of in- 
ternal sediment and aragonite and 
high-Mg calcite cements. 

Geological evolution of 
peritidal facies 
Biological and environmental develop- 
ments through geologic time have 

exerted an important influence on the 
nature of carbonate tidal flats. This is 
manifest in several ways, via I) the in- 
crease in diversity of carbonate-secret- 
ing organisms and consequent change 
in sediment type, 2) the evolution of 
bioturbating and herbivorous inverte- 
brates, and 3) the evolution of angio- 
sperms. 

The subtidal carbonate factory was 
in its infancy during ~recambrian time, 
when CaC03 was extracted from sea- 
water by inorganic and microbial pro- 
cesses only. Peritidal strata during this 
phase in Earth's history are composed 
of ooids, intraclasts, stromatolites, 
supratidal tufas, and variable amounts 
of lime mud. Some subtidal units are 
entirely siliciclastic, and large-scale 
cyclicity of alternating calcareous and 
noncalcareous facies (e.g., Grotzinger, 
1986; Bertrand-Sarfati and Moussine- 
Pouchkine, 1988) may have involved 
basin-wide, or greater, changes in car- 
bonate saturation of seawater. The dra- 
matic increase in skeleton-secreting 
and sediment-ingesting invertebrates 
beginning in Cambrian time meant 
that the carbonate factory changed in 
character and increased its output 
manyfold. New types of sedimentary 
particles appeared, in the form of 

Figure 7 The supratidal flat at Fisherman Bay, Spencer Gulf, southern Australia. The abundant shells, fecal pellets, and 

polygonal crusts are lithified and have been thrust into teepees by episodic groundwater mud from the Of 

resurgence. Crusts in the foreground are roughly 30 crn across. fragile skeletons and other biologically 
influenced precipitates. This no doubt 
changed the nature of tidal flats by 
causing increased mobility of the sub- 
strate, making it less and less likely to 
be cemented quickly or encrusted by 
stromatolite-forming microbial mats 
except in hypersaline areas (Pratt, 
1982). It has been commonly held 
(Garrett, 1970) that grazing inverte- 
brates such as gastropods caused in- 
tertidal stromatolites to become scarce 
after the Proterozoic, but the above 
sedimentary reasons rather than eco- 
logic pressure seem likely to have 
been responsible for this decline. 

Proterozoic tidal flat carbonates are 
distinctive too because, in comparison 
with other Precambrian carbonate 
facies and younger sediments, they 
were the preferred sites of diagenetic 
silica precipitation and formation of 
chert nodules (Maliva et a/., 1989). 

Figure 8 Outcrop of lenticular and wavy beds of wave-rippled peloidal grainstone (light cherts are imp0rtant because 
coloured) in argillaceous dolostone (dark coloured), probably deposited in the lower intertidal they host the bulk the Precambrian 
zone. Petit Jardin Formation (Upper Cambrian), Port-au-Port Peninsula, western fossil record (Knoll eta/., 1991). 
Newfoundland; lens cap is 6 cm across. Bioturbation became a sediment- 
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modifying process in Late Proterozoic 
time. Diversification of microbes, espe- 
cially those involved in the breakdown 
of organic material, must have oc- 
curred in tandem with invertebrate di- 
versification and the resulting ap- 
pearance of new organic substances. 
The organic content and therefore the 
geotechnical properties of tidal flat 
sediments surely changed in the early 
Paleozoic. The effect of bioturbation 
seems to have increased dramatically 
after the late Paleozoic or earliest 
Mesozoic (Thayer, 1983; Bottjer and 
Ausich, 1986; Pratt, 1991). This was 
heralded by the evolution of a more 
diverse fauna including animals, such 
as certain shrimps and crabs, capable 
of burrowing as deeply as 1 m. Con- 
sequently, tidal bedding that would 
have been preserved in the Precam- 
brian and early Paleozoic was com- 
monly destroyed by infaunal activity, 
except in the upper intertidal and 
supratidal zones. Furthermore, inter- 
tidal to supratidal sedimentary and 
organosedimentary structures that 
escaped destruction were often subse- 
quently bioturbated when buried by 
subtidal or lower intertidal sediments 
with an active deeply burrowing 
infauna. 

Evolution of angiosperms since 
Cretaceous time has meant that the 
disruption of tidal flat sediments by 
halophytic plants has become a char- 
acteristic of Cenozoic deposits. In ad- 
dition, shallow subtidal sea bottoms 
are especially well stabilized by the 
rhizomes (roots) of angiosperm sea 
grasses (Thalassia, Posidonia, Cymo- 
docea). Such grasses also support a 
prolific encrusting biota that supplies 
fine-grained carbonate sediment to 
the factory. These carpets of sea 
grasses, however, are disrupted only 
by intense storms, causing "blowouts" 
(Wanless, 1981), and we suggest that 
pre-Cenozoic subtidal sediments, es- 
pecially silt- and sand-sized particles, 
might have been more readily moved 
onto tidal flats than they are now, 
because they were not bound by these 
grasses. This is analogous to the sug- 
gestion that the post-Devonian pres- 
ence of widespread terrestrial plant 
cover, with its stabilizing, soil-forming 
and weathering attributes, affected the 
subaerial sedimentary system of the 
Earth. It may partly explain why some 
early Paleozoic intertidal carbonates 

look so much like siliciclastic counter- especially when they contain features 
parts from settings that lack significant unequivocally of su baerial origin. 
seagrass communities. However, some facies cannot be as- 

signed confidently to a bathymetric 
Ancient peritidal carbonate facies position, and for these Walther's Law 
Environmental interpretation of peri- must be invoked. Furthermore, tidal 
tidal limestones and dolostones is processes involve such a variety of 
easily achieved in the broad sense, energy regimes, sediment sizes and 

climates that there may be a limit as to 

stromatolites - stromatolitic rudstone WI I 
microbial laminite with desiccation cracks - 
wavy-bedded carbonate with desiccation cracks 

Figure 9 Simplified outcrop sketch of hypothetical channel or-creek deposits cut into tidal 
flat facies, based on examples from the Waterfowl Formation (Upper Cambrian, Rocky 
Mountains, Alberta; Waters et a/., 1989) and Elbrook-Conococheague Formations (Middle 
and Upper Cambrian, Virginia; Koerschner and Read, 1989). 

Figure 10 Thin section photomicrograph of limestone composed of loosely packed micrite, 
micrite peloids, articulated ostracode valves, and calcimicrobe (Girvanella) filaments with 
organic-rich walls. This sediment is interpreted to have been deposited in a tidal flat pond 
because of the low-diversity biota and the calcification of filamentous cyanobacterial thalli. 
Table Point Formation (Middle Ordovician), Port-au-Port Peninsula, western Newfoundland; 
scale bar is 1 mm. 
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how precise an interpretation one can 
make. The present level of detail is 
generally at the scale of units decame- 
tres to metres in thickness; few studies 
have gone down to the scale of indi- 
vidual beds and laminae. 

Shallow subtidal and 
lowermost intertidal facies 
Precambrian subtidal rocks are the 
most difficult to recognize, because the 
carbonate was produced by inorganic 
or microbially mediated precipitation, 
and there were no distinctive skeleton- 

secreting organisms. Such subtidal 
facies tend to be variably siliciclastic, or 
frequently dolomitized lime mudstone 
with local oolitic, peloidal or intraclastic 
beds. Nearshore limestones of Phan- 
erozoic age are fossiliferous, com- 
monly bioturbated to some degree, and 
may exhibit patch reefs and oolites. 
Units of thinly interbedded bioturbated 
lime mudstone and wackestone and 
ripple or dune cross-laminated grain- 
stone that are overlain by rocks ex- 
hibiting clearly supratidal facies are 
typical. Subtidal and lower intertidal 

Figure 11 A bedding plane of desiccation-cracked polygons in which the edges of each 
polygon are curled up, probably because the original microbial mats shrivelled upon expo- 
sure. East Arm Formation, Upper Cambrian, Bonne Bay, western Newfoundland; hammer is 
30 cm long. 

carbonates of Mesozoic and Cenozoic 
age are commonly thick bedded and 
totally bioturbated, reflecting the post- 
Paleozoic increase in the diversity and 
effect of the bioturbating fauna. 

Intertidal flat facies 
Wavy-, lenticular- and flaser-bedded 
peloidal lime mudstone or grainstone 
(calcisiltite) and dolomitized argilla- 
ceous lime mudstone (sometimes in- 
terbedded with small hemispheroidal 
stromatolites), arising from the alterna- 
tion between slack water and sedi- 
ment transport by both unidirectional 
currents and waves under lower flow 
regime, are particularly distinctive of 
Precambrian and lower Paleozoic se- 
quences (Fig. 8). This facies is directly 
comparable to the tidal bedding in sili- 
ciclastic peritidal deposits, including 
those forming in many modern set- 
tings (see Reineck and Singh, 1980). 
The carbonate strata, however, cam- 
monly contain intraclastic horizons 
which are absent in siliciclastic coun- 
terparts. Phanerozoic intertidal facies 
frequently have bioclastic layers. Well- 
sorted caquinas were likely washed 
in from the subtidal zone by storms, 
whereas poorly sorted shelly deposits 
containing a low-diversity assemblage 
of gastropods or bivalves probably 
represent the in situ intertidal fauna. 
Laminae that appear laterally contin- 
uous, undulating and uniform in thick- 
ness, are typically intercalated in this 
facies, and record periods of stabiliza- 
tion or binding of the substrate by 
a microbial mat. This tidal bedding 
can be burrowed in Phanerozoic se- 
quences, and in the lower Paleozoic 
the trace fossil fauna is dominated by 
a low-diversity assemblage of hori- 
zontal burrows and &shaped forms 
like Arenicolites and Diplocraterion. As 
with subtidal deposits, post-Paleozoic 
intertidal sediments are likely to be 
thoroughly churned: bioturbated, 
poorly fossiliferous lime mudstone 
units may be interpreted as intertidal if 
other criteria, such as vertically juxta- 
posed beds with desiccation cracks, 
are evident. 

Tidal creek facies 
Rocks specifically interpreted as hav- 
ing accumulated in tidal creeks or 
channels piercing intertidal flats are 

Figure 12 A cross section of desiccation cracks in microbially laminated peritidal dolo- relatively l h ~ ~ m ~ o n .  The reasons for 
stones; Providence Island Dolomite, Middle Ordovician, Lake Champlain, New York State. this are mainly 1) the rarity of laterally 
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extensive exposures that intersect the 
possible margins of channels once 
they stop migrating laterally, 2) the dif- 
ficulty in distinguishing creek fills from 
regressive packages with a basal, 
higher-energy component that resulted 
from tidal flat progradation, 3) the simi- 
larity between bedforms and lateral- 
accretion bedding from bar migration 
in channels and inclined and tabular 
cross stratification from migrating off- 
shore carbonate sand shoals, and 4) 
the difficulty in separating creeks in 
tidal flats from channels between adja- 
cent offshore islands or shoals. The 
presence of flat-pebble and blocky in- 
traclasts derived from the surrounding 
flats and levees, respectively, along 
with bipolar (herringbone) cross strati- 
fication typically exhibiting reactivation 
surfaces and tidal bundles (couplets of 
sandy and muddy laminae), seem to 
be diagnostic of creek or channel de- 
posits (e.g., Pratt and James, 1986). 
Grainstone beds with erosional bases 

Flgure 13 Polished slab of clotted and 
peloidal lime mudstone showing microbial 
lamination and fenestral fabric of laminoid, 
millimetre- to centimetre-sized, cement- 
filled pores. This distinctive fabric probably 
formed in the upper intertidal or lower 
supratidal zone. Eldon Formation (Middle 
Cambrian), Exshaw, Alberta; scale bar is 
1 cm. 

and containing stromatolite or throm- 
bolite mounds in some Proterozoic 
and Cambrian sequences are reason- 
ably interpreted as channel deposits, 
(Koerschner and Read, 1989; Wright 
et al., 1990). Waters et al. (1 989) and 
Cloyd et al. (1990) have mapped 
Cambrian channels at least 10 m wide 
and 1 m deep with erosional bases, 
filled with lateral-accretion beds of 
individually graded, locally bipolar 
cross-laminated grainstone containing 
desiccation-cracked lime mud drapes 
and reactivation surfaces (Fig. 9). 
Care must be taken in late Proterozoic 
and early Paleozoic carbonates, 
however, to differentiate subaerial 
(desiccation) cracks and other cracks 
of submarine origin (Knoll and Swett, 
1990; Cowan and James, 1992). 

Beach facies 
Beaches, which also have not been 
reported frequently from ancient tidal 
flat sequences, are characterized by 
seaward-dipping, low-angle laminae 
and thin beds of grainstone, often with 
hardgrounds exhibiting bored sur- 
faces. This facies passes laterally to 
subtidal deposits in the seaward direc- 
tion and tidal-bedded strata in the 
landward direction (e.g., lnden and 

Moore, 1983; Waters et al., 1989). 
Steeper shorelines, such as Tertiary 
and Quaternary examples from the 
Mediterranean and Red seas, are 
often onlapped by gravelly beds of 
well-rounded pebbles and large shells. 

Pond facies 
Recognition of schizohaline pond de- 
posits on humid intertidal flats may be 
impossible in most rock sequences 
unless the ponds were particularly 
long-lived. In  one example (Pratt, 
1979), burrowed wackestone con- 
taining ostracodes and horizontal 
meshes of Girvanella filaments with 
organic-rich walls (Fig. 10) are interca- 
lated within burrowed and microbially 
laminated lime mudstone and tidal- 
bedded dolostone and lime mudstone. 
The restricted biota of this deposit, the 
well-preserved microbial remains, and 
its lenticular geometry within a peritidal 
sequence argue against a normal- 
marine subtidal environment. 

Supratidal facies 
Microbially laminated limestone or 
dolostone, usually with desiccation 
cracks and coarser rippled layers, is a 
common peritidal rock type (Figs. 11, 
12); such rocks, however, may be 

Figure 14 Thin section photomicrograph of peloidal and clotted micrite containing bioclasts 
(mainly ostracodes and gastropods) and exhibiting fenestral fabric. Upper parts of the 
laminoid fenestral pores have pendant fringes of fibrous calcite cement (grey coloured) sug- 
gesting that this sediment was deposited in the upper intertidal zone and that the fibrous 
calcite precipitated as marine or mixed waters percolated through the pores during low tides. 
Table Point Formation (Middle Ordovician), western Newfoundland; scale bar is 1 mm. 
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upper intertidal or supratidal in origin. 
In older Phanerozoic sequences, a 
supratidal setting might be inferred if 
bioturbation is rare or absent, or there 
is evidence for prolonged subaerial ex- 
posure such as evaporites, karst hori- 
zons or paleosols. Intercalated within 
many microbially laminated rocks are 
intraclastic horizons, which are analo- 
gous to pavements of microbial mat 
chips or fragments of cemented crusts 
in modern supratidal environments. 
Fenestral lime mudstone and peloidal 
grainstone (Fig. 13) are common 
(Shinn, 198313) and, by analogy with 
tidal flats of Florida and the Bahamas, 
were probably deposited in moist 
supratidal "algal marshes" or around 
ponds. This facies sometimes exhibits 
features, such as pendant fibrous 
cement (Fig. 14), brecciated crusts 
and tepees, pisolites and pores with 
geopetal sediment floors, suggestive 
of flushing by downward-percolating 
seawater and rainwater and upward- 
flushing by groundwaters in a subaerial 
environment. Precambrian supratidal 
deposits often contain digitate stroma- 
tolites, millimetres to centimetres in di- 
ameter, which have been interpreted as 
supratidal, tufa-like aragonite precipi- 
tates (e.g., Grotzinger, 1986). Post- 
depositional leaching of evaporites 

causes collapse brecciation in supra- 
tidal facies. 

THE PERlTlDAL SHALLOWING- 
UPWARD SUCCESSION 
Ancient peritidal carbonate lithofacies 
are characteristically organized strati- 
graphically into metre- to decametre- 
thick, shallowing-upward successions 
(Fig. 15) each with a basal subtidal 
unit, intermediate intertidal facies, and 
an upper supratidal unit with or with- 
out a terrestrial horizon on the top 
(James, 1984; Wright, 1984; Tucker 
and Wright, 1990). Contacts between 
the members are gradational or sharp 
and may show evidence of local 
synsedimentary scour. Walther's Law 
tells us that, if there are no major de- 
positional breaks, we can reconstruct 
the ancient environmental mosaic by 
dealing out each facies like a deck of 
cards. There are departures from this 
ideal pattern, however, and it is not 
unusual to find the supratidal member 
overlain by intertidal facies, or compo- 
nents missing because of nondeposi- 
tion or erosion. 

Characteristics 
The lithologic nature of the subtidal -, 
intertidal -, supratidal succession is 
variable, reflecting the broad spectrum 

of intertidal and supratidal depositional 
environments, the dictates of biotic 
evolution and past changes in ocean 
chemistry. Such peritidal shallowing- 
upward successions can be subdi- 
vided into two types, low energy (Figs. 
16, 17) and high energy (beach; Fig. 
18) , and both may show the effects of 
climate, such as thin beds of evapor- 
ites, especially anhydrite (Chapter 
19). 

In the simplest case, and referring 
only to the Phanerozoic, low-energy 
shallowing-upward successions have 
a burrow-mottled, variably argillaceous 
lime mudstone to wackestone or pack- 
stone lowest member, often with a 
basal bioclastic and intraclastic grain- 
stone or rudstone as a transgressive 
lag on top of the pre-existing succes- 
sion (Fig. 16). Patch reefs may be 
present in the subtidal member. The 
intertidal member exhibits thin-, lentic- 
ular- and wavy-bedded, variably bio- 
turbated lime mudstone and bioclastic, 
peloidal and sometimes oolitic grain- 
stone, locally with small domical stro- 
matolites. This grades upward to an 
upper intertidal and supratidal member 
that is usually a microbially laminated, 
locally desiccation-cracked, slightly 
argillaceous lime mudstone frequently 
exhibiting fenestral fabric, with thin in- 
terbeds of intraclastic horizons and 
laminae of peloidal or bioclastic grain- 
stone. If the sediments were laid down 
in an arid climate, nodular to wavy 
beds of anhydrite may displace and 
replace sediment of the intertidal and 
supratidal members (Fig.16). Higher- 
energy cycles (Fig. 18) also have a 
bioturbated subtidal bioclastic basal 
member, but the intertidal component 
is made up of bioclastic andlor locally 
oolitic grainstones representing beach 
deposits. These may exhibit inclined- 
and cross-stratification and hard- 
grounds. The upper intertidal and sup- 
ratidal units are generally desiccation- 
cracked microbial laminites. 

Both kinds of shallowing-upward 
successions can have a capping 
horizon of marsh sediments, paleosol 
or calcrete. Successions may be sepa- 
rated from overlying units by a karst 
surface caused by subaerial weath- 

Figure 15 A shallow pit excavated on the Holocene sabkha; Abu Dhabi, United Arab ering~ Or an surface 
Emirates. The roughly 1 m of section is composed of light-hued subtidal sediment at the during the environmental shift respon- 
base, overlain in turn by conspicuous black intertidal microbial mats with desiccation cracks sible for the next S U C C ~ S S ~ O ~ .  Supra- 
and light-coloured supratidal sediment and capped by eolian quartz-rich sands. Photo cour- tidal sediments may show the dia- 
tesy P. Scholle. genetic effects of groundwater dis- 
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charge, such as tepees, cements and 
leaching of evaporites. 

A warning! Tidal creek or channel 
fills can look suspiciously like shal- 
lowing-upward successions produced 
by tidal flat progradation (Fig. 18). 
Predictably, they should be composed 
of a basal intraclastic, peloidal and 
bioclastic grainstone lag or bar facies, 
overlain by thin-bedded and biotur- 
bated lime mudstone and wackestone, 
and capped by microbially laminated 
lime mudstone, recording waning 
energy conditions as the creek is aban- 
doned (e.g., Waters et al., 1989; Cloyd 
et al., 1990). Unless a channel margin 
or lateral-accretion bedding is ex- 
posed, or blocky intraclasts from 
margin collapse are present, these de- 
posits could easily be misunderstood. 

Geometry 
To interpret how any particular peri- 
tidal shallowing-upward succession 
may have developed there must 

be firm local and regional lateral con- 
trol on the distribution of units; bed 
or event correlation must be demon- 
strable. Besides walking or tracing out 
individual beds, the lithologic features 
that may be widely correlatable in peri- 
tidal successions are subaerial expo- 
sure horizons (karst surfaces, collapse 
breccias and paleosols), evaporite 
beds and siliciclastic horizons resulting 
from sea level fall. We recognize two 
geometries. Laterally continuous 
metre-scale successions are wide- 
spread, possibly platform-wide, and 
correlatable. Laterally discontinuous 
metre-scale successions are local in 
extent and noncorrelatable and supra- 
tidal facies can be traced laterally into 
intertidal andlor subtidal facies over kilo- 
metre-scale distances. 

Origin 
An aspect of carbonate sedimentology 
that has become a maxim over the last 
decade, for Phanerozoic rocks at 

least, is that healthy carbonate plat- 
forms, i.e., those not stressed by envi- 
ronmental conditions like cold water, 
hypersalinity, turbidity or nutrient poi- 
soning that hinder organism growth, 
can produce enough carbonate sedi- 
ment to aggrade, and commonly a 
surplus, causing progradation, while 
relative sea level rises (Schlager, 
1981). Shallow water sediments thus 
overlie deeper water facies. Each 
shallowing-upward peritidal succes- 
sion records the vertical and lateral ac- 
cretion of a single tidal flat to a level 
just exceeding high-tide mark; if there 
was no subsidence or sea level 
change, the thickness of the intertidal- 
supratidal component might approxi- 
mate the tidal range, but if there was 
any relative sea level change, the 
thickness is no indication of this at all. 

There are currently three models 
used to explain how a shallowing- 
upward succession forms 1) as a pro- 
grading wedge, 2) as a simultaneously 

LOW ENERGY, PALEOZOIC LOW ENERGY, EVAPORlTlC 

cross-laminated sandstone 

flat-pebble lntraclasts 
silty dolostone 

desiccation cracks 
nodular anhydrlte 

microbial laminiter enterolltlc anhydrlte 

1 hemispheroidal stromatolltes crystals + nodules of 
anhydrlte or gypsum 

bioturbated lime mudstone 

peloldal grainstone - biociastlc grainstone 

argillaceous limestone 
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SHALLOWING-UPWARD I SUCCESSIONS I I 
Figure 16 Hypothetical vertical profiles of individual low-energy, metre-scale, peritidal shallowing-upward successions. Left: from the lower 
Paleozoic; upper Paleozoic examples might exhibit calcretes at the top. Right: an evaporitic example (Chapter 19). No scale is implied, but 
each succession is typically 1-10 m thick. 
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aggrading sheet or, 3) as a mosaic of 
tidal flat islands (Fig. 19). 

The prograding wedge 
Holocene shallow-marine and peritidal 
environments are dynamic in that they 
shift geographically over geologically 
short periods of time in response to 
both local and regional changes in 
climate, prevailing wind direction, 
current pattern, and sediment supply. 
A single coastline, for example, may 
possess tidal flats that are accu- 
mulating and prograding, and tidal 
flats that are dormant or are eroding 
(e.g., Shinn et a/., 1969; Strasser and 
Davaud, 1986). Regardless, to gen- 
erate a single, laterally extensive 
wedge that has peritidal, shallowing- 
upward attributes throughout, the tidal 
flat must prograde laterally from a 
nucleus. Such accretion can develop 
seaward from land, outward from 
islands, or shelfward from platform 
margin buildups andlor shoals. It must 

be stressed that deposition on the tidal 
flat is a physical process. Sediment 
generated on the platform is swept 
onto the flats by storms producing the 
gradually prograding tidal flat wedge. 
As such, the size and dynamics of the 
peritidal wedge are primarily a function 
of the health and nature of the source 
area (the subtidal carbonate factory) 
and the way in which sediment is re- 
distributed on the platform (i.e., how 
much is transported to the flats, how 
much stays in place, how much is 
transported offshore into deep water). 

The Holocene record of sea level 
change is one of rapid rise between 1 1 
ka and 6 ka, followed by decelerated 
rise from 6 ka to the present. There 
are, unfortunately, few tidal flats that 
have been cored in enough detail to 
provide a good three-dimensional 
stratigraphic picture of deposition 
during this period. As a result of this 
small data base it is difficult to make 
generalizations. Nevertheless, at pres- 

ent there appear to be two styles of 
progradation (Fig. 20), simple offlap 
and staggered offlap (Hardie and 
Shinn, 1986). Simple offlap is typified 
by the gradually prograding wedge 
along the southem coast of the Persian 
(Arabian) Gulf. Staggered offlap 
is characterized by the northern 
Bahamas tidal flats. In the latter case 
the tidal flat does not seem to have 
prograded but instead aggraded 
behind a protecting beach ridge. The 
vertical succession is mainly burrowed 
sediment, reflecting deposition in a 
variety of pond, channel and intertidal 
flat environments, capped by laminated 
upper intertidal to supratidal sedi- 
ments. It is thought that tidal flat sedi- 
mentation began only when the off- 
shore carbonate sand bar emerged to 
become a barrier. Once the flat ag- 
graded to sea level, progradation took 
place by a series of jumps followed by 
back filling (Hardie, 1986). Such suc- 
cessions in the rock record should 

LOW ENERGY, PRECAMBRIAN LOW ENERGY, MESOZOIC 

stromatolitic tufa 

microbial laminites 

desiccation cracks - 
flat-pebble intraclasts 

bioturbated bioclastlc 
wackestone - bioclastic grainstone 

oolitic grainstone 

columnar stromatollte 
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SHALLOWING-UPWARD W I  
Figure 17 Hypothetical vertical profiles of individual low-energy, metre-scale, peritidal shallowing-upward successions from the Precambrian 
(left) and Mesozoic (right). A comparison of these with the Paleozoic example in Figure 16 shows some of the lithologic changes exerted by 
biotic evolution through geologic time. 
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contain remnants of these barriers. 
The Abu Dhabi sabkha is reported to 
have buried barriers (Warren and 
Kendall, 1985) and may have also de- 
veloped, in part, through staggered 
offlap. 

For a wedge of tidal flat sediment to 
prograde from the strandline across an 
entire platform, accumulation of sedi- 
ment must occur under relatively stable 
hydrographic conditions (i.e., sea level 
and climate) for the length of time rep- 
resented by progradation. A rapid rise 
in sea level would flood the broad 
supratidal flat and halt progradation, 
whereas any fall in sea level would 
strand the tidal flat before transplatform 
progradation was complete. 

This style of accumulation has been 
proposed to explain the extensive 
Cambro-Ordovician peritidal strata of 
the southern Appalachians (Hardie, 
1986). Metre-scale peritidal shallowing- 
upward successions of this epeiric plat- 
form have been correlated (but not 
traced) for distances greater than 100 

km parallel and perpendicular to depo- 
sitional strike. Progradation at this 
scale, however, would produce vast 
areas of abandoned supratidal flats 
behind the prograding shoreline, far 
distant from the subtidal source of sed- 
iment and exposed to protracted sub- 
aerial diagenetic effects. Since con- 
stant and uniform subsidence would 
inundate this supratidal surface, pro- 
gradation must have taken place while 
relative sea level was stationary or 
gradually falling. If progradation was 
simple offlap, then successions will 
be laterally continuous. If progradation 
was staggered off lap, successions will 
be discontinuous and separated by 
lenticular beach deposits. 

Simultaneously aggrading sheet 
In this situation, continuous in situ car- 
bonate sediment production results in 
aggradation of the seafloor steadily 
to sea level. The entire platform be- 
comes intertidal and then supratidal, 
and can be completely exposed before 

flooding and deposition of the next 
overlying succession (Fig. 19). There 
are no Holocene analogues for this 
process; it is derived entirely from in- 
terpretation of the rock record, and 
therefore is poorly constrained. Plat- 
form-wide peritidal exposure under 
these circumstances cannot be inter- 
tidal per se, because it is unlikely that 
tides could operate across such a vast 
horizontal distance all at once. In- 
stead, alternating flooding and expo- 
sure would have to be induced through 
the movement of the sea surface by pe- 
riodic storm surges or persistent winds. 
Such a style of occasional exposure 
and submergence may be difficult to 
distinguish in the rock record from true 
intertidal conditions. This hypothesis 
demands that at least some sediment 
be produced on the flats when the 
whole platform is in the intertidal- 
supratidal environment. Such accretion 
could predictably produce platform- 
wide, laterally continuous, metre-thick 
shallowing-upward successions, such 
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Figure 18 Hypothetical vertical profiles of individual high-energy, metre-scale, peritidal shallowing-upward successions, from a setting char- 
acterized by beach development (left) and a tidal flat penetrated by channels or creeks (right). 
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as those inferred from Cambrian strata and James, 1986). In this tidal flat 
by Koerschner and Read (1 989). island model deposition is envisioned 

as taking place on a platform dotted by 
Tidal flat islands a mosaic of exposed low-relief islands 

I 
I An alternative model has been postu- and intertidal banks separated by sub- 

lated to explain shallowing-upward tidal source areas (Fig. 19), with the 
I 

peritidal successions that are demon- whole complex shifting laterally and 
strably laterally discontinuous (Pratt vertically through time in response to a 

B 

SIMULTANEOUSLY AGGRADING SHEET 
oQ ' ,, . $Lh,, 

Figure 19 Diagrams illustrating various ways in which a metre-scale, peritidal, shallowing- 
upward succession can form. A prograding wedge is generated by sediment transported 
onto the tidal flat from the offshore carbonate factory. A simultaneously aggrading sheet ac- 
cretes vertically to sea level and the whole platform becomes sequentially intertidal and then 
supratidal. Tidal flat islands nucleate and accrete by aggradation and progradation and shift 
in response to hydrographic forces. 

range of local and regional hydro- 
graphic conditions. Such islands are 
developed today in Florida Bay and il- 
lustrate two modes of Holocene accu- 
mulation, 1) physically deposited mud 
banks capped by prograding intertidal 
and supratidal sediments, and 2) en- 
tirely supratidal deposition of a coastal 
mud flat, later dissected by erosion 
(Enos and Perkins, 1979; Wanless 
and Tagett, 1989). These islands, how- 
ever, have not migrated much during 
the relatively short period of Holocene 
flooding. If viable, this tidal flat island 
model severely limits the architectural 
predictability of ancient platforms, as 
the constituent facies, particularly the 
supratidal caps, are of inherently 
limited regional extent. 

Asymmetry 
Why is a metre-scale, peritidal shallow- 
ing-upward succession asymmetric? 
The characteristic asymmetry of a 
typical shallowing-upward succession, 
i.e., subtidal (A), intertidal (B) and 
supratidal (C) stacked in ABC -* ABC 
hemicycles (Figs. 16, 17, 18), as op- 
posed to full CBABC cycles, is gener- 
ally attributed to problems with the 
source area during platform inundation. 
If the flooding which begins a succes- 
sion were gradual, then the seafloor 
during initial submergence is thought to 
have been too wave swept and/or too 
shallow or restricted to produce much 
carbonate sediment. Thus there is a 
"lag timen or "lag depth" (Hardie, 1986) 
before the seafloor becomes deep 
enough to actively produce sediment 
that is subsequently moved onto the 
tidal flats. In some successions this time 
interval is represented by a coarse- 
grained "transgressiven facies at the 
base, whereas in others there is no 
obvious record of this hiatus in deposi- 
tion. Alternatively, if flooding was rapid, 
then supratidal facies (C) would be 
rapidly drowned and intertidal facies (B) 
would not have time to accumulate. 

PERlTlDAL CYCLOSTRATIGRAPHY 
The stratigraphic record of ancient 
peritidal carbonates tends to be one 
of persistent repetition of the basic 
metre-scale, shallowing-upward suc- 
cession, imparting a characteristic 
cyclic or, more appropriately, rhythmic 
appearance to the strata. While Holo- 
ene tidal flats sometimes provide an 
analogue for the generation of one 
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shallowing-upward succession, the 
cause of stratigraphic repetition must 
be derived from the rock record. The 
Pleistocene history of climate and sea 
level change, although the most de- 
tailed and best understood of past 
epochs, has left a stratigraphic record 
of limited usefulness because sea 
level fluctuations were so large that 
they did not result in stacked metre- 
scale shallowing-upward successions. 
Consequently, there is currently much 
discussion as to what causes the rhyth- 
mic stacking into thick stratigraphic 
packages of ancient shallowing-upward 
successions. Debate has centred 
around the question of whether the 
new space made available for each 
successive shallowing-upward succes- 
sion is the result of 1) recurring sea 
level changes (perhaps eustatic) at the 
same scale and temporal rhythm as 
the lithologic packaging; or 2) a high- 
frequency packaging mechanism in- 
trinsic to processes of carbonate 
sedimentation which are superim- 
posed on a low-frequency or irregular 
sea level rise. These are the allocyclic 
and autocyclic mechanisms, respec- 
tively, (see also Wilkinson, 1982). The 
two stacking mechanisms are not nec- 
essarily mutually exclusive, and it is 
uncertain at the moment whether or 
not evidence for either mechanism can 
be isolated in the rock record (Hardie 
etal., 1991; Read etal., 1991). 

There is good evidence that a 
typical shallowing-upward succession 
was deposited within a time span of 
10-100 k.y. (Algeo and Wilkinson, 
1988). This is a scale of resolution 
beyond that provided by biostrati- 
graphic methods. Much of the time 
represented by stacked shallowing- 
upward successions, however, is ac- 
counted for by hiatuses. Thus the time 
of deposition for a given tidal flat suc- 
cession may be only a small fraction of 
the total apparent stratigraphic time; 
Wilkinson et a/. (1991) have sug- 
gested as little as 3-30 per cent for 
some successions. 

Autocyclicity 
The driving force behind autocyclicity 
is the dynamics of sedimentation on 
the platform. Assuming optimum con- 
ditions, production rates for shallow- 
marine carbonate detritus could 
potentially provide enough sediment 
over a period of 10-100 k.y. to account 

for tidal flat aggradation to sea level or 
progradation of many tens to perhaps 
hundreds of kilometres under essen- 
tially static sea level conditions on a 
gradient which experienced typical 
passive-margin rates of subsidence 
(see also Hardie and Shinn, 1986). 

Progradation is inherently limited by 
the sediment budget of the carbonate 
platform. For example, in a model first 
proposed by Ginsburg (1971; see 
Bosellini and Hardie, 1973; Mossop, 
1979), a tidal flat wedge is envisioned 
as prograding across a gently inclined, 
gradually subsiding platform under 
static or slowly changing sea level 
(Fig. 19). As progradation covers the 
platform, the subtidal source area for 
tidal flat sediments becomes increas- 
ingly smaller (and deeper). Eventually 
the source area is too small or too 
deep to provide sediment for the tidal 
flat, so sedimentation stops. If relative 
sea level continues to rise, however, 
soon the whole platform will once 
again be subtidal and, after a lag 
period, the carbonate factory will be 
robust enough for sediment produc- 
tion, and the cycle will begin again. 

The meagre areal coverage of 
present-day tidal flats makes it difficult 
to envision a platform literally choking 
itself off through hundreds of kilome- 
tres worth of tidal flat progradation 
under steady-state sea level and sub- 
sidence conditions. Furthermore, it 
should be emphasized that interpreta- 

tions of platform-wide progradation in 
ancient examples are usually based 
on correlation of strata assumed to be 
diachronous, not on continuous strati- 
graphic exposure. 

Under conditions of platform-wide 
aggradation it is thought that, once 
flooded, a shallow platform could gen- 
erate enough sediment in situ that the 
whole seafloor would inexorably build 
to sea level (Fig. 19). Fundamental to 
this hypothesis is the ability of the "in- 
tertidal" and "supratidal" environments 
to produce sediment. The next cycle 
would accrete once relative sea level 
rise had submerged the platform in 
water deep enough for subtidal sedi- 
mentation to begin again. Critics of 
this hypothesis argue that, in order for 
the sediment surface to intersect the 
airlwater interface on a platform-wide 
scale, there must be a sea level fall 
(albeit minor - a metre or less?), be- 
cause it is unlikely that the seafloor 
would everywhere build right up to sea 
level of its own accord. This model is 
based on examples where shallowing- 
upward successions are correlated on 
a regional scale and assumed to be 
synchronous deposits. 

'Tidal flat islands are in part aggra- 
dational and in part progradational and 
their location is thought to shift through 
time in response to changing hydro- 
graphic conditions (Fig. 19). During in- 
tervals of prolonged static sea level, or 
slow sea level rise, they would, like the 

SUPRATIDAL 
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Figure 20 A diagram depicting two styles of tidal flat progradation envisioned from Holocene 
tidal flats. Simple offlap takes place by continuous progradation. Staggered offlap takes place 
by formation of an offshore bar which creates a leeward, protected setting in which tidal flat 
aggradation occurs. Once the flat builds to sea level it becomes dormant until another bar 
forms seaward and the process of backfilling begins again. Adapted from Hardie (1986). 
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prograding wedge, gradually choke off 
local source areas, eventually be- 
coming dormant. For sedimentation to 
begin again after a period of local 
stasis and probably protracted expo- 
sure of supratidal flats, there must be 
creation of new accumulation space. 
Under conditions of more rapid long- 
term sea level rise, and continually re- 
newed accumulation space, the is- 
lands would form a series of laterally 
discontinuous peritidal units. 

These autocyclic models express a 
basic premise that pervades current 
thinking about peritidal carbonates. 
Persistent and ubiquitous stratigraphic 
repetition of the basic shallowing-up- 
ward succession seems to indicate 
that these systems are, at least in part, 
intrinsically self-governing. 

Allocyclicity 
The extrinsic factors of subsidence and 
eustacy, which cause relative sea level 
change, have long been assumed to 
exert strong control on large-scale peri- 
tidal stratal patterns. High-frequency, 
low-amplitude sea level changes, the 
fourth- and fifth-order fluctuations of 
sequence stratigraphy (Chapter 2), are 
commonly invoked to drive the pack- 
aging of metre-scale, shallowing-up- 
ward peritidal successions (Grotzinger, 
1986; Koerschner and Read, 1989; 
Read et a/., 1991). In this situation, a 
metre-scale rise in relative sea level 
provides a window of opportunity, in 
the sense of both time and accumula- 

tion space, for the generation of a 
single shallowing-upward succession 
(Fig. 21). Deposition occurs while sea 
level is rising and at its apex, and is ar- 
rested by sea level fall. 

Formation of the shallowing-upward 
succession in this window is envisioned 
in different ways by different workers. 
All three styles of accretion presented 
above are viable within this scheme 
(prograding wedge, Grotzinger, 1986; 
aggradation, Koerschner and Read, 
1989; and tidal flat islands, Strasser, 
1988). Extrinsically controlled metre- 
scale successions of many kinds, in- 
cluding peritidal, have also been called 
punctuated aggradational cycles 
(PACs; Goodwin et a/., 1986) or more 
recently metre-scale allocycles 
(Anderson and Goodwin, 1990). Such 
cycles are metre-scale units, bounded 
by surfaces of abrupt change to deeper 
or disjunct facies and comprising a 
suite of contemporaneous facies, all of 
which shallow upward. The peritidal 
portions of such cycles are thought to 
be aggradational, but there is no 
reason why they could not be prograda- 
tional (either wedges or islands). 

The most commonly postulated ex- 
ternal controls to drive, or at least reset, 
the system at the end of each shal- 
lowing-upward succession are rhythmic 
eustatic change or jerky subsidence. 
While spasmodic subsidence with the 
required short frequency has been doc- 
umented from seismically active areas 
and for passive margins where listric 
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Figure 21 A diagram illustrating the relationship between fluctuating sea level and stacked 
metre-scale, peritidal, shallowing-upward successions. Sea level rise provides a window of 
opportunity for the succession to accrete as a prograding wedge, as a simultaneously ag- 
grading sheet or as tidal flat islands. Sea level fall terminates accretion and results in sub- 
aerial exposure. 

faulting is common (e.g., Cisne, 1986; 
Hardie et a/., 1991), the importance of 
subsidence rate changes as a control 
on stratigraphic rhythmicity in peritidal 
shallowing-upward successions is 
unclear. Sudden base level drops have 
not been observed in modern passive 
margin platforms, and ancient epeiric 
settings, where much of the peritidal 
record is found, seem unlikely to have 
experienced metre-scale, high-fre- 
quency spasms of subsidence. Be- 
cause there is currently no known 
frequency to such tectonism, it is difficult 
to use, and as yet impossible to model 
this mechanism as a universal control of 
stratigraphic rhythmicity. Nevertheless, 
the mechanism should not be dismissed 
as a potential control, especially in tec- 
tonically active regimes (e.g., Fischer, 
1964; Knight etal., 1991). 

In the early to mid-1970s studies of 
DSDP sediment cores and relict coral 
reef terraces demonstrated that the 
Pleistocene record of eustatic change 
is one of superimposed orders of sea 
level variation (orders, in the sense of 
both magnitude and frequency; Chap- 
ter 2). Deep sea sediments were ana- 
lyzed for oxygen isotopes (as proxy to 
glacial ice volume) and revealed a 
long-term (100 k.y.), 100 m-scale, 
asymmetric sea level oscillation. 
Pleistocene fossil reef data suggested 
that a shorter term (20 k.y.) sea level 
oscillation was superimposed on the 
longer term fluctuation. These various 
orders of eustatic change have been 
correlated to those predicted for ice- 
house glaciation driven by celestial me- 
chanics, i.e., the Milankovitch rhythm 
(e.g., Fischer, 1986). It has been postu- 
lated that the stratigraphic rhythmicity 
apparent in ancient peritidal carbon- 
ates reflects a similar composite 
eustasy (Goldhammer et al., 1987), 
both icehouse and greenhouse, of ce- 
lestial origin. If astronomically forced 
composite eustasy is indeed the 
primary driver in the packaging of shal- 
lowing-upward successions, then pre- 
sumably modulation of various orders 
of superimposed eustatic cycles could 
have provided potentially limitless 
rhythms to the stratigraphic record 
(Bova and Read, 1987; Koerschner 
and Read, 1989; Read etal., 1991). 

The common challenge to allo- 
cyclicity is that extrinsic controls on 
peritidal sedimentation are neither 
demonstrable' in, nor theoretically re- 
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quired to generate metre-scale shal- 
lowing-upward successions. It is hard, 
however, to imagine sea level remain- 
ing static for a long period of time, and 
therefore difficult, if not impossible, to 
dismiss some extrinsic control on suc- 
cession development. Allocyclic, plat- 
form-wide event stratigraphy should 
not be underestimated, but its deter- 
ministic role in peritidal cyclostratig- 
raphy is still uncertain. 

The search for controls and 
rhythms 
Significant effort has recently been 
devoted to unravelling the meaning of 
possible stratigraphic rhythms in 
stacked shallowing-upward succes- 
sions by numerical analysis. Because 
peritidal carbonates are so sensitive to 
changes in climate and sea level, it 
was widely suspected (hoped?) that 
this rhythmicity might retain a causa- 
tive signal of ancient climate and sea 
level fluctuations. If allocyclic eustatic 
control on stratal packaging is assumed, 
then reconstruction of the strata- 
generating sea level curve can be used 
as a tool to correlate and explain tem- 
porally correlative strata (Read and 
Goldhammer, 1988). 

At the current level of understanding 
and data base, it is not possible to 
isolate unequivocal evidence in the 
rock record for either allocyclic or auto- 
cyclic control on most peritidal stratal 
patterns. Reasonable-looking, syn- 
thetic, one-dimensional stratigraphic 
sections can, however, be generated 
by varying the critical input parameters 
of cycle amplitude, duration and asym- 
metry, bathymetry for each facies, lag 
time (depth), type of sediment, sedi- 
mentation rate, regional and local sub- 
sidence, isostatic compensation, wave 
damping, tidal range, and platform 
slope and dimension (Grotzinger, 
1986; Read et al., 1986; Goldhammer 
et a/., 1987; Spencer and Demicco, 
1989). These sections can then be 
compared to actual examples and 
eventually a match may be achieved. 
When similar modelling techniques 
are used to simulate two-dimensional 
(multisection) architecture it is often 
found that the time needed for a peri- 
tidal wedge to prograde across the 
platform is longer than that predicted 
by Milankovitch rhythms, and the 
wedges become stranded. 

Techniques, such as relative time 

series analysis and Fischer plotting, 
which made a good case for allocyclic 
forcing of some examples of platform 
carbonate rhythmicity, i.e., stratigra- 
phic patterns attributable to rhyth- 
mic Milankovitch composite eustasy 
(Goldhammer et al., 1987, 1990), can- 
not be used for the analysis of metre- 
scale peritidal shallowing-upward 
successions. Relative time series anal- 
ysis to reveal the rhythms of sedimen- 
tation are invalid for progradational 
wedges, either local or platform-wide 
in extent, because such deposits are 
by nature diachronous, and thick- 
nesses of resultant shallowing-upward 
successions vary with position on the 
regional gradient and/or platform to- 
pography. Fischer (1964) presented a 
graphic means of plotting time versus 
cumulative thickness for laterally con- 
tinuous, stacked, peritidal shallowing- 
upward successions. Fischer plots 
have often been used in recent studies 
of cyclic strata because they are de- 
signed to reveal changes in accumula- 
tion space which deviate from that 
space generated solely by subsidence; 
these deviations are postulated to re- 
sult from changes in sea level. How- 
ever, interpretations of Fischer plots 
are essentially model driven. For them 
to be viable two assumptions must be 
satisfied: 1) each peritidal succession 
must have been deposited in the same 
amount of time as every other succes- 
sion in the chain, and 2) there must be 
few, if any, missing tidal flat succes- 
sions. The use of Fischer plots is there- 
fore dubious for any peritidal suc- 
cessions which formed as prograding 
wedge-shaped tidal flats. It is likely that 
variations in both the tempo and mag- 
nitude of changes in accumulation 
space, however they are caused, 
account for stacks of shallowing- 
upward successions which vary in 
thickness. Whereas demonstration of 
allo- or autocyclic control of stratal pat- 
terns in stacked shallowing-upward 
successions appears out of reach at 
this time, more sophisticated models, 
particularly those which integrate peri- 
tidal rhythms with coeval subtidal and 
perhaps offplatform stratal patterns, 
hold promise. 

PERlTlDAL SEQUENCE 
STRATIGRAPHY 
The concepts of sequence stratig- 
raphy were developed in terrigenous 

clastic successions and carbonates 
have only recently been analyzed in 
this fashion (Chapter 14). Systematic 
packaging of the basic metre-scale 
shallowing-upward succession is less 
common and seems less straightfor- 
ward, or less well developed in car- 
bonates compared to siliciclastics. 
This difference likely reflects the fun- 
damental differences between car- 
bonate and siliciclastic sediments gen- 
erally. We have, therefore, avoided the 
term parasequence in this treatment of 
carbonate tidal flat deposits. 

Peritidal deposits are not indicative of 
any particular systems tract because 
the controls on tidal flat development, 
such as climate, platform circulation, 
wind patterns and tidal range, vary with 
each platform's unique history and con- 
figuration. Nevertheless, tidal flat de- 
posits are potentially useful in delineat- 
ing sequences and their component 
systems tracts in two ways, 1) geogra- 
phic position of the tidal flat on the plat- 
form may track long-term changes in 
sea level, and 2) changes in large-scale 
accumulation space, and thus se- 
quences, can be recognized through 
analysis of stacking patterns (packag- 
ing)'of shallowing-upward successions. 

Tracking sea level 
Tidal flats can be the first facies over- 
lying a sequence boundary, deposited 
as the rate of relative sea level fall de- 
creases and the sea slowly floods 
back across the platform. As third- 
order sea level fluctuates in response 
to long-term, large-amplitude driving 
forces, the location of the strandline on 
the platform will change. If conditions 
are favourable for their development, 
land-fringing tidal flat depasits will 
mark the position of coastal onlap 
through the third-order eustatic cycle 
(i.e., the "onlap-offlap" geometry of 
Hardie, 1986; Fig. 22). Sarg (1988) 
documented the utility of tidal flats at 
the outcrop scale in a sequence strati- 
graphic context for the Permian of 
New Mexico, where a sequence bound- 
ary and shelf-margin wedge systems 
tract were recognized in part by the 
downdip, basinward position of onlap- 
ping tidal flat deposits. 

Stacking 
The stratigraphic patterns of laterally 
continuous, metre-scale, shallowing- 
upward successions generated by pro- 



grading tidal flat wedges, can be envis- 
aged in the framework of long-term 
changes in relative sea level. Third- 
order sea level changes are thought to 
"modulate" the higher-frequency, 
fourth- and fifth-order sea level cycles 
represented by the tidal flat succes- 
sions. This has two consequences. 

Long-term, third-order fluctuations in 
sea level should carry the window of 
opportunity in which each individual 
metre-scale succession is formed 
back and forth across the platform. 
Depending upon the balance between 
different rates of subsidence, eustasy 
and sedimentation, the window will be 
geographically repositioned during 
each consecutive fourth or fifth-order 
change in relative sea level to result in 
backstepping, offlapping or stacking of 
peritidal shallowing-upward succes- 
sions. Figure 22 illustrates, in a con- 
ceptual way, how this might work on 
an inclined shelf. If the rate of change 
of long-term relative sea level is low, 
the geographic position of successive 
windows should remain roughly the 
same. Thus, peritidal successions in 
lowstand (position 1) and early high- 
stand (position 3) systems tracts will 
probably be stacked in one place and 
will be relatively thin because the rate 
of addition of new accumulation space 

is low. If the rate of change is high, the 
window should be forced backward 
and forward across the shelf. This will 
likely result in either relatively thick, 
backstepped tidal flat successions (po- 
sition 2 - transgressive systems tract) 
or relatively thin successions which 
offlap in a shingled fashion (position 4 
- late highstand or early lowstand 
systems tracts). It must be stressed 
that the distance of progradation in 
each case will be specific to each peri- 
tidal package on each shelf. 

Long-term sea level rise should ac- 
centuate short-term rises and sup- 
press short-term falls; long-term falls in 
sea level will have the opposite effect. 
The relative proportions of subtidal, in- 
tertidal and supratidal facies in suc- 
cessive shallowing-upward succes- 
sions may change systematically in re- 
sponse to this long-term modulation of 
short-term changes in accumulation 
space. This relationship is as yet 
hypothetical, and interpretations of 
such controls in ancient strata are nec- 
essarily model driven. 

SUMMARY 
Peritidal limestones and dolostones 
exhibit a large number of easily recog- 
nized sedimentary and biosedimentary 
structures. While some of these are in- 

dividually equivocal bathymetric indi- 
cators (stromatolites or wave-rippled 
beds, for example, can form in subtidal 
areas), in most cases the features can 
be used collectively to make a firm en- 
vironmental conclusion. A boon to in- 
terpreting ancient peritidal facies is the 
wealth of knowledge gained from 
modern settings. Very often a one-to- 
one lithologic comparison can be 
made, leading to a refined under- 
standing of paleoenvironments and 
paleoclimates in individual cases. A 
hierarchy of models has been formu- 
lated that deals with successive levels 
of interpretation of peritidal carbonate 
strata. 

These kinds of rocks fall into two 
main depositional systems, low-energy 
tidal flats and higher-energy beaches. 
The facies associations are fairly dis- 
tinctive for each setting: this is the first 
tier of models to guide basic interpre- 
tations. 

The vertical record of peritidal facies 
commonly shows a trend from subtidal 
limestone through intertidal sediments 
to supratidal deposits, at a metre 
scale, as tidal flats aggrade to sea 
level and prograde laterally. Peritidal 
models are therefore shown as shal- 
lowing-upward successions as a re- 
minder of these dynamic processes. 
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Figure 22 A diagram illustrating the hypothetical stratigraphy of metre-scale, peritidal, successions between two sequence boundaries. 
Each succession formed by progradation which took place in the window of opportunity produced by short-term fourth- and fifth-order fluctua- 
tions in relative sea level during a long-term, third-order rise and fall of sea level. Slow, third-order, sea level-controlled movement of the 
strandline will dictate where tidal flats develop on the shelf. The balance between sea level changes, sedimentation, and subsidence will 
dictate how successive tidal flats will stack, backstep or offlap. 
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These models, as predictors, point to 
departures from the norm and other ir- 
regularities that might have important 
implications regarding intrinsic or ex- 
trinsic controls on deposition. They 
also provide a framework within which 
the diagenesis of the sediment can be 
tracked. 

Peritidal carbonates occur repeti- 
t ively in stratigraphic sequences, 
often in a seemingly regular, or cyclic, 
fashion. There is much debate about 
whether these metre-scale, shallowing- 
upward successions are platform-wide 
responses to allogenic forces such as 
spasmodic subsidence or episodic 
eustasy, or whether they represent lo- 
calized tidal flat shorelines and islands 
shaped by autogenic, i.e., hydrogra- 
phic, controls. Sedimentologists have 
their work cut out for them by these 
models; we are now charged with the 
job of deciding, if possible, which one 
best explains our own successions, or 
if a new approach is necessary. It is an 
exciting field of research, one that 
weds careful and precise field observa- 
tions with increasingly sophisticated 
numerical modelling. 
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INTRODUCTION 
Ancient reefs and mounds were bio- 
logically constructed reliefs which 
grew on the seafloor and are now 
bodies of massive carbonate sur- 
rounded by bedded strata (Fig. 1). It is 
a challenge to formulate facies models 
for such features because they were 
primarily biological, and so their 
growth was governed as much by in- 
teractions within the evolving bio- 
sphere as by universal physical laws. 

This article is an integration of 
themes or threads which run through 
geological time and characterize reefs 
and mounds of all ages. Because 
there are some structures in the geo- 
logical record which have no living 
counterparts, the approach has been 
to use the modern to formulate princi- 
ples, the modern and the rock record 
to outline structure and the rock record 
to discuss stratigraphy. 

REEFS AND MOUNDS 
When we think of reefs, visions of 
clear tropical water, luxhiant coral 
growth and brightly coloured fish gen- 
erally spring to mind (Fig. 2). Such 
reefs are built by large corals and 
abundant algae and stand as impres- 
sive structures above the surrounding 
seafloor. Our vision quickly becomes 
blurred, however, in quiet, murky or 
deep water where these structures 
have varied relief, are constructed by 
different organisms and are as much 
piles of sediment as hard rock. Such 
reliefs, which do not readily fit our idea 
of reefs, are variably called banks, 
shoals, knolls or mounds. Because 
many "reefs" in the geological record 
were like these structures and 
because there were neither corals nor 
coral-like metazoans in many geolog- 
ical periods, there has for decades 
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Geldsetzer et a/. (1989)). In this review, 
reefs are those structures which were, 
like modern reefs, constructed by large, 
usually clonal elements (on average >5 
cm in size), and capable of thriving in 
energetic environments; mounds are 
those structures which were built by 
smaller, commonly delicate andlor soli- 
tary elements in tranquil settings. 
Viewed in the context of geological 
time, there are probably many more 
mounds than reefs. 

The different types of ancient reefs 
and mounds are most usefully concep- 
tualized on a quaternary diagram 
(Fig. 3). The main framework elements 
of reefs are scleractinian corals and 
tabulate "corals", coralline sponges 
(including stromatoporoids) and en- 
crusting calcareous algae or microbes 
(in the form of stromatolites/throm- 
bolites). There are three types of 
mounds: microbial mounds and skele- 
tal mounds were organically controlled, 

and are collectively called biogenic 
mounds; mud mounds were formed by 
inorganic accumulation of mud with 
variable amounts of fossils. The divi- 
sion between biogenic mounds and 
mud mounds depends on the nature of 
the accumulation/construction controls, 
not on the percentage of fossils. For in- 
stance, less than 10 per cent fenes- 
trate bryozoans may have controlled 
the construction of a skeletal mound 
by baffling and trapping lime mud. The 
fossils in skeletal mounds are smaller 
versions of the reef builders together 
with calcareous algae, bryozoa, spicu- 
late sponges, richtofenid brachiopods 
orudist bivalves. Microbial mounds are 
made of stromatolites/thrombolites, 
calcimicrobes (Renalcids, Tubiphytes 
etc.) and mud. Organisms which form 
mounds are gradational into, and can 
be important elements of, reefs or vice 
versa. Microbes and corals are 
common examples. 

been an Ongoing debate as to what Figure 1 An exhumed reef, approximately 600 m in length and 300 m in height, in the 
an ancient "reef" (see Proterozoic Little Dal Group, Mackenzie Mountains, Northwest Territories, Canada. The 

Dunham 970)9 974)9 castellated core of microbial limestone is surrounded by coarse flanking beds of reef talus. 
Longman (1981 1, James (1983) and Photograph G. Narbonne. 
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Many reefs and mounds are fractal. 
The smallest elements, stromatolites, 
individual corals or clusters of delicate 
skeletons, repeat, forming ever larger 
structures. Corals and other cal- 
careous benthos, for example, form 
heads, which in turn cluster to form 
coral knobs; clusters of coral knobs 
form reefs; clusters of reefs form reef 
complexes. This is particularly evident 
in mounds, where small clusters of or- 
ganisms construct metre-size lenses 
(variously called calyptra in the 
Cambrian, saccoliths in the Permian), 
which are stacked on top of one 
another to form impressive geological 
structures or mound complexes. 

Two terms, bioherms and bio- 
stromes, are commonly used to desig- 
nate biogenically constructed geo- 
logical structures. A bioherm is a lens- 
shaped reef or mound; a biostrome is 
a tabular rock body, usually a single 
bed of similar composition. Another 
commonly used generic epithet with 
no compositional, size or shape con- 
notation is carbonate buildup. 

The preceding terms carry no impli- 
cation of scale. While the shape of 
reefs in plan varies from subcircular 
"patch reefs" to linear "barrier reefs", 
mounds are generally subcircular to 

Sedimentary processes 
Modern reefs and mounds 
Any living reef or mound is a delicate 
balance between 1) upward growth of 
in place calcareous elements (meta- 
zoan and microbial), 2) continuing de- 
struction by a host of raspers, borers 
and grazers, 3) prolific sediment pro- 
duction by rapidly growing, short-lived, 
attached calcareous benthos, and 4) 

concurrent inorganic or organically 
induced cementation (Fig. 4). The 
large skeletal metazoans (e.g., corals) 
generally remain in place after death, 
except when so weakened by bio- 
eroders that they are toppled by 
storms. Their irregular shape and 
growth habit result in roofed-over cavi- 
ties that can be inhabited by smaller, 
attached calcareous benthos. En- 

elongate. During geological periods 
when large calcareous skeletal and mi- Figure 2 Large, shallow water, branching corals (Acropora palmata) about 1 rn in height, 
crobial structures were common, reefs growing just in the lee of the reef crest, offshore Grand Cayman Island, British West Indies. 
grew as fringing reefs inboard, as 
patch reefs across platforms, and as 
semicontinuous to continuous barrier 
reefs along platform margins. Coeval 
mounds developed in quiet water set- 
tings across the platform, on ramps or 
on the slope. During geological periods 
when there were no large reef builders, 
mounds were the only buildups and 
grew leeward of sand shoals, on deep 
water ramps and on slopes. 

THE ORGANISMISEDIMENT 
MOSAIC 
Reefs and mounds generally comprise 
three facies (Fig. 4), 1) Core facies - 
massive, unbedded carbonate with or 
without skeletons, 2) Flank or fore reef 
facies - bedded carbonate sand and 
conglomerate of in place and/or core- 
derived material, dipping and thinning 
away from the core, and 3) Interreef or 
open platform facies - subtidal lime- 
stone or terrigenous clastic sediment, 
unrelated to reef growth. The focus of 
this review is the core facies. Figure 3 A conceptual classification of reefs and mounds. 

Corals 

Encrusting calcareous A Stromatoporoids & 
algae & Microbes Coralline Sponges 

REEFS 

4 MICROBIAL SKELETAL 
MOUNDS MOUNDS 

Small delicate 
Calcimicrobes skeletons n MUD 

MOUNDS 
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crusting organisms growing over dead 
surfaces aid in stabilization. Branching 
reef-builders can also be preserved in 
place, but are just as commonly frag- 
mented by storms into sticks and rods 
which form skeletal conglomerates. 

Mounds are a variable mixture of 
skeletons and muddy sediment. Ske- 
letons, if present, usually remain in 
place after death but not necessarily in 
growth orientation. Core sediment can 

be bioturbated. 
Most sediment is produced by the 

postmortem disintegration of seg- 
mented (e.g., calcareous green algae) 
or nonsegmented (e.g., bivalves, bra- 
chiopods, foraminifers) organisms. 
These taxa grow on the reeftmound 
surface or in the many nooks and cran- 
nies between skeletons. Additional 
sediment is generated by bioeroders: 
boring organisms (worms,sponges bi- 

RASPINQ FISH 

Figure 4 A diagrammatic cross section of the different facies which comprise a reef or 
mound (upper right) and the organism-sediment mosaic which typifies a growing reef, whose 
composition is the sum of the four different processes illustrated in the inset. 

Flgure 5 Stromatactis, composed of cavities with digitate roofs and flat sediment floors 
which are centripetally filled by white, isopachous crusts of cement. Dark limestone is lime 
mudstone to wackestone. Basal unit (Facies A) of Devonian "rbcifs rouges", Croisette 
Quarry, VodelBe, Belgian Ardennes. Scale bar is 5 cm. 

valves) produce lime mud; rasping 
organisms, generally herbivores (echi- 
noids, fish), graze the surface creating 
copious quantities of carbonate sand 
and silt. The sediment accumulates 
around the buildups as an apron, 
lodges between skeletons as a matrix 
and filters into growth cavities as 
geopetal internal sediment. 

Rigidity of many reefs is accom- 
plished by organisms encrusting or 
growing on top of one another. Mound 
cohesion is achieved through the 
binding action of grasses and algae. 
Many reefs and mounds are also pref- 
erential sites for synsedimentary 
cement precipitation (Schroeder and 
Purser, 1986), and are hard limestone 
just below the growing surface. 

Ancient reefs and mounds 
Results of these processes can be 
seen in many Phanerozoic reefs and 
mounds, and especially in Mesozoic 
and Cenozoic structures, which are 
decidedly "modern" in composition. 
Paleozoic buildups do not appear to 
have been affected very much by 
boring organisms but were typically 
sites of intense synsedimentary cement 
precipitation; some reefs contain so 
much cement that they have been 
called "cementation reefs". Precam- 
brian buildups (Fig. I ) ,  with their 
limited biological components, were 
mainly constructive and contained few 
cavities but seem to have been partic- 
ularly susceptible to erosion by waves 
and currents. 

Our ability to distinguish between 
biogenic mounds and mud mounds 
depends on our facility to recognize 
the organic components, to interpret 
the ecological role played by the or- 
ganisms or to determine the origin of 
the fine-grained carbonate. 

Primary cavities in many carbonate 
mounds are enigmatic. They seem to 
have formed mainly during early dia- 
genesis below the seafloor by collapse 
of material, either through 1) dewa- 
tering of lime mud, or compaction, 2) 
slumping and downslope creep of co- 
hesive but unlithified sediment, or 3) 
decay of partially lithified organic 
tissue (especially sponges). Because 
collapse occurred in relatively homo- 
geneous mud, the collapsed material 
left a digitate roof and accumulated as 
geopetal sediment on the cavity floor. 
Frondose or platy skeletons may have 
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acted as umbrellas, protecting under- 
lying sediments during collapse. Cav- 
ities are isolated or organized into a 
network in which the flatness of the 
floors was enhanced by water circula- 
tion. 

Some cavities were subsequently 
centripetally cemented and such 
cement can form up to 40 per cent by 
volume of a given mound. These spar 
bodies (Fig. 5) were originally mis- 
taken for fossils and given the name 
Stromatactis and have since been the 
subject of much controversy (Bathurst, 
1982). Almost all workers have com- 
mented on the similarity of these car- 
bonate mounds, regardless of their 
age. Some have concluded a common 
origin and by implication a common 
origin for the mound facies containing 
stromatactis or stromatactis-like struc- 
tures (Bathurst, 1982; Pratt, 1982), 
whereas others have made a case for 
multiple origins (Bourque and Gignac, 
1983; Lees, 1988). Such spar bodies 
are mainly, but not exclusively, a 
Paleozoic phenomenon, suggesting 
some sort of organic control. 

times faster than ahermatypic (non reef- 
building), azooxanthallate corals. Light 
decreases exponentially with depth 
and the lower limits of hermatypic 
coral and calcareous green algal 
growth are 80-100 m. Vertical growth 
rates below 15 m decrease in a non- 
linear, possibly exponential fashion. 
While most corals are heterotrophs 
and micropredators, some, including 
the major reef corals Acropora, Pocil- 
lopora and Porites, are autotrophs and 
can meet their energy requirements 

entirely by photosynthesis. Coral 
growth form is in part an adaptation to 
varying light conditions. Other impor- 
tant animal-plant symbionts are alcy- 
onarians (soft corals), tridacnid bi- 
valves (giant clams), cyanobacteria- 
associated sponges and ascidians. 

Coral reefs flourish in nutrient-impov- 
erished oceanic regions largely 
because they retain and recycle nutri- 
ents very efficiently, using inorganic 
nutrients from the water and waste 
products (ammonia, organic phos- 

SUSPENDED 

I 

The growth window 
Although modern coral reefs and MOUNDS 
mounds are only part of the Pha- 
nerozoic spectrum, because they are 
alive today we can examine the 

\NurmNTs 

which their Figure 6 A sketch depicting the environmental window in which modern coral-algal reefs 
(Cheat et 1988 and Other grow best. Numbers for temperature and salinity define the growth limits of corals, boxes 
Reef Symposia volumes are an excel- enclose optimum values. 
lent source for this evolving data 
base). 

Modern coral reefs and mounds 
The modem growth window (Fig. 6) is 
determined by the combination of 
factors which control growth of the 
major organism, in this case corals. 
Hermatypic (reef-building) corals grow 
in waters between 18" and 36"C, but 
are best adapted to form reefs in  
waters between 25" and 29°C. Per- 
iodic exposure is not necessarily lethal 
(Fig. 7) and some intertidal corals are 
out of water for many hours daily. The 
salinity window ranges from 22%0 to 
40%0, but most corals grow best in 
waters between 25%0 and 35%0. 

Hermatypic, reef-building corals are 
cnidarians which contain light-depen- 
dent, photosynthetic symbiotic micro- 
organisms (zooxanthellae). Such sym- 
b i o n t ~  enable hermatypic corals to Figure 7 Shallow reef corals exposed during low tide on the northern Great Barrier Reef, 
produce calcium carbonate several Australia. The large colonies average 1 m in width. 

. 



phates) from the animal host. Even 
though the waters are low in nutrients, 
adequate amounts are supplied in en- 
ergetic environments by high water flux 
across the reef. Increased nutrient 
levels, from upwelling on the outer plat- 
form and runoff on the inner platform, 
lead to dramatic changes in reef struc- 
ture (Hallock and Schlager, 1986). At 
intermediate levels the animal-plant 
symbionts are replaced by more het- 
erotrophic forms and "fouling organ- 
isms" such as filamentous algae, fleshy 
algae and small suspension-feeding 
animals (barnacles and bivalves). 
Reefs still grow in such regions only 
because herbivores graze back the 
algae. Thus the paradox, that in- 
creased nutrient supply, by enabling 
other organisms to thrive, leads to 
modified or arrested reef growth. 

While coarse sediment in high- 
energy settings may cause abrasion, it 
is fine-grained suspended sediment 
that is most inimical to coral growth 
because it decreases light penetration 
and covers or clogs the polyps. It is 
difficult to decouple the effect of fine 
terrigenous sediment and nutrients on 
coral reef growth because they usually 

occur together. Fine sediment alone 
does not arrest coral reef growth but 
limits it to sediment-tolerant corals 
(Cortez and Risk, 1985; Johnson and 
Risk, 1987; Acker and Stearn, 1990), 
which either grow rapidly to rise above 
the substrate or are able to remove 
sediment from their polyps. Modern 
reefs in such environments are dis- 
tinguished by comparatively low diver- 
sity, exceptionally large corals and 
relatively little coral cover. 

Ancient reefs and mounds 
Although we cannot be certain about 
the physiological tolerances of all 
fossil reef-builders, some generalities 
are possible. Scleractinian corals, the 
modern reef-building corals, evolved in 
the Triassic and were probably zoo- 
xanthallate and reef-building by Late 
Triassic, certainly by Middle Jurassic, 
time. Tabulate corals are a diverse 
group of several organisms and it is 
not clear whether they contained 
similar symbionts (Coates and Jack- 
son, 1987; Cowan, 1988). Rudist bi- 
valves, mound builders of Cretaceous 
.seas, are related to modern, zooxan- 
thallate tridacnid bivalves and their 

BAFFLESTONE BINDSTONE FRAMESTONE 

REEF 
LIMESTONE 

FLOATSTON E RUDSTONE 

Figure 8 An interpretive sketch of the different types of reef and mound limestone recog- 
nized by Embry and Klovan (1971). Autochthonous limestones (top) are found in the core 
facies while allochthonous limestones (bottom) typify the flank or fore reef facies. 

ability to form large skeletons is 
thought by many to be the result of 
symbiosis (Kaufmann and Johnson, 
1988). Fossil sponges, both spiculate 
and soft bodied, and coralline sponges 
(hard skeletoned such as stromato- 
poroids, archaeocyathans) are poorly 
understood (Wood, 1990), but modern 
sponges on outer shelf reefs com- 
monly contain cyanobacterial sym- 
biont~. Regardless, for those organ- 
isms that did contain phototrophic 
symbionts, light and nutrients would 
have been important limiting factors. 

Many reefs and mounds built by ar- 
chaeocyathans, spiculate sponges, 
stromatoporoids, tabulate corals, cal- 
careous algae, and rudists are sur- 
rounded and buried by fine terrigenous 
clastic sediment, implying that these 
organisms had some method of re- 
moving fine detritus. Mounds are 
limited to regions of lower wave 
energy and, if constructed by pho- 
totrophic organisms, probably grew 
within a similar window. If they were 
nonphototrophic, the mounds could 
have grown in any environment and 
any water depth. The critical interfaces 
governing deep water mound facies 
are 1) the oxygen-minimum surface 
that marks the lower limit of biocon- 
struction, 2) storm wave base, below 
which delicate organisms will baffle 
and stabilize mud, 3) the photiclsub- 
photic interface above which photo- 
synthetic organisms will proliferate, 
and 4) the base of active reef growth 
above which large skeletal reef- 
building organisms, when present, will 
replace the mound communities. In 
general, the most significant is the 
photic/subphotic interface. 

REEF AND MOUND LIMESTONE 
Ancient reefs and mounds are usefully 
interpreted on the basis of several cri- 
teria, 1) the relative abundance and 
the relationship between organic com- 
ponents and sediment, i.e., the type of 
limestone, 2) the diversity of the larger 
fossils, and 3) the growth form of 
these organisms. 

Rock classification 
Many classifications have been pro- 
posed for reef carbonates, but the 
most descriptive and widely used is a 
modification of Dunham's (1962) tex- 
tural classification of lime sand- and 
mud-rocks proposed by Embry and 
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Klovan (1971; Fig. 8) which is partly 
descriptive and partly interpretive. As 
the library of fossil reefs and mounds 
has increased in the last 20 years the 
separation between allochthonous 
flanking sediment and autochthonous 
core limestone has become blurred. 
This is especially true for mud-rich 
lithologies in mounds, which are well 
classified as floatstones, or even 
wackestones (see discussion of ske- 
letal mounds) with no connotation of 
physical deposition. Alternatively, 
coarse skeletal particles such as phyl- 
loid algal plates accumulate with the 
texture of rudstone, which is inappro- 
priate for essentially in place accumu- 
lations; Davies and Nassichuk (1 990) 
suggest the term platestone for such 
lithologies. Other modifications have 
been suggested by Cuffey (1985). 
There is no real term for reef lime- 
stone composed of calcified microbes, 
and we suggest using the general 
term boundstone (Dunham, 1962). 

Fossil diversity 
Relative abundance of different fossils 
is potentially one of the most useful ob- 
servations when interpreting reefs and 
mounds. It must always be kept in 
mind, however, that only the calcar- 
eous part of the community, and more- 
over only part of that, is preserved. 
Organism diversity is, together with 
competitive interaction, a product of all 
those factors which affect growth (see 
reef window). Recent observations in- 
dicate that interruption by extrinsic 
factors such as hurricanes, outbreaks 
of predators (e.g., crown-of-thorns 
starfish, gastropods), die off of impor- 
tant grazers (e.g., echinoids) or major 
water temperature and salinity pertur- 
bations (e.g., El Nino) rearrange coral 
community structure. Undisturbed 
buildups have relatively low diversity 
because competitive dominants have 
eliminated inferior species. Structures 
subject to frequent or intense distur- 
bance have higher species richness 
because competitive domination is re- 
peatedly interrupted, giving inferior 
species a chance to persist. Reefs and 
mounds prone to the highest rates of 
disturbance are less diverse because 
only small numbers of resistant or 
rapidly colonizing species persist. 
Thus, patchiness and evidence of ex- 
tensive fragmentation and debris for- 
mation should be expected in the most 

diverse fossil buildups. Low diversity is 
also a characteristic of new communi- 
ties (those that have moved into a new 
environment) and those subject to 
severe and continuing physicallchem- 
ical stress. 

Growth form and environment 
The relationship between organism 
shape and environment is one of the 
oldest and most controversial topics in 

biology and paleontology. Limitations 
of applying these concepts directly to 
fossil reefs and mounds have been 
emphasized by Stearn (1982) who 
stresses that no general patterns are 
applicable to all reefs, and that varia- 
tions in shape are the result of interac- 
tions between environmental factors 
and the genetically dictated growth 
pattern of the organism. Nevertheless, 
the relationship between organism and 
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Figure 9 Control of water roughness and sedimentation rate on resulting external and 
internal geometry of fossil metazoan colonies. 
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surrounding sediment in  the rock 
record, does allow us to make some 
useful generalizations. 

Rate of sedimentation and water 
roughness in particular exert an impor- 
tant influence on the growth pattern of 
an individual colony. Relationship 
between external shape and internal 
growth banding geometry of a fossil 
colony can be used to infer the relative 
rates of sedimentation and water 
roughness (Fig. 9). The two growth 
forms, enveloping (Fig. 10) and non- 
enveloping (Fig. 11) result from the 
position of the living surface at the 
time of growth. That position is ex- 
pressed in corals by successive 
growth bands, whereas among the 
stromatoporoids, it is latilaminae. 
Enveloping forms indicate decreasing 
stability to water roughness with an in- 
creasing height to width ratio. Those 
skeletons whose base is cemented to 
a hard substrate (scleractinian corals) 
are more stable in rough water than 
those which sit on or in the sediment 
(stromatoporoids). Progressive burial 
of the skeleton (Fig. 9, right column) 
increases its stability. Although margin 
raggedness of a skeleton may come 
about in various ways (e.g., encrusta- 
tion by other organisms), partial burial 
that forces the living surface to move 
up is a common cause. The ragged 
nature of a skeletal margin is therefore 

a measure of the capacity of an or- 
ganism to keep pace with sedimenta- 
tion and hence, an indication of the 
rate of sedimentation. The implication 
is that skeletons with smooth margins 
that did not cement to one another and 
grew above the sediment surface were 
sensitive to variations in water rough- 
ness and thus confined to low-energy 
environments; those with ragged 
margins were partially buried and so 
could grow in any environment and 
stand rough water conditions. This is 
reflected by the zonation of stromato- 
poroid reefs (Fig. 12). 

FACIES 
The attribute which separates reefs 
from mounds is the organisms which 
constructed them. Reefs were built by 
clonal skeletons or organo-sedimen- 
tary elements (e.g., stromatolites) 
which could grow in many directions, 
attain large sizes and most important, 
encrust other elements and/or sedi- 
ments. Mounds were generally con- 
structed by relatively delicate and/or 
solitary organisms with restricted body 
shap,es. Reefs had the potential to 
grow and thrive in high-energy, shal- 
low environments, whereas mounds 
did not (the "wave resistant" attribute 
of Lowenstam, 1950). Thus, reefs 
could construct reliefs at platform 
margins which affected circulation and 

sedimentation across the top of the 
whole platform, whatever its size. 
Mounds were passive players in plat- 
form development although their large 
size may have generated separate 
sedimentary environments. They 
were, however, common foundations 
for platform margin reefs. 

Since reefs grew in shallow, high- 
energy settings, they show distinct 
lateral as well as vertical facies zona- 
tions, a response to variations in water 
depth and energy. Many mounds grew 
in quiet water and commonly have 
only a vertically zoned core facies sur- 
rounded by a flanking sediment facies. 

REEFS 
Attributes 
These structures were built by organo- 
sedimentary stromatolites and throm- 
bolites and/or skeletal metazoans, 
particularly tabulate corals, sclerac- 
tinian corals and stromatoporoids. 
Binding was accomplished mainly by 
calcareous red algae in the Pha- 
nerozoic and stromatolites in the 
Precambrian. Their facies distribution 
is generally the same as that of 
modern coral reefs with the caveat 
that it is not clear whether all stromato- 
poroid and tabulate coral reefs built 
structures up into the surf zone. 
Modern reef facies characteristics are 
directly applicable to Mesozoic and 

Figure 10 Outcrop photograph and sketch of a stromatoporoid skeleton with enveloping 
latilaminae (EL) indicating a low rate of sedimentation. Stability to water roughness would be 
low, unless the skeleton rooted into the sediment (RS) during early stages of growth. 
Skeleton is 80 cm in height. Upper Silurian Gotland, Sweden. 

Figure 11 Stromatoporoid skeleton 
(nonenveloping) with ragged margin (right) 
indicating a relatively high rate of sedimen- 
tation and high stability to water rough- 
ness. Skeleton is 60 cm in height. Upper 
Silurian, Gotland, Sweden. 
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Cenozoic coral-algal reefs, and, with 
the above caveat, useful for the inter- 
pretation of Paleozoic and Proterozoic 
structures as well. 

Scleractinian coral reefs 
Depth zonation 
Modern reefs exhibit depth zonation 
(Fig. 12) because of decreasing wave 
energy, light intensity and to a lesser 
extent temperature, with increasing 
bathymetry (e.g., Graus and Mac- 
intyre, 1989). The Reef Front Facies 
lies between about 10 m (the base of 
surface wave action) and 100 m. This 
is an environment of diverse reef- 
builders varying in shape from hemi- 
spherical to branching to columnar to 
dendroid to sheet-like. Accessory or- 
ganisms and various niche dwellers 
such as bivalves, gastropods, coralline 
algae, segmented calcareous algae 
and sponges are common. Below 
about 30 m wave intensity is low, light 
is attenuated and most reef corals are 
prone and plate-shaped (Fig. 13), 
forming framestones to floatstones. 
Pockets, streams and chutes of 
skeletal, especially calcareous algal, 
sand occur between areas of dense 
coral growth. The Fore Reef Facies is 
generally gravel and sand composed 
of whole or fragmented skeletal debris, 
blocks of reef limestone and skeletons 
of reef builders. Such deposits grade 
basinward into muds exhibiting many 
of the attributes described in the 
chapter on carbonate slopes (Chapter 
18). This zonation is particularly sensi- 
tive to perturbations of the growth 
window, particularly a decrease in 
light, which leads to a shallowing of all 
zones. 

sheet-like forms, are able to survive 
where wind and swell are constant 
and intense. If wave and swell inten- 
sity are more episodic or only mod- 
erate to strong, encrusting forms still 
dominate but can be bladed or have 
short, stubby branches. Where wave 
energy is moderate, robust branching 
corals proliferate. The large numbers 
of branching corals on modern reefs 
are due to their rapid evolution in the 
late Cenozoic. Hemispherical to 
massive forms characterize this zone 
in older scleractinian reefs. The Reef 
Flat Facies varies from a pavement of 
cemented, large skeletal clasts with 

scattered rubble and coralline algal 
nodules in areas of intense waves and 
swell, to shoals of well-washed lime 
sand in areas of moderate wave 
energy. Most material comes from the 
reef crest and is swept onto the pave- 
ment during cyclonic storms. Vagaries 
of wave refraction may pile the sands 
into cays and islands which in turn 
protect small, quiet water environ- 
ments adjacent to the reef crest. The 
protected Back Reef Facies is where 
much of the mud formed on the reef 
comes out of suspension. This, 
coupled with the prolific growth of 
sand- and mud-producing bottom 
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Energy zonation 
Growing as they do in the trade-wind 
belts, modern shallow water reefs 
exhibit a strong windward-leeward 
zonation (Fig. 12). This is true whether 
they form the margins of large plat- 
forms or are isolated structures in- 
board. 

Zonation is best developed in wind- 
ward locations (Fig. 14). The Reef 
Crest Facies, which extends to a 
depth of 15 m at most, receives most 
of the wind and wave energy. Com- 
position depends upon the degree of 
wind strength and  well height and pe- Figure 12 Cross sections through hypothetical, zoned marginal coral (mainly Cenozoic), 
riodicity of cyclonic storms. Only Or- stromatoporoid (mainly Siluro-Devonian) and stromatolite (mainly early Proterozoic) reefs. 
ganisms that can encrust, generally Rock types and growth forms are illustrated for each facies. 



fauna, such as calcareous green 
algae, results in mud-rich lithologies. 
Corals here are stubby and dendroid, 
and/or large, globular forms which 
extend above the substrate to with- 
stand episodic agitation and quiet 
muddy periods. 

Reefs on the leeward side of banks 
can be strikingly different, either 
because of reduced wave activity or 
because of "bad water". The bad water 
is formed on the platform by fine- 
grained sediment production, oxygen 
depletion, heating or evaporation. It is 
usually driven off the bank downwind, 
across the leeward margin, inhibiting 
reef growth to a depth of several tens 
of metres. Such shallow leeward 
margins can, therefore, be bare rock 
floors covered by soft fleshy algae or 
hard coralline algae with active reef 
growth taking place only in deeper 
water, below this interface. 

Nutrlen Wsediment zonation 
There is commonly a cross-shelf zona- 
tion in reef composition that partly re- 
flects the outboard decrease in fine 
sediment and nutrients. Inner shelf 
reefs are characterized by 1) quickly 
growing corals with a high tolerance 
for fine sediment but unable to with- 
stand turbulent waters, 2) large and 
abundant heterotrophic sponges, 3) 
low epifaunal diversity, 4) few soft 
corals, and 5) abundant soft algae and 
few calcareous algae. Outer shelf 

reefs (in areas of little upwelling) are 
distinguished by 1) slow-growing au- 
totrophic corals which cannot with- 
stand suspended sediment but are 
adapted to high-energy seas, 2) 
reduced numbers of sponges, most of 
which contain photosynthetic sym- 
bionts, 3) common tridacnid bivalves 
in the Pacific, 4) high epifaunal diver- 
sity, and 5) prolific calcareous algae. 

Stromatoporoid reefs 
Stromatoporoids are thought to be 
related to a class of fossil sponges 
which resembles modern sclero- 
sponges (dense, hard calcareous 
porifera). Since modern sclerosponges 
are not shallow reef builders we must 
rely on ancient reef case histories 
(e.g., Geldsetzer et al., 1988) to con- 
struct a general energy zonation 
(Kobluk, 1975; Bourque et al., 1986; 
Fig. 12). Although there were en- 
crusting stromatoporoids, most, unlike 
corals, sat on or were anchored in the 
sediment. High-energy zones like the 
reef crest, were inhabited by large, 
nonenveloping, ragged-margin forms 
(often referred to as massive forms) 
which were solidly rooted in the sedi- 
ment. Plate-like stromatoporoids, 
bound together by algae, microbes 
and/or cement, are also known to 
have occurred in rough water environ- 
ments. The totally enveloping smooth 
forms occupied quiet water zones, 
either below wave base or in sheltered 

Figure 13 Large overlapping platy corals (Montastrea sp. and Agaricia sp.) at 45 m water 
depth on the reef front, Discovery Bay, Jamaica. Plates are 0.2 to 1.0 m in width. 

areas of the back reef (domal, bul- 
bous, dendroid forms) and the lagoon 
(delicate stick-like amphiporoids). 
These skeletons were commonly re- 
worked during cyclonic storms and re- 
deposited as rubble units associated 
with peritidal facies. 

Since stromatoporoids did not typi- 
cally have an encrusting habit, it is 
doubtful that they were successful 
builders in the surf zone. Sand- and 
gravel-rich facies containing reworked 
ragged skeletons of stromatoporoids, 
up to several tens of centimetres high 
(an indication of scouring and digging 
during storms; Kershaw, 1979) are 
probably an expression of the inability 
of stromatoporoids to withstand surf 
conditions. 

Stromatolite reefs 
There are comparatively few studies of 
stromatolite reefs (see Geldsetzer et 
a/., 1988 for some excellent recent re- 
ports). Stromatolites were constructed 

Figure 14 Aerial view of a zoned "ribbon 
reef" which is part of the discontinuous rim 
along the eastern margin of the northern 
Great Barrier Reef, Australia. Wind and 
wave approach are from the Coral Sea 
(east = right). The reef crest is a narrow 
wave-swept band at the extreme right. The 
reef flat (F) is a cemented rubble and coral 
pavement about 1 km wide and exposed at 
low tide. The back reef (B) deepens gradu- 
ally into the lagoon (west = left) and is an 
area of abundant coral growth and isolated 
patch reefs. 
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by microbes which trapped and bound 
sediment and, perhaps more impor- 
tant, induced precipitation of calcium 
carbonate. Shallow water Proterozoic 
buildups were formed by stromatolitic 
domes, linked domes, columnar stro- 
matolites and their elongate equiva- 
lents in high-energy settings (Fig. 12). 
Surrounding sediments are generally 
intraclastic. Isolated deep subtidal and 
slope reefs (?below fairweather 
wave base) were built primarily by 
conical (conoform) stromatolites. Late 
Archean and early Proterozoic (2.7- 
1.5 Ga) buildups can contain spectac- 
ular synsedimentary cements. The 
microbial communities were probably 
less susceptible to environmental 
factors (salinity changes, nutrient 
supply) and pressures of community 
succession than later metazoan reefs 
(Grotzinger, 1989). 

MOUNDS 
Carbonate mounds (Fig. 15) are known 
mostly from the rock record. Single 
component mounds existed in the past, 
but recent studies have shown that 
many are not homogeneous but com- 
posite, containing a mosaic of facies. 
Two good mid-Paleozoic examples are 
the famous Waulsortian mounds and 
r6cifs rouges (Figs. 16, 17, 18) in 
which each end member, skeletal and 
microbial facies is represented. The 
true Waulsortian mounds (Lees, 1988) 
were early Carboniferous deep water 
buildups composed of stacked facies 
representing a depth zonation (Lees 
and Miller, 1985). The late Devonian 
(Frasnian) "recifs rougesn are also 
deep water carbonate mounds and 
show a depth-dependent vertical suc- 
cession of facies (Boulvain, 1990). 
With the exception of some calcimicro- 
bial mounds, which appear to have 
been able, like modern calcareous 
algae, to grow in high-energy environ- 
ments, most mounds seem to occur in 
preferred locations, 1) arranged just 
downslope on gently dipping platform 
margins, 2) in deep basins, and 3) 
spread widely in tranquil reef lagoons 
or wide shelf areas. 

The shape of carbonate mounds 
varies from flat lenses to conical piles 
with slopes of up to 40°, suggesting 
that they had significant relief above 
the seafloor. Critical to recognition of 
original depositional relief are the rela- 
tionships between mound facies and 

Figure 15 An Upper Cambrian microbial mound (centre), about 12 m in thickness, 
exposed in cliffs of siltstone, shale and limestone along the Llano River, central Texas, 
U.S.A. 
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Figure 16 Facies distribution and depth zonation of Waulsortian biogenic mounds. (Top) 
complete facies succession in a Belgian Waulsortian mound (type area); growth surfaces 
approximately parallel facies limits. (Top, right) Ecological assemblages and depth zonation. 
Facies I=fenestrate bryozoan mound; Facies Il=sponge mound; Facies Ill=spongel 
cyanophyte (thrombolites+calcimicrobes); Facies IV=skeletal algaelmud and spar mound. 
(inset) Distribution of facies on a carbonate ramp. After Lees and Miller (1985). 
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surrounding regional beds. Some may 
be "stratigraphic reefs", sensu Dun- 
ham (1970), with little original relief 
while growing. 

Skeletal mounds are generally baf- 
flestones, bindstones, floatstones and 
wackestones with lime mud, although 
muddy sand occurs. The massive to 
well-bedded carbonates that flank on- 
shelf mounds are extensive accumula- 

tions of skeletal debris and chunks of 
wholly to completely lithified lime mud- 
stone. These flank beds can be volu- 
metrically greater than the core itself 
and almost bury it. 

Microbial mounds 
Attributes 
These rocks are formed by the action 
of microbes, namely cyanobacteria, 

Figure 17 Field photograph of Waulsortian mounds (M) with flanking (F) and capping (C) 
beds. The central mound is approximately 40 m in height. Lower Carboniferous of the 
BBchar Basin, Djebel KBbir, Algerian Sahara. . 
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Figure 18 Facies mosaic and vertical succession of an Upper Devonian "rbcifs rouges" of 
Belgium. (Top, left) complete facies succession; dotted lines are growth surfaces. (Top, right) 
ecological assemblages and depth zonation. (Inset) Conceptual model of distribution of 
various types of monogenic and composite mounds on a slope with stacking order of facies 
for each mound. Facies A = red, stromatactis, sponge-rich mound; Facies B = pink 
coral/stromatoporoid/mud mound; Facies C = grey coral/thrombolite/calcimicrobe mound. 

true algae, diatoms and other au- 
totrophs which can either calcify di- 
rectly, induce calcification or trap and 
bind sediment (Riding, 1991). The 
rocks have been collectively called 
"microbialites" (Burne and Moore, 
1987). While most such microbes 
arelwere phototrophic and so re- 
stricted to shallow water, some 
arelwere chemautotrophs and so not 
depth limited. The most familiar ele- 
ments are stromatolites andlor throm- 
bolites (Fig. 19) of various types 
(Kennard and James, 1986). Less fa- 
miliar are the small calcified microfos- 
sils collectively called "calcimicrobes" 
(Fig. 20) of uncertain affinity (James 
and Gravestock, 1989) which include 
such forms as Renalcis, Epiphyton, 
Girvanella and Tubiphytes. Most con- 
tentious, however, is the origin of car- 
bonate mudstone (or microspar) in 
these structures which varies from 
clotted ("structure grumeleusen) to 
mottled to homogeneous. Because 
bacteria can induce carbonate precipi- 
tation, which is commonly clotted, 
much of this mudstone may be micro- 
bial. Alternatively much of the mud 
may be a direct inorganic precipitate 
or breakdown of calcimicrobial micrite. 
The organo-sedimentary product of 
microbes, being sensitive to diage- 
nesis, is frequently difficult to recognize. 

Modern analogues 
Uncertainty about the origin of micro- 
bial mounds comes from the fact that, 
because modern marine environments 
are dominated by metazoans and 
grasses, microbial buildups, like stro- 
matoporoid reefs, are restricted to 
stressed environments such as high- 
energy tidal sand shoals (Dill et a/., 
1986; Fig. 21), marginal marine ponds, 
saline and freshwater lakes and saline 
embayments (Burne and Moore, 1987; 
Kobluk and Crawford, 1990). Yet, 
there is the suggestion that they are 
present in coral reefs, especially as 
cementlmicrobe consortia (Pratt, 
1982; Riding etal., 1991). 

Skeletal mounds 
Attributes 
The skeletal builders acted as mud 
bafflers, trappers, binders and stabi- 
lizers. Three broad groups are distin- 
guished: I )  the small delicate skel- 
etons such as bryozoa (particularly 
fenestrate farms), delicate branching 
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or solitary corals and stromatoporoids, 
skeletal algae (dasyclads, codiaceans 
and corallines), phylloids and related 
forms, archaeocyathans and hard 
coralline sponges (Fig. 22), 2) the 
shelly organisms such as rudist bi- 
valves and rhytophenid brachiopods, 
and 3) the spiculate sponges. Micro- 
bial encrustation and binding may be 
present in all structures. 

Spiculate sponges are a peculiar 
group in this regard. They are sessile 
organisms composed of a spicuiar 
skeleton (amorphous silica or calcium 
carbonate) enclosed in an organic 
matter-rich body. Construction poten- 
tial of such organisms is high, but their 
fossilization potential is weak because 
the sponge body can easily be de- 
stroyed by oxidation of organic matter 

Figure 19 Core of a thrombolite illustrating the clotted microbial fabric in Upper Cambrian and dissolution of the spicular 
Limestone, Amadeus Basin, central Australia. Scale divisions in centimetres. skeleton. Mounds with fossil sponges 

are known and in some instances they 
have been preserved by bacterial ac- 
tivity (calcification during biodegrada- 
t ion or encrustation; Flugel and 
Steiger, 1981). But there are other 
mounds, commonly referred to as mud 
mounds (see below), where the fine- 
grained carbonate is extremely rich in 
sponge spicules, but where well-pre- 
served sponge bodies are few. In this 

Figure 20 Calcirnicrobe boundstone. (Left) Girvanella (G), Epiphyton (E), Renalcis (R), Figure 21 Underwater photograph, at a 
?microbial spar and microspar (M) boundstone; scale bar is 1 mm. (Upper right) detail of depth of about 8 m, of stromatolites growing 
Girvanella; scale bar is 0.5 mm. (Lower right) detail of Epiphyton 'encrusted' by ?microbial in subaqueous ooid sand dunes, Lee 
spar and microspar; scale bar is 1.0 mm. Large clast of Lower Cambrian limestone in St. Stocking Island, Bahamas. Photograph R. 
Roch Formation conglomerate, L'lslet Warf, QuBbec, Canada. Dill. Diver for scale. 



last case, it is probable that sponges 
were responsible for mound growth, 
but our ability to recognize them is 
limited (Bourque and Gignac, 1983). 

Msdern annloglues 
Potential general modern analogues 
are found across the environmental 
spectrum. Shoals of algae and corals 
(Boscence et a/., 1985; McNeill, 1988; 
Fig. 23) and banks of mud bound by 
grass and burrowed by decapods 
(Wanless and Tagett, 1989) occur on 
the inner, protected parts of platforms 
or ramps which contain coral reefs. 
Tracts of calcareous algal (Halimeda) 
banks occur below a depth of 20 m in 
areas of upwelling and nutrient excess 
(papers in Roberts and Macintyre, 
1988) where coral reefs have been ex- 
cluded. Mounds constructed by non 
reef-building (ahermatypic) corals 
(Mullins et a/., 1981; Stanley and 
Cairns, 1988; Bernecker and Weidlich, 
1990) and crusts (lithoherms) (Mes- 
sing et a/., 1990) grow in waters hun- 
dreds of metres deep. Skeletal 
mounds rich in bivalves and vestimen- 
tiferan tubeworms (Fig. 24) also grow 
in deep water around seeps of 
petroleum, methane, hv~ersa l ine  
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sponge-rich buildups grow in arctic 
waters (Van Wagoner et al., 1990; 
Eliuk, 1991). 

Mud mounds 
Attributes 
Mud mounds are reliefs of lime mud 
that supported a variable benthic flora 
and/or fauna. Two problems bedevil 
our understanding of mud mound 
genesis: the source of particulate mud 
and its stabilization mechanisms. Lime 
mud can come from an external source 
and be hydrodynamically concentrated 
(as soft pellets) to form mounds or it 
can be produced in situ by organisms 
(degradation of delicate skeletons, mi- 
crobial production). When mud 
mounds are surrounded and buried by 
carbonate sediments both sources are 
possible, but when surrounded by sili- 
ciclastic facies (Fig. 25) the mound 
must have been the mud factory. 

Modern analogues 
One of the most frustrating aspects of 
studying carbonate mud mounds is the 
absence of modern analogues. Except 
for microbes, which are thought to be 
able to produce particulate lime mud 
(Camoin and Maurin, 1988; an hypoth- 

producers on the scale of modern deli- 
cate green algae. Structures that 
come closest to mud mounds are sea- 
grass-stabilized shallow water mud 
banks, supporting a variable volume of 
benthic flora and fauna or the deep 
water current-formed lithoherms in the 
Straits of Florida. No fossil analog to 
modern seagrass has been shown to 
have stabilized ancient mud mounds 
although early seafloor cementation is 
a conspicuous attribute of many 
ancient mud mounds. 

AUTOSTRATIGRAPHY AND 
ECOLOGICAL SUCCESSION 
The composition, diversity and organi- 
zation of reef- and mound-building as- 
semblages commonly change as the 
structures grow. This is due both to in- 
trinsic biological interactions which lead 
to ecological succession or autostratig- 
raphy and to external environmental 
controls which result in allostratig- 
raphy. As both arelwere operative in all 
reefs and mounds, usually simultane- 
ously, they are difficult to separate in 
the geological record. 

Ecological succession is manifest in 
reefs and mounds as an increase in 
species diversity, biomass, structural 

brines and vents of hyd;othermal esis for which there is no modern 
waters (Callender et a/., 1990). Tiny example), there are no known mud 

Figure 23 Polished slab of a plastic-im- 
pregnated core through a Holocene 
skeletal mound, Rodriquez Key, Florida, 
U.S.A. The large skeletons are branching 
coral (Porites sp.) and the numerous 

Figure 22 Outcrop photograph of calcareous sponges (arrows) and encrusting calcareous smaller fossils are cross sections through 
algae (irregular dark lines) in one of the skeletal mounds along the margin of the Permian platy green calcareous algae (Halimeda 
"ReeP" Complex, New Mexico, U S A .  Scale divisions in centimetres. sp.1 
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complexity and stability through time. 
The stages of succession have been 
called stabilization, colonization, diver- 
sification and domination (Fig. 26; 
Walker and Alberstadt, 1975; James 
1983). 1) The Stabilization Stage is a 
shoal or accumulation of skeletal lime 
sand composed of pelmatozoans, bi- 
valves, brachiopods, or calcareous 
algae. Surfaces can be colonized by 
algae, plants (sea grasses) and/or 
animals that send down roots or hold- 
fasts to bind and secure the substrate. 
2) The Colonization Stage is charac- 
terized by few species, sometimes 
massive or lamellar forms, but more 
commonly monospecific clusters or 
clumps of branching fossils. The 
branching shapes created many small 
subenvironments or niches which 
were populated by other attached and 
encrusting organisms. 3) In the Diver- 
sification Stage the number of major 
reef-building taxa is usually more than 
doubled, and the greatest variety in 
growth habit is encountered. With this 
increase in form and diversity of 
framework and binding taxa comes in- 
creased nestling space, i.e., surfaces, 
cavities, nooks and crannies, leading 
to an increase in diversity of debris- 
producing organisms (Fig. 27). The 
structure is frequently high enough 

matter. Assemblages are of generally 
low diversity and dominated by one or 
two elements, poorly zoned and char- 
acterized by clumps of fossils with 
spaces between. A climax community 
is composed of clonal, long-lived, 
commonly endemic specialists who 
occupy narrow environmental niches, 
are slow growing and of large to gi- 
gantic size and have a wide variety of 
shapes. The community is one of high 
biomass which completely covers the 
seafloor and in which nutrients are 
conserved and efficiently recycled, but 
it is vulnerable to catastrophe. 

Considered against this back- 
ground, most mounds fit the concept 
of a pioneer community or stages 1 
and 2, while most reefs fit the concept 
of a pioneer community or mound unit 
succeeded by a climax community or 
stages 3 and 4. The basal mound unit 
is an elevated, firm to hard substrate 
upon which the reef or climax commu- 
nity could grow. This topographic high 
can, however, be antecedent, i.e., a 
pre-existing seafloor high of whatever 
composition (pre-existing dead reef, 
karst hill, terrigenous sand shoal), in 
which case the climax or reef commu- 

above the seafloor water 'jr- Figure 24 Lower Cretaceous (Albian) chemosynthetic mound composed of abundant bi- 
culatiOn and thus change sedimentam valves and serpulid worm tubes surrounded by deep water, outer shelf to slope, fine- 
tion Patterns. At this point not only are grained, terrigenous clastic sediments. Helicopter for scale. 
surrounding sedimentary environ- 
ments altered but, in the right location, 
the reef itself can, because its margins 
now reach from shallow to deep water, 
develop an energy zonation. 4) The 
most common lithology in the 
Domination Stage is a limestone 
formed by a few taxa with one growth 
habit, generally encrusting to lami- 
nated. Most buildups show the effects 
of rough water at this stage, in the 
form of beds of rudstone. 

In more general terms the first two 
stages are really pioneer or develop- 
mental phases whereas the last two 
are climax or mature phases (Fig. 26; 
see Copper, 1988, for an excellent dis- 
cussion). Such pioneer communities 
are composed of generalists which are 
small, solitary, generally erect, hardy 
and fast growing, have high recruit- 
ment and re~roduction rates, and are 
of wide geographic distribution. They Figure 25 An Upper Carboniferous (Middle Pennsylvsniarl) Waulsortian-like mound in the 
can readily adapt to new substrates Blue Mountains, northwestern Ellesmere Island, Arctic Canada. The 300 rn-thick structure 
and tolerate abundant suspended occurs in dark, slope to basin calcareous shales. Photograph 6. Beauchamp., 
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nity nucleated directly on the seafloor. 
Such a situation is common in modern 
seas where living reefs are located on 
highs formed by underlying Pleis- 
tocene reefs, modified by prolonged 
karstification. 

Thus, in the geological record, eco- 
logical succession generates three 
types of structures (Fig. 28), 1) 
mounds, 2) mounds gradationally over- 
lain by reefs, and 3) reefs nucleated di- 
rectly on pre-existing hard, commonly 
elevated, surfaces. These styles 
depend upon the local environment 
and geological period. During periods 

when a wide spectrum of organisms 
were present all three can be ex- 
pected. Mounds during these times 
will be pioneer communities which 
were prevented from developing into 
climax communities ("arrested succes- 
sions" of Copper, 1988) by their loca- 
tion in unsuitable environments, gen- 
erally on the inner platform or in deep 
water. In geological periods when 
benthic communities lacked organisms 
capable of producing large elements, 
buildups rarely passed the pioneer 
stage, and mounds were the norm. 

The autostratigraphy of an individual 

AUTOSTRATIGRAPHY - ECOLOGICAL SUCCESSION 

buildup may comprise two to four 
stages, or if disrupted, illustrate 
stacked stages. While periodic distur- 
bances were necessary for diversity, 
major catastrophes which destroyed 
the community are manifest as breaks 
(hardgrounds, subaerial exposure sur- 
faces). These catastrophes reset the 
clock and, depending on the local en- 
vironment, the overlying buildup may 
be a mound (pioneer) or reef (climax). 
The size and frequency of units within 
a buildup are allostratigraphic, a func- 
tion of external controls. 

ALLOSTRATIGRAPHY AND 
SEQUENCE STRATIGRAPHY 
Holocene history of living reefs 
The allostratig;aphy o f  reefs and 
mounds is a function of 1) varying con- 
ditions in the growth window, 2) eco- 
logical succession, 3) antecedent 
topography, and 4) the rates of sea 
level rise and organism growth. Reef 
growth during the Holocene rise in sea 
level, as revealed by extensive drilling 
during the last 15 years (Macintyre 
and Glynn, 1976; Davies and Hopley, 
1983; Davies and Montaggioni, 1985; 
Davies et'al., 1985; Macintyre, 1988), 
illustrates several themes. Even 
though rates may be different in the 

I ancient, the stratigraphic record is still 
a measure of the interplay between 

Figure 26 A sketch of the four divisions of the core facies that can be generated by eco- them, from which first-order interpreta- 
logical succession of the reef builders. (Right) the most common types of limestone, relative tions can be made, 
species diversity and shape of the reef builders found in each part. (Left) The stages of 
growth. Mounds typically exhibit the first two stages while reefs can exhibit all four stages. Start-up 

Reef start-up can take place 1) during 
sea level rise following exposure, 2) 
during sea level fall when the seafloor 
comes into the growth window, 3) 
when the seafloor is raised by mound 
development into the growth window, 
4) when factors inimical to reef growth 
are turned off. The nature of the initial 
community depends on where in the 
growth window accretion begins (e.g., 
inboard/outboard, shallow waterldeep 
water) and the nature of the substrate 
(e.g., flat soft-sediment seafloor, ele- 
vated hard substrate). Reef growth 
during the Holocene transgression 
generally began on Pleistocene lime- 
stone or other hard substrates. There 
seems to be no pattern to initial reef 
growth; some reefs started as shallow 
or intermediate depth communities im- 
mediatelv, other reefs experienced lag 

7 - 

Flgure 27 A reef core framestone (diversification stage) of massive stromatoporoids and times of up to 2,000 years and did not 
dornal and branching tabulate corals in the Lower Devonian on Ellesmere Island, Canada. begin to grow until the water was more 
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than 20 m deep. In general, however, 
mid-to inner-shelf reefs show delayed 
start-up whereas shelf margin reefs il- 
lustrate immediate growth. Accretion 
rates of inner shelf reefs increased 
dramatically once the barrier reef 
reached sea level. 

Growth strategies 
The Holocene sea level curve is one 
of early rapid rise, late slowing and 
final stability. Reef accretion during 
this period illustrates one of several 
strategies (Neumann and Macintyre, 
1985; Fig. 29). Keep-up Reefs main- 
tained their crests at or near sea level, 
tracking sea level rise. Catch-up Reefs 
began as shallow reefs which became 
deeper as rise rate exceeded accre- 
tion rate, only to grow upward and 
catch up with sea level. Alternatively, 
they started on a deep substrate and 
then grew up to sea level. Once reefs 
of either type reached sea level they 
maintained a near-surface crest or de- 
veloped a capping facies of subtidal 
pavements to storm-ridge deposits. At 
this point growth was limited to the 
seaward margin and reefs prograded 
laterally over their own reef front and 
fore reef sediments. Give-up Reefs ini- 
tially grew as did the others but then 
succumbed to changing environmental 
conditions and died. All studies note 
that the responses of reef growth to 
sea level rise varied greatly, even 
within the same reef. In Papeete, for 
example, keep-up reefs typify the 
windward margin, catch-up reefs char- 
acterize the leeward margin and give- 
up is the fate of muddy patch reef 
margins (Montaggioni, 1988). Growth 
strategies were independent of reef 
fabric, form and setting. 

Drowning 
Reefs can turn off and die for a variety 
of reasons. The most obvious reason, 
that sea level rise was too rapid for the 
reefs to keep up, is not the answer. 
This is because Holocene reefs can 
have extraordinarily high growth rates 
which potentially exceed any rise in 
sea level except that related to tec- 
tonics. Schlager (1981) has argued, 
mainly on the basis of abundant evi- 
dence of progradation in the rock 
record, that ancient reefs were also 
capable of similar rapid growth rates. 
Changes in the growth window are 
more likely to be the cause of reefs 

giving up. "Drowning" is defined by 
Schlager (1990) as "submergence of 
the platform top below the photic zonen 
by a rise in sea level or shallowing of 
the photic limit. Alternatively many reefs 
which grew along the steep edges of 
platforms during the early Holocene 
seem to have been killed by some com- 
bination of increased turbidity, nutrient 
excess or hot saline waters which 
swept off the shelves when sea level 
flooded the wide shallow platforms (the 
"bad water" syndrome). Even today 

most windward Bahamian reefs grow 
opposite islands which protect them 
from these bank waters, otherwise they 
are "shot in the back" by the very waters 
they helped generate by restricting cir- 
culation on the platform (Neumann and 
Macintyre, 1985). 

Ancient reefs 
Keep-up reefs in  the rock record 
should illustrate homogeneous vertical 
sequences of roughly similar facies. 
Alternating framework and detrital reef 

Figure 28 A sketch illustrating the stratigraphic relationship between reefs and mounds. 
Mounds can be separate structures or be gradational upward into reefs while reefs can cap 
mounds or grow directly on the flat or elevated seafloor. 

KEEP CATCH 
UP UP 

- 
7 ---DEEP 

GIVE 
UP 

POISONED 
SUFFOCATED 
EXTINGUISHED 

Figure 29 Growth strategies illustrated by reefs during a period of r$ing sea level; after 
Neumann and Macintyre (1985). (Inset) The shallow, intermediate and deep zones of reef 
growth. Keep-up reefs track sea level and have uniform facies throughout (in this case, all 
shallow water facies). Catch-up reefs can have an initial shallow water facies, then lag 
behind sea level rise for a short period only to grow upwards through progressively shallower 
waters to reach sea level; such reefs display shallowing-upward facies trends. Give-up reefs 
start to grow but are killed off by excessive nutrients (poisoned), abundant fine sediment 
(suffocated) or rapid subsidence below the photic zone (extinguished). The top of a give-up 
reef can be a hardground or it can grade upward into a deep water mound. 
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flat facies will be typical of reefs that Catch-up reefs should illustrate either reefs can display a variety of succes- 
tracked sea level but did not exceed it. a deepening and then shallowing- sions (Fig. 29) depending on whether 
Massive framework facies will charac- upward succession or just shallowing- they were smothered by sediment (ter- 
terize reefs that grew in intermediate upward. The shallowing-upward parts rigenous or carbonate), poisoned by 
water depths, never accreting fast often resemble sequences produced nutrient excess or extinguished by 
enough to build into the surf zone. by ecological succession. Give-up failing light. Poisoned or extinguished 

b 

C reefs are overlain bv hardqrounds, dif- 

Figure 30 A sketch illustrating aggrading reef growth during a rise and fall in sea level 
when fluctuations were large and of short period and/or the reef builders could barely match 
rates of sea level rise. In relatively shallow water aggradation is mainly during TST, EHST 
and LHST phases; in deep water aggradation is only during LST and the top of the reef is 
drowned or replaced by a deep water mound during sea level rise. Such reefs may be 
stacked to form large complexes or if sea level is very rapid may backstep upslope (insets). 

Figure 31 A sketch illustrating compound reef growth patterns during a rise and fall in sea 
level when the scale and period of sea level fluctuations were intermediate and/or reef 
builders could match the fastest rates of sea level rise. The motif is one of aggradation fol- 
lowed by progradation. TST are mostly keep-up; EHST are catch-up and LHST are pro- 
grading, Inset shows stacking of reefs as the result of growth during several major 
fluctuations in sea level. 

ferent communities or mounds. 
The geometry of ancient reef bodies 

is controlled by the nature of relative 
sea level fluctuations and the ability of 
reef-building organisms to track these 
sea level changes (e.g., Polmar, 1991). 
Variations in the shape and com- 
position between reefs at any given 
time will also reflect the shape of the 
sea level curve, especially the ampli- 
tude and period of the sign curve. The 
responses are of course hierarchical 
and can be superimposed, resulting in 
a myriad of slightly different geome- 
tries. Most, however, are variations of 
the three illustrated in Figures 30, 31 
and 32. In each case the response of 
the reef is expressed as a transgres- 
sive systems tract (TST), an early high- 
stand systems tract (EHST), a late 
highstand systems tract (LHST) and a 
lowstand systems tract (LST). 

Aggrading reefs 
Aggrading reefs (Fig. 30), which can 
be perpetually submerged, are charac- 
terized by upward growth and develop 
when the amplitude of sea level fluctu- 
ation is large and the period short, 
and/or when the reef builders can 
barely match the rate of sea level rise. 
Two variations are possible, shallow 
water reefs and deep water reefs. 
1. Shallow water reefs. TST reefs are 
narrow but thick, with near vertical 
margins and little perireefal sediment. 
They grew in a keep-up, but lag mode 
and the reef community was an inter- 
mediate depth one. EHST reefs are 
still keep-up to catch-up in the form of 
shallower water assemblages. LHST 
reefs are catch-up and may exhibit 
local exposure and minor prograda- 
tion. LST reefs are prograding pro- 
viding there is sufficient perireefal 
sediment for a foundation. 
2. Deep water reefs. These buildups 
developed on deeply submerged plat- 
forms or in basins and accreted only 
when sea level fell far enough to bring 
the seafloor into the growth window. 
TST reefs are give-up in style, being 
extinguished as the water became too 
deep. The EHST and LHST are sedi- 
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ments, hardgrounds or mounds on top 
of the reefs. LST is characterized by 
start-up and catch-up reefs, which may 
have reached sea level, but usually did 
not, during the bottom of sea level fall, 
only to give-up again as sea level rose. 

Successive periods of reef growth 
can result in stacked structures with rela- 
tive relief above surrounding sediments 
dependent upon rates of inter-reef sedi- 
mentation during lowstands. Alter- 
natively, if long-term sea level rise is 
rapid then reefs may not be stacked but 
will have nucleated progressively up- 
slope, generating a "backstepping" motif. 

Compound reefs 
These buildups (Fig. 31), which have a 
prominent aggradational and progra- 
dational motif, formed when the ampli- 
tude and period of sea level 
fluctuations were intermediate or the 
reef builders had no trouble matching 
the fastest rates of sea level rise. TST 
reefs, with plenty of accumulation 
space were continuously in a catch-up 
or more commonly keep-up mode, and 
this part of the reef is usually the nar- 
rowest and thickest. EHST reefs 
caught up to sea level and formed 
wide reef flat facies with growth 
focused on the oceanward side. LHST 
reefs had little accumulation space, 
exhibit extensive progradation and 
have wide reef flat facies. LST reefs 
were narrow fringing structures down- 
slope and built on variably cemented 

Ancient mounds 
Whatever their location, on shelves or 
in deeper water, common features of 
biogenic mounds are their well-defined 
vertical zonation and near absence of 
lateral zonation. In on-shelf or upper 
slope mounds, which are dominantly 
skeletal mounds, vertical zonation is 
energy dependent. These mounds are 
exemplified by the late Paleozoic platy 
algal mounds (Fig. 33). A complete 
vertical sequence goes through three 
successive stages, 1) a basal accumu- 
lation of bioclastic muddy sediments 

without baffling or binding (mud 
mound stage), 2) a core of lime-mud- 
rich platy algal bafflestone (skeletal 
mound stage) built in relatively low 
energy level, below wave base, and 3) 
a crestal bindstone of encrusting 
skeletal organisms (foraminifera, 
Tubiphytes; skeletal mound stage to 
reef stage) when the biogenic pile 
reached higher energy level (active 
wave base). If the mound crest was 
maintained in rough water, a sand 
shoal would cap the mound. Similar 
types of zonations are found in on- 

SEA LEVEL 

PROGRADING 

fore reef sediments which may have 
Figure 32 A sketch illustrating prograding reef growth during a rise and fall in sea level been subject to slumping. when changes in sea level were small and of long duration andlor the reef builders could 
easily exceed the rates of sea level change. If platform-basin relief was large progradation 

Prograding reefs prevails during LHST and LST but if small then biostromes or sand shoals can develop. 
These reefs (Fig. 321, which grew in Inset shows the result of repeated progradation. 
shallow water, were often uerpetually 
exposed and expanded laterally.  he; 
formed when sea level changes were 
relatively small and of long duration 
and/or the reef builders could have 
easily exceeded the rates of sea level 
change. The prograding style was es- 
tablished soon after nucleation because 
accumulation space was minimal. TST 
reefs are typically zoned structures but 
the style of EHST and LHST reefs de- 
pended upon reef-basin relief. If relief 
was large then progradation would con- 
tinue and wide reef flats could have de- 
veloped. If relief was minimal then reef 
geometry would be lost and the seafloor 
would come to resemble a biostrome. 
LST development would be represented 
by a slight downshift in facies. 

PHYLLOID ALGAL MOUND 
(Late Paleozoic) 

SHOAL SAND CAP 
CRESTAL BINDSTONE 

, , , , , , , , , , , , , , , 1 ,  

MUDDY SEDIMENT 

Figure 33 Idealized on-shelf skeletal mound showing energy-dependent vertical zonation. 
Modified from Wilson (1 975). 



shelf rudist mounds (Wilson, 1975). 
Most deep water mounds are similar 

to aggrading reefs in their develop- 
ment and response to sea level 
change. They are composed of facies 
that developed below, near, or slightly 
above storm wave base. Unlike reefs, 
where sea level changes may have 
caused sharp boundaries and disconti- 
nuities between facies, sea level 
changes in mounds will be detectible 
only by changes in the normal facies 
succession of a given mound type, a 
feature not detectible in seismic pro- 
files. For instance (Fig. 34), assuming 
that A-B-C is a complete shallowing- 
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upward facies sequence of a mound, 
any break or reversal in the sequence 
will indicate sea level change. The 
succession ABCBA indicates slow 
transgression, ABCA rapid transgres- 
sion; AC rapid sea level fall. 

Figure 34 illustrates, starting from a 
depth-zonation model of deep water 
biogenic mounds (that of Fig. 18), how 
mounds responded to sea level 
changes and the vertical successions 
that resulted in various systems tracts. 
Reef growth strategies (Fig. 29) also 
apply to mounds. In TST situations 
mounds were in a keep-up or catch-up 
mode. Under conditions of slow sea 

THE MODEL 
SEA LEVEL 

"? 5= ~AsE"c!~..eRGE.??.ETAZoAN ~~~ ( L W  

Figure 34 Sketch illustrating response of depth-zoned biogenic mounds to sea level 
changes and the resulting vertical succession in various systems tracts. CU = catch-up, GU 
= give-up, SU = shallow-up, R = reef; letters A, B, C correspond to facies in Figure 18. 

level rise the upper surface of the 
mounds kept pace with sea level rise 
and there was no facies change. If sea 
level rise was relatively rapid most 
mounds were in a catch-up situation 
and there was a reversal of the vertical 
sequence. The deeper mounds be- 
came give-up, but start-up mounds de- 
veloped on shallower parts of the 
slope. In an EHST situation the 
mounds were in a keep-up mode and 
developed normal depth-controlled se- 
quences. Shallower mounds may have 
acted as foundations for reefs. LHST 
mounds showed the complete depth- 
zoned vertical sequence and ultimately 
were capped by prograding marginal 
reefs or isolated aggrading reefs. 

GEOLOGICAL HISTORY OF REEFS 
AND MOUNDS (Fig. 35; Table 1) 
Introduction 
The history of Phanerozoic reefs and 
mounds has recently been reviewed 
by James and Macintyre (1985), 
Sheehan (1985), Fagerstrom (1 987), 
Copper, (1 988) and Talent (1 988). 
Descriptions of Precambrian buildups 
can be found in Geldsetzer et a / .  
(1 988) and Grotzinger (1 989). 

1. Archean (Beginnings) 
The oldest recognizable buildups are 
late Archean (2.5-2.7 Ga) stromatolitic 
mounds occurring as atoll-like build- 
ups around subsiding volcanoes or 
linear belts on early cratonic crust. If 
there are earlier structures they have 
been rendered largely unrecognizable 
by metamorphism. 

2. Proterozoic 
(First extensive reefs and mounds) 
The formation of cratons flooded by 
shallow seas during earliest Pro- 
terozoic time coincided with the ap- 
pearance of diverse buildups. Reefs 
and mounds were constructed by stro- 
matolites that grew across the environ- 
mental spectrum. Extensive barrier 
reefs, fringing reefs and pinnacle reefs 
developed on carbonate platforms and 
patch reefs and mounds grew in ter- 
rigenous clastic-dominated settings. 
Latest Proterozoic reefs are poorly 
documented but some spectacular 
buildups (Fig. 1) (Aitken, 1988) illus- 
trate construction by a transitional 
community of stromatolites and cal- 
cimicrobes (?calcareous algae). They 
have a distinctly Phanerozoic architec- 
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ture with cavities, internal sediments 
and fibrous cements. 

3. Early Cambrian - Early 
Qrdovician (Age of uncertainty) 
The very earliest (Tommotian) Cam- 
brian buildups are skeletal mounds 
built by calcimicrobes and archaeocy- 
athans, together with an ever-in- 
creasing fauna of other skeletal 
invertebrates. Archaeocyathans, how- 
ever, disappeared at the end of early 
Cambrian time. Late Cambrian build- 
ups are once again simple stroma- 
tolitic/thrombolitic or calcimicrobial 
mounds (Kennard and James, 1986), 
much like older late Proterozoic 
buildups. In early Ordovician these 
mounds were gradually populated by 
an evolving biota of sponges, cal- 
careous algae and primitive corals. 

4. Middle Ordovician - Devonian 
(Spectacular stromatoporoid reefs) 
This period is the acme of Paleozoic 
reef development, coinciding with the 
appearance of bryozoans, rugose and 
tabulate corals and stromatoporoids. 
While Ordovician structures were built 
by a variety of organisms, Silurian and 
Devonian buildups were constructed 
primarily by stromatoporoids forming 
the full spectrum of reefs and mounds. 
The stromatoporoids inhabited most 
shallow subtidal environments while 
tabulate and colonial rugose corals 
were more common in turbid and 
deeper water settings. Calcimicrobes 
were particularly prominent in Dev- 
onian buildups. 

Toward the end of Devonian time 
there was an extinction of shallow- 
marine animals on a huge scale. Most 
stromatoporoids, rugose corals, tabu- 
late corals and brachiopods disap- 
peared resulting in the demise of this 
successful ecosystem. 

5. Mississippian - Middle Triassic 
(Many mounds) 
This period in earth history is charac- 
terized by few large skeletal metazoa, 
and all buildups are mounds, generally 
on slopes and ramps and on the inner 
parts of platforms. Mississippian struc- 
tures are commonly skeletal to mud 
mounds with variable proportions of 
fenestellid bryozoa, sponges or codi- 
acean and dasycladacean algae and 
locally spectacular pelmatozoan-rich 
flanking beds. Most Pennsylvanian 

and early Permian mounds are rich in 
the phylloid algae Archaeolith- 
ophyllum, Eugoniophyllum and Ivan- 
ovia andlor the enigmatic platy organ- 
ism Paleoaplysina. These organisms 
are augmented and then replaced by 
tubular foraminifera, stromatolites, the 
?calcimicrobe Tubiphytes, and a wide 
variety of calcareous inozoan and 
sphinctozoan sponges in middle and 
late Permian buildups. Remarkably, 
this fauna seems to have passed 
through the Permian extinction rela- 
tively unscathed, and even though 
there are no earliest Triassic reefs, 
Middle Triassic buildups are virtually 
identical to those of the late Permian 

(Stanley, 1988). This Permian hold- 
over fauna was largely extinguished 
by an extinction event at the end of 
Middle Triassic time. 

6. Late Triassic - Early Jurassic 
(First modern reefs) 
This is when reefs become "modern- 
ized" due largely to the evolution of 
scleractinian corals, new forms of 
coralline and codiacean algae and a 
wide variety of endolithic organisms. 
Late Triassic reefs and mounds were 
built primarily by scleractinian corals, 
calcisponges, and calcareous algae. 
They formed buildups across the envi- 
ronmental spectrum, including dis- 
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Figure 35 An idealized stratigraphic column representing geological time and illustrating 
periods when there were only mounds and those times when there were both mounds and 
reefs. Numbers indicate different associations of reef- and mound-building biota; = scale 
change. 
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placed low-latitude terranes. This com- 
munity was terminated by the end- 
Triassic mass extinction event and 
although corals again became domi- 
nant reef-builders, calcisponges never 
regained their previous importance. 

Earliest Jurassic time was a protracted 
period without significant reef growth. 
Although a wide spectrum of struc- 
tures similar to living reefs and 
mounds characterizes late Jurassic 
time, the two commonest types are 1) 
shelf-margin ramp and barrier reefs 
dominated by corals andlor stromato- 
poroids and a wide spectrum of acces- 
sory taxa, and 2) deep water slope 
and basin sponge-algal mounds below 
normal wave base and near lower 
limits of the photic zone. The reefs 
grew as patches on wide platforms, as 
belts of patch reefs near shelf margins 
and as caps on pre-existing deep 
water mounds. 

7. Cretaceous 
(Rudist bivalve mounds) 
The Jurassic reef-building community 
persisted into early Cretaceous time, 
but was gradually augmented and 
locally replaced by rudist bivalves. Early 
Cretaceous buildups at the seaward 
shelf edge consisted of deeper coral- 
algal communities (?below wave base) 
and shallower caprinid-radiolitid rudist 
communities. Interior shelf basins were 
bordered by caprinid-dominated build- 
ups. Middle Cretaceous buildups were 
dominated by rudists forming mounds 
of low-diversity, loosely constructed, es- 
sentially unbound bafflestone with 
coherence due to interlocking and co- 
cementation. The structures were rarely 
large, mostly in the form of mounds 
stacked upon one another and sepa- 
rated by layers of bioclastic sediment, 
much of which was produced by fre- 
quent destruction of unbound frame- 

Table 1 Studies of reefs and mounds in specific geological periods, mainly since 1980 
(see Fig. 35). 

Period Reference 

Living Acevedo eta/. (1989); Acker & Stearn (1990); Bosence et 
a/., (1985); Callender et a/. (1990); Cortez & Risk (1985); 
Eliuk (1991); Ginsburg & Schroeder (1973); Gaus & 
Macintyre (1989); James & Ginsburg (1979); Johnson & 
Risk (1987); Messing et a/. (1990); Mullins et a/. (1981); 
Van Wagoner etal. (1990). 

Holocene Chappell & Polach (1976); Choi & Ginsburg (1982); 
Davies & Montaggioni (1 985); Davies & Hopley (1 985); 
Davies et a/. (1985); Longman (1981); Macintyre (1988); 
McNeill (1 988); Montaggioni (1 988); Neumann & 
Macintyre (1 985); Tudhope (1 989); Wanless & Tagett 
(1 989). 

8. Cenozoic Bernecker & Weidlich (1990); Crame (1980); Dabrio et al. 
(1 981); Esteban (1 979); Geister (1 980); Pedley (1 979); 
Polmar (1991); Riding etal. (1991). 

7. Cretaceous Camion et a/. (1988); Kaufman & Johnson (1988); Scott 
(1 988); Scott (1 990); Scott et a/. (1 990). 

6. Triassic-Jurassic Crevello & Harris (1984); Flugel & Steiger (1981); Frost 
(1 981); Palmer & Fursich (1 981); Schafer (1 984); Stanton 
& Fliigel (1989). 

5. Mississippian-Triassic Bolton et al. (1982); Bridges & Chapman (1988); Brown & 
Dodd (1 990); Cranston (1 990); Davies & Nasichuk (1 990); 
Davies et a/. (1988); Flugel & Reinhardt (1989); Hileman & 
Mazzulo (1977); Lees & Miller (1985); Lees et a/. (1985); 
Reid & Ginsburg (1986); Tedesco & Wanless (1989). 

4. Ordovician-Devonian Bourque & Gignac (1983); Bourque et al. (1986); 
Burchette (1981); Copper & Brunton (1991); Moore (1988); 
Playford (1980); Shaver & Sundermann (1989); West 
(1 988). 

3. Cambro-Ordovician Barnaby & Read (1990); James (1981); James & 
Gravestock (1990); Pratt & James (1982); Rees et al. 
(1989); Rowland & Gangloff (1988); Toomey & Nitecki 
(1 979); Webby (1 984). 

2. Proterozoic Aitken (1988); Grotzinger (1989). 
1. Archean Grotzinger (1 989). 

works by storms. Late Cretaceous shelf 
margin buildups, particularly post- 
Cenomanian, consisted of rudist-coral 
communities in which radiolitids and 
hippuritids were more abundant than 
nodular to hemispherical and planar 
corals. 

8. Cenozoic 
(Return of modern reefs) 
The terminal Cretaceous event led to 
the extinction of rudists and most 
Cenozoic reefs were, like living reefs, 
constructed by scleractinian corals and 
calcareous algae. Paleocene reefs are 
not common but a major Eocene radia- 
tion of new hermatypic coral genera re- 
sulted in extensive reef development. 
The acme of Cenozoic reef growth 
appears to have been the Oligocene 
with subsequent plate rearrangement 
and climatic deterioration destroying 
some habitats (Mediterranean) and iso- 
lating others (Caribbean, Indo-Pacific). 

Finally, a paradox - living reefs are 
atypical of the Cenozoic! During early 
Pleistocene time quickly growing,, 
branched corals such as the Ac- 
roporidae, Poritidae and Seriatop- 
oridae evolved rapidly, dominating 
most shallow water environments. 
Thus, the Cenozoic shallow water reef 
corals with shapes much like those of 
stromatoporoids and stromatolites, 
were replaced by these newly evolved, 
highly branching forms. 
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INTRODUCTION 
Carbonate slopes encompass a suite of 
environments which pass seaward from 
shallow water, sunlit platform margins 
to the dark, deep, ocean basins. Ac- 
cordingly, they are variably affected by 
changing seawater chemistry, tempera- 
ture, pressure and biota with depth. 
Slopes also bear witness to extreme 
scales of sedimentary processes, from 

episodic and catastrophic margin col- 
lapse to quiet and persistent rain of fine- 
grained sediment. These environments 
are fundamental links in the carbonate 
facies spectrum. Their deposits are 
often the only record of the history of 
carbonate platforms that are now 
hidden, eroded, tectonized, dolomitized 
or metamorphosed. They contain a 
more complete sedimentary record of 

sea level change than adjacent, periodi- 
cally exposed platforms as exemplified 
by the detailed record of Quaternary cli- 
matic variation. Finally, carbonate 
slopes are host to base metal and hy- 
drocarbon deposits and have acted as 
conduits through which metalliferous 
and petroleum-rich fluids have migrated 
to platform host rocks (Cook, 1983; 
Eberli, 1988; Dix and Mullins, 1992). 

Figure 1 Bathymetry of Bahamas-Florida region and Banco de Campeche area. Stippled areas are shown in detail in Figures 5 (north of 
Little Bahama Bank), I l a  (Straits of Florida), and 16a (west of Florida), respectively. Line A-A' is shown in Figure 13. Contours are in metres. 
Modified from Perry (1 984). 
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Study of modern carbonate slopes 
has lagged behind research on shallow 
water and pelagic carbonates. Prior to 
1985, the structure, stratigraphy and 
shallow subsurface lithology of this 
realm came from short ( 4 2  m) piston 
cores, dredge hauls, bottom-sediment 
grab samples, seismic-reflection pro- 
files, side-scan sonar, and underwater 
photographs supplemented by a few 
direct observations from submersibles. 
Carbonate slopes and platforms were 
initially excluded from the Deep Sea 
Drilling Project. Since 1985, however, 
the Ocean Drilling Program has pro- 
vided a wealth of new seismic, pore 
water, and core data from across-slope 
transects of carbonate and mixed silici- 
clastic-carbonate slopes. Two areas 
with extensive drilling now include the 
northern Bahamas (Leg 101 ; Austin, 
Schlager et al., 1986, 1988) and the 
Great Barrier Reef, Australia (ODP Leg 
133 Scientific Party, 1991 ; Davies, 
McKenzie et al., in press). 

The best studied carbonate slopes in 
today's oceans are those in the nor- 
thern Bahamas-Florida region (Fig. I ) ,  
augmented by more local studies in 
Belize, Jamaica, Grand Cayman, and 
several atolls in the Pacific and Indian 
oceans. These slopes provide good 
actualistic models with which to inter- 
pret ancient carbonate slopes. Unfortu- 
nately, they are all essentially pure 
carbonate depositional systems, in 
contrast to many ancient slope de- 
posits which include a large per- 
centage of terrigenous clastic rocks. 
Whether this disparity is important 
awaits research associated with recent 
deep-ocean drilling off northeast 
Australia along the largest modern peri- 
continental mixed carbonate-siliciclastic 
platform margin (Davies, McKenzie et 
al., in press). Actualistic modelling is 
further hampered because 1) Cenozoic 
and Mesozoic carbonates are unlike 
older sediments in terms of platform or 
pelagic sediment mineralogy (Wilkin- 
son, 1979), 2) although a few ancient 
submarine carbonate fans have been 
documented, no modern equivalents 
have been described, and 3) until re- 
cently, slopes along modern carbonate 
ramps were poorly documented. 

In this chapter we examine the prod- 
ucts and processes that characterize 
carbonate slopes and discuss a va- 
riety of facies models. A fundamental 
precept throughout is that the geo- 

metry and preserved sedimentary 
record of carbonate slope deposits are 
inextricably linked to the evolution of 
the adjacent shallow water platform or 
ramp. Actualistic input into the models 
is drawn mainly from the Bahama- 
Florida region. Data from ancient 
slope successions are used to temper 
and refine the actualistic bias, and 
bring to light aspects of slope sed- 
imentation that now can only be 
viewed dimly through a curtain of bur- 
ial diagenetic effects, tectonic defor- 
mation or paleoceanographic con- 
ditions that are not replicated i n  
today's oceans. 

SLOPE TYPE AND MORPHOLOGY 
The shape, orientation, size and facies 
of a carbonate slope are linked to a 
variety of intrinsic and extrinsic factors 
(Fig. 2), their interplay leading to im- 
portant differences when compared to 
siliciclastic slopes (Table 1). 

Slope types 
Differences in slope gradient are influ- 
enced by sediment budget (gain 
versus loss) and/or locus of deposi- 
tion. Depositional or accretionary 
slopes demonstrate net accumulation 
(Figs. 3,4). The locus of sedimentation 
can be 1) along the upper slope, with 
sediment thickness decreasing sea- 
ward, or 2) distal from the platform 
edge, in which case the bulk of sedi- 
ments bypass the upper slope. Indi- 
vidual slopes may have bypass (in- 
cluding erosional) and depositional 
segments. For example, the northern 
slope off Little Bahama Bank has a 
steep upper portion eroded by vig- 
orous turbidity currents and a gentle 
lower segment, where products of 
mass wasting come to rest, explaining, 
at least in part, the typical concave 
profiles of some carbonate slopes. 
The upper part of the southwest Florida 
slope, in contrast, is the site of abun- 

CONTROLS ON CARBONATE SLOPE DEVELOPMENT 

PLATE MOTION 

CLIMATE 

EXTRINSIC 

OCEANOGRAPHY - 
SlLlClCLASTlC INPUT 

/ 
LOCAL AND 
OVERALL 
GRADIENT 

I INTRINSIC 

TRANSPORT 
AND EROSION 

1 

OXYGENATION 

COMPENSATION DEPTHS 
LYSOCLINES 
SETTING 

\ 
DISSOLUTION / 

CEMENTATION AND 
AND BlOEROSlON BIOCONSTRUCTION 

Figure 2 Extrinsic and intrinsic controls on carbonate slope development. 
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dant sedimentation and intermittent characterized by truncated reflectors can be reworked by bottom currents or 
gravity flow transport but the lower and relatively steep gradients (Fig. dissolved. Slide masses and large fallen 
slope is the site of erosional gullies 3). Such slopes adjacent to active- blocks that accumulate within cones of 
and sediment bypassing. ly producing, shallow water platforms talus at the base of erosional and 

Erosionalslopes illustrate net sedi- are also bypass in nature, with sedi- bypass slopes may act as local dams 
ment loss. On seismic profiles, they are ment accumulating at the base where it preventing finer grained sediment from 

Table 1 Comparison of carbonate and siliciclastic slopes. 

Carbonate Slopes Sillciclastic Slopes 

Nature of sediment platform, pelagic, hemipelagic pelagic and hemipelagic 

turbidity currents occur during shallow flood- turbidity currents occur during lowstands 
ing of adjacent platform 

Response to platform emergence shutdown carbonate factory, pelagics domi- slope erosion and offlap, more sand to slope 
nate periplatform ooze 

Response to platform submergence drowned margin facies contribute to slope stranded sand bodies, fine-grained sedi- 
ments prevail 

Sediment dispersal pattern point source rare; more common line source large submarine canyons form point source 
from numerous shallow gullies in upper slope with resultant formation of submarine fans 

Constructions base of slope aprons (erosional or bypass submarine fans common 
slopes), slope aprons (depositional slopes) 

. next to rimmed or open platforms; rare sub- 
marine fans 

Success of actualistic faCieS models difficult to apply to Triassic and older slopes application is relatively straightforward 
and slopes with significant terrigenous com- 
ponent 

Slope angles relatively high (avg. 5-15"), increases with relatively low (avg. 3-6"), does not increase 
height with height 

Slope profiles concave slightly convex or straight 

Response to to upper slope erosion reefs can repair damaged margin lack repair mechanism 

Potential for oversteepening high -as slopes become steeper they low - lack of lithificiation results in slumping 
become more easily cemented in marine envi- that effectively prevents oversteepening 
ronment (positive feedback) 

Submarine cementation common, allows oversteepening with resultant uncommon 
catastrophic collapse 

Pressure solution tends to remove primary sedimentary struc- not significantly affected 
tures on beds tops and bottoms such as sole 
marks and diagnostic ichnofossils 

penetrative clast contact fabrics in conglom- less likely to show pressure solution inter- 
erates may result from pressure solution penetration depending on clast lithology 

Affect of calcite and aragonite dissolution can occur on lower slopes, low- dissolution does not occur 
compensation depths ering seafloor and increasing topographic 

gradient and potential for failure 

Diagenetic beds beds can be created by diagenetic unmixing diagenetic beds do not occur except locally 
of carbonate in carbonate-rich parts of some successions 

Nodular beds common (primary and diagenetic) common primary (isolated ripples, load 
casts, etc.) rare diagenetic nodules (concre- 
tations) in carbonate-rich parts of some suc- 
cessions 
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moving downslope. 
Escarpments along some erosional 

slopes or bypass margins attest to 
removal of significant volumes of 
material. The shelf edge along the 
Mesozoic carbonate platform of east- 
ern North America, for example, was 
cut back in places up to 30 km (Jansa, 
1981). Erosional slopes such as the 
Blake, Bahama and west Florida es- 
carpments may have retreated land- 
ward as much as 5 to 15 km (Fig. 1 ; 
Mullins et a / . ,  1986). These steep 
slopes are due to faulting, erosion by 
contour currents, carbonate dissolu- 
tion by corrosive bottom waters and 
acidic brine seeps, and mechanical 
weakening caused by organisms 
which bore into, dissolve, or disaggre- 
gate the rockface (Paull eta/ . ,  1990; 
Twichell et a/. ,  1990). Escarpments 
can also develop from sliding and 
gravity current erosion initiated by sed- 
iment overload. 

Erosional slopes have the lowest 
preservation potential and their exis- 
tence must be inferred from abundant 
slope-derived material that is preserved 
in more distal facies. The more complete 
record afforded by depositional slopes 
provides practically all of the information 
obtained on ancient carbonate slope 
successions and much of what is known 
from modem carbonate slopes. 

Slope morphology 
Modern carbonate slopes are generally 
steeper than their terrigenous counter- 
parts (Table 1). Modern carbonate 
slopes tend toward concavity with the 
angle of the upper slope increasing 
with slope height. The slope north of 
Little Bahama Bank, for example, is 
steepest near the top (14" in 200-900 
m water depth) and more gentle below 
(1-2"; Fig. 5a). Carbonate slopes adja- 
cent to open platforms with relatively 
deep margins ("distally-steepened 
ramp" sensu Read, 1985) resemble 
siliciclastic slopes in profile (e.g., west 
Florida, Banco de Campeche; Fig. 1). 

Steepening of a carbonate slope, par- 
ticularly the upper slope, can result from 
1) organic binding and framework 
building by reef-forming organisms, 2) 
submarine cementation, and 3) shallow 
subsurface lithification. Early lithification 
may act to delay large-scale failure. 
Other factors that can control slope gra- 
dient include 1) inheritance of predepo- 
sitional paleoplatform margin morph- 

SLOPE 
GEOMETRY 

SLOPE 
MORPHOLOGY 

DEPOSITIONAL SLOPE 4,'. 

MIGRATION OF BYPASS SLOPE 
DEPOCENTER 

OUTCROPS, PATCHY PELAGIC 
SEDIMENT, HARDGROUNDS 

Figure 3 Relationship between slope geometry, morphology, sediment budget, and 
propensity for seafloor lithification based on Bahamas and ancient platforms. Modified from 
Schlager and Camber (1986). 
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Figure 4 Bathymetric profiles of various Bahamian platform slopes and relation to deposi- 
tional regime. Modified from Schlager and Ginsburg (1981). 
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ology, especially along collapsed 
margins or rimmed platforms, 2) shallow 
water reefs attempting to migrate 
upslope during sea level rise, thus 
forming areas of slightly elevated 
bathymetry on slopes, and 3) sediment 
fabric. Kenter (1 990) noted that gradi- 
ents are steeper (30-40") for sediments 
with cohesionless, grain-supported 
fabrics (with or without mud), than those 
of paleoslopes dominated by mud-sup- 
ported, cohesive fabrics (45" ) .  Pure 
muds have slope angles of less than 5". 

One important characteristic of 
many modern carbonate slopes is the 
presence of numerous parallel incised 
gullies, oriented perpendicular to the 
margin (Fig. 5a,b). Such gullies form 
by erosion associated with downslope 
gravity flows. Once incised, a gully will 
perpetuate itself by acting as a conduit 
for further flows. The presence of a 
gullied slope has three important impli- 
cations, 1) numerous parallel gullies 
form a line source of sediment supply 
from the platform and upper slope 
to the lower slope (Schlager and 
Chermack, 1979), 2) facies belts will 
be parallel to the platform margin, and 
3) specific facies will be restricted to 
certain portions of a developing slope. 

SEDIMENT TYPES 
Slope sediments have several origins: 
pelagic, platform, hemipelagic, and in 
situ or autochthonous carbonate. 
Relative proportions vary spatially and 
temporally according to 1) proximity to 
continental hinterland, 2) proximity and 
productivity of the shallow water "car- 

bonate factory", 3) latitudinal changes 
of tectonic plates which may promote 
or impede carbonate production (e.g., 
Davies et al., 1989), 4) biologic evolu- 
tion, especially affecting the source 
role of pelagic biota and reef-building 
organisms, 5) locus of deposition of 
platform-derived sediment, 6) oceano- 
graphic setting. Intermixed platform- 
derived and pelagic carbonate muds 
have been named periplatform ooze 
analogous to their pelagic counter- 
part (Schlager and James, 1978), and 
commonly consist of a mixture of arag- 
onite and various Mg-calcites. We use 
the more general term periplatform 
carbonate to refer to sediment which 
contains similar mixed sources, re- 
gardless of grain size. 

The sedimentary input, preserved at 
the seafloor, is also governed by the 
ambient saturation state of overlying 
seawater relative to the carbonate 
minerals, aragonite, calcite and Mg- 
calcite. For each mineral, chemical 
oceanographic gradients are expressed 
by a lysocline, or depth at which disso- 
lution rates increase markedly, and a 
compensation depth, or depth at which 
rate of supply equals rate of dissolu- 
tion. These critical depths vary globally 
according to temperature as controlled 
by latitude and water depth; changing 
pCO, associated with depth and dif- 
ferent water masses; influx of indi- 
vidual carbonate mineralogies; influx of 
terrigenous sediments; and deep 
ocean circulation patterns (see Scholle 
et al., 1983b). A decrease in tempera- 
ture and rise in pCO, causes the lyso- 

cline and compensation depths to 
shallow, Intersection of these oceano- 
graphic chemical gradients with the 
sediment-water interface results in 
downslope changes in the diagenetic 
alteration potential proportional to the 
mixture of aragonite and Mg-calcite in 
periplatform carbonate. Despite a rea- 
sonable understanding of the chemical 
dynamics of seawater (Morse and 
Mackenzie, 1990), a more difficult 
problem to solve is exactly how much 
dissolution and removal of metastable 
minerals has occurred prior to burial. 

Pelagic sediment 
The term pelagic means "of the open 
sea", and excludes shallow platforms, 
reefs and other reef-associated set- 
tings (Jenkyns, 1986). Pelagic sedi- 
ments in the modern ocean are re- 
stricted to deep basins, and are mixed 
with platform-derived sediment along 
platform margins (Scholle et al., 
1983b). Pelagic particles are typically 
less than a few micrometres to a few 
tens of micrometres in size and 
consist predominantly of the calcar- 
eous and siliceous skeletal remains of 
zooplankton and phytoplankton. Ac- 
cumulating on the seafloor, they form 
pelagic ooze. Noncarbonate grains 
include diatoms, radiolarians, volcanic 
detritus, cosmogenic detritus (tektites), 
and authigenic mineral precipitates. 
Pelagic sediments are siliceous or 
dominated by red clays below the 
calcite compensation depth (Atlantic = 
5500 m; Pacific = 4500 m). 

Modern pelagic carbonates contain 

- - - - - - - - -  -----__--- -----._ _ _ 
DISTAL APRON FAClES 

PROXIMAL APRON FACIES 

Figure 5 Slope north of Little Bahama Bank. Location is shown in Figure 1. Modified from Mullins et a/. (1984). a) Bathymetric map with 
contours in metres showing steep upper slope (200-900 m) dissected by numerous gullies and gentle lower slope (900+ m). Closed contours 
in upper slope are submarine slide scars. b) Open ocean, near surface, sedimentary facies showing transition from upper slope hardgrounds 
through nodular ooze and gullies to lower slope gravity flow facies. 
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two end members, 1) nannofossil 
ooze, dominantly composed of the bro- 
ken (c20 pm) and whole (<I00 pm) 
coccolithophorids (planktonic algae), 
and 2) foraminifera1 ooze, predomi- 
nantly composed of planktonic fora- 
minifers typically ranging from 1-2 mm 
in size. Both of these components are 
calcite. Aragonitic planktonic gas- 
tropods, or pteropods, reach a few mil- 
limetres in length and locally contribute 
significantly to the calcareous pelagic 
fraction. Sedimentation of planktonic 
microfossils is assisted by their inges- 
tion by predatory organisms in the 
surface waters and subsequent trans- 
fer to the ocean floor within fecal 
pellets. Pelagic calcareous sediment 
has been volumetrically important only 
since Jurassic time, coincident with the 
appearance of planktonic foraminifers 
and coccolithophorids. Thus, Pre-Jura- 
ssic pelagic facies are typically radio- 
larian-rich, siliceous ooze or shale. 
Nautiloids, tentaculitids, and styli- 
olinids, although common, were volu- 
metrically minor sediment contributors. 

Platform carbonate 
Typically off-platform transport of 
shallow water allochems contributes 
varying proportions of mud-size algal 
and inorganically precipitated aragonite 
needles, blades of Mg-calcite and arag- 
onite, mud- to sand-sized skeletal and 
nonskeletal debris, lithoclasts, and 
bioeroded particles (e.g., sponge chips). 
Locally, coarser periplatform sediments 
contain gravels and boulder-sized litho- 
clasts derived from shallow water facies 
or carbonate bedrock. Due to the 
absence of calcareous pelagic sedi- 
ment in pre-Jurassic time, older slope 
carbonates are mostly platform-derived 
sediment. Diagenetic alteration, how- 
ever, all but eliminates a clear under- 
standing of the origin of this very fine- 
grained sediment. 

Modern platform-derived carbonate 
is hybrid in its mineralogy. Relative pro- 
portions of aragonite, calcite and Mg- 
calcite vary according to the product- 
ivity of the carbonate factory as con- 
trolled by sea level, biotic composition of 
the shallow water facies, and distance 
from the shallow platform margin. 
Seaward transport of platform-derived 
sediment may be on the order of hun- 
dreds of kilometres if carried by oceanic 

surface sediment 50 km from the bank 
margin are bank derived, and bank- 
derived material can be detected at dis- 
tances 120 km from the platform (Heath 
and Mullins, 1984). 

Hemipelagic terrigenous clastics 
The term hemipelagic is used here to 
refer to fine-grained terrigenous mate- 
rial that enters the marine system at 
the coast, either by coastal erosion or 
fluvial transport (Pickering etal., 1989). 
These terrigenous, usually clay-sized 
particles, are transported by water or 
wind across the shelf and deposited on 
the slope to form terrigenous "back- 
ground" sediment. In modern car- 
bonate slopes, the clay-sized particles 
are thoroughly mixed with carbonate 
sediment. 

Hemipelagic terrigenous clastics can 
travel great distances along the slope 
margin prior to deposition, carried by 
deep water currents. One of the best 
ancient examples in Canada is the 
Upper Devonian lreton Formation 
(Western Canadian Sedimentary 
Basin), which consists of a mixed silici- 
clastic-carbonate facies that forms a 
basin fill enveloping facies around 
Leduc Formation platform carbonates 
(Stoakes, 1980). Modern hemipelagic 
clays form muddy sediment drifts within 
the southern Straits of Florida between 
Cuba and Florida (Brunner, 1986). 
Hemipelagic clays can also form dis- 
crete clay-rich beds sandwiched be- 
tween periplatform carbonate, as found 
in Pleistocene strata north of Little 
Bahama Bank (Austin, Schlager etal., 
1986). Off northeast Australia, hemi- 
pelagic sediment forms a volumetrically 
important constituent along the slope 
immediately seaward of the Great 
Barrier Reef, transported seaward 

across the exposed epicontinental plat- 
form during sea level lowstands as well 
as carried along strike of the slope via 
currents (Davies, McKenzie etal., in 
press). 

Autochthonous carbonate 
Included in this category are fecal 
pellets derived from epifauna and 
infauna, seafloor Mg-calcite cement, 
peloidal Mg-calcite cement precipitated 
within foraminifer tests, and skeletal de- 
bris associated with biota indigenous 
to the slope environment. Siliceous 
sponge spicules form a locally impor- 
tant supply of noncarbonate sediment. 
Deep water mounds, a common facies 
in some slope settings, are described 
in Chapter 17. 

DEPOSITIONAL PROCESSES AND 
PRODUCTS 
Sediment is transported to and accumu- 
lates within the slope setting by sus- 
pension settling, gravity (resedimented) 
flow, rock fall, and submarine creeping 
and sliding. Also important are bottom 
currents which can winnow and rework 
these deposits, or prevent accumula- 
tion entirely, resulting in periods of no 
net accumulation during which subma- 
rine dissolution or lithification is active. 

Suspension settllng facies 
Whereas pelagic sediment accumu- 
lates from a continuous rain of indi- 
vidual particles or fecal pellets falling 
through the water column, fine-grained 
platform-derived particles are trans- 
ported off the shallow water platform 
by oceanic processes (tidal flux, 
storms, and oceanic currents), forming 
concentrated to dilute sediment-sea- 
water mixtures (Fig. 6). These plumes 
can dissipate, in which case material 

MUD PUT INTO OFF-PLATFORM 
SUSPENSION TRANSPORT 
BY STORMS BY TIDES LATERAL TRANSPORT ALONG SURFACE LAYERS 
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currents. North of Little ~ahama Bank, Figure 6 Schematic diagram illustrating modes of vertical and lateral transport of platform- 
half of the sedimentary constituents in derived fine-grained carbonate. Modified from Heath and Mullins (1984). 



rains down to the seafloor, or moves 
downslope as unconfined and con- 
fined dilute turbidity currents (lutite 
flows). Such flows can also move 
along mid-water density interfaces 
from which sediment rains down on 
the basin floor. These plumes also 
form along the slope during mass 
wasting. 

Recognition of suspension deposi- 
tion in ancient slopes can be difficult, 
especially where diagenetic over- 
printing obliterates textural evidence. 
Yet, a common facies association in 
many ancient slope sequences is in- 
terbedded, finely crystalline, dark grey 
to black, lime mudstone and shale, 
forming evenly and continuously rhyth- 
mic sequences (Figs. 7a; 8a,b). In 
places where the carbonate is finely 
laminated, suspension deposition may 
have occurred within an oxygen min- 
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I FlTERBEDDED 
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AND S M E  

DISTAL (Tc,j.) NRBIDIES 
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PELAGIC OOZE. 
PERIPUTFORM OOZE. 
ANDlOR SHALE 
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BEC6 ARe UASSNE 

1 COMPENSATION CYCLES I] UPWARD THINNINQ PACKAGES AND FINING 

i- - 1 MAY INDICATE MIDFAN 
CHANNELS OR LOBE 
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imum zone which limited bioturbation. 
Oxygenated slopes are commonly in- 
tensively bioturbated, obliterating 
primary sedimentary laminations and 
possibly encouraging the formation of 
nodular bedding. 

Sediment gravity flow facies 
Deposition from these relatively high- 
energy events is essentially instanta- 
neous with reduced flow competency. 
Several types of gravity flow mecha- 
nisms may operate during the down- 
slope journey. 

Turbidites 
These gravity flows, which can origi- 
nate on the platform margin and 
rework sediment anywhere along the 
slope, can be unconfined or laterally 
confined and extend for many kilome- 
tres onto the lower slope and out onto 

flNE GRAINED GRAVITY 

a C w c n c  DEBRITE 
DERIVED FROM 
BLOPE FAILURE 

MIDDY (CARBONATE OR 
SLICICLASTK:) MATRIX. 
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&WE-DERIVED 
AND EXOTIC W T S  
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WEETUKE, MASSIVE 
BEDS W N  CHAOTK: 

RARELY W D E D  

the adjacent basin floor. Distinguishing 
distal parts of fine-grained turbidites 
from suspension sediments, whether 
platform-derived or pelagic in origin, 
can be difficult. Turbidite thickness 
varies from a few centimetres to 
several metres. In ancient carbonate 
slope successions, turbidites are com- 
monly interbedded with shale (Figs. 
7b, 9). Such deposits, however, must 
be carefully distinguished from sedi- 
ments deposited by contour currents 
(see below). Application of the Bouma 
turbidite divisions is quite successful in 
understanding flow regimes in most 
calciturbidites. Pressure solution initi- 
ated during burial diagenesis greatly 
decreases the preservation potential 
of bedding surface structures, espe- 
cially in carbonate-shale sequences, 
resulting in common abrupt carbon- 
ate-to-shale transitions. 

d. TALUS 
FINE GRAINED GRAVITY 
now AND SUSPENSDN 
DEPOSITS 

MASSIVE. LENTICULAR BEDS 
COMPOSED OF ANGULAR TO 
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WINNOWED TOP 
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Figure 7 Generalized hypothetical sequences for various slope facies. Scale is variable, ranging from 5 cm thick beds for fine-grained sus- 
pension deposits to debrites and talus beds up to several tens of metres in thickness. 
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Grain flow deposits 
An inverse grading in thin (c5 cm) beds 
created by dispersive pressure induced 
by grain to grain interaction is predicted 
for depositional units deposited by 
grain flow. The importance of this 
process in modern or ancient car- 
bonate slope deposits is uncertain 
because so few have been described 
(Mullins, 1983). 

Debrites and conglomeratic 
deposits 
Massive, thick slope limestone con- 
glomerates have been called debrites, 
debris sheets or avalanches, olis- 
tostromes, and mass breccia flows 
(Pickering eta/ . ,  1989). True debris 
flows have a mud and water matrix 
characterized by a combined strength 
and buoyancy that allows the flow to 

carry clasts that are denser than 
the bulk density of the flow itself 
(Middleton and Hampton, 1976). Many 
so-called "debrites" (the deposits of 
debris flows) have a granular matrix 
that is noncohesive; more likely trans- 
port mechanisms in these cases are 
turbulence and grain interactions. 
Modern examples indicate that debris 
flows can travel large distances, up to 

Figure 8 Field photographs illustrating examples of fine-grained, deep water, carbonate-shale facies, Cambro-Ordovician Cow Head Group, 
western Newfoundland. From Coniglio and James (1990), published with permission of Blackwell Scientific Publications. Stratigraphic top is 
toward left. Hammer for scale. a) Continuously bedded, parted lime mudstones separated by thin shale partings. b) Continuously bedded, rib- 
bon limestones extending for hundreds of metres without change in thickness or fabric. These finely laminated to massive beds are in- 
terbedded with turbiditic and hemipelagic shale. 

Figure 9 Slab of completely dolomitized 
carbonate turbidites interbedded with 
shale. Layer 1 illustrates basal scour and 
upward gradation into fading ripples which 
pass laterally into muddy (shale) troughs; 
this is overlain by shale. Layer 2 shows a 
massive loaded basal division overlain by a 
division of graded laminations and then 
shale. Layer 3 has a distorted massive 
basal division of dolomitized calcarenite 
which grades rapidly upward to dolomitized 
calcisiltite with fading ripples. Layer 4 
shows parallel-laminated dolomitized cal- 
cisiltite followed by graded laminations and 
then shale. Cow Head Group, western 
Newfoundland. From Coniglio and James 
(1990), published with permision of 
Blackwell Scientific Publications. 
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100 km away from their source. 
Debrites range from a few decime- 

tres to several tens of metres in thick- 
ness. Thicker beds may be the result 
of amalgamation of two or more flows 
but such amalgamated beds are 
usually difficult to recognize. Most 
debrites and similar d e ~ o s i t s  are 

sheet-like in three dimensions. Lent- 
icular beds are common locally, and 
their margins may be abrupt, steep and 
lobate, or form feather edges due to 
gradual pinch out. The base of a 
debrite can be erosional and sharply 
defined, but conformable contacts are 
common and mav occur even where 

Figure 10 Conglomeratic beds of the Cow Head Group, western Newfoundland. 
a) Conglomerate with calcarenite matrix demonstrates exceptionally well-preserved normal 
grading of clasts. Packing fabric varies from clast-supported to condensed by pressure solu- 
tion. Tabular aspect decreases with decreasing clast size. Hammer for scale. b) Oblique 
aerial photograph illustrating "magabreccia" bed exposed along the intertidal platform in Gros 
Morne National Park. The small cliff at the centre of the photograph is 8 m high and is devel- 
oped in the "alpha boulder", a 50+ m clast composed of a biohermal facies (now forms 
grass-covered hill above cliff) and an off-reef calcarenite (now forms low-tide platform in fore- 
ground). This coarse bed is interpreted to have accumulated at the toe-of-slope and may be 
a debris flow or talus deposit. Photograph courtesy N. Hames. 

underlying beds are finer grained. 
Injection structures resulting from 
loading are typically preserved in 
thicker flows. Sole marks are rare. 
Upper contacts are abrupt or pass 
upward into parallel and rippled tur- 
bidites that probably resulted from the 
same flow event ( e . ~ . ,  Krause and 
Oldershaw, 1979). T O ~ S  may be planar 
or hummocky, the latter formed by 
large projecting boulders. 

These deposits are typically poorly 
sorted, lack stratification, and are de- 
scribed as having a random or chaotic 
clast arrangement (Fig. 7c). There are, 
however, examples of normal (Fig. 10a) 
and reverse grading, clast alignment 
near the base, sides or top of the de- 
posits, local clast imbrication, and 
swirled domains in which clasts display 
a gradual change in flat clast orienta- 
tion. Clast packing is also variable with 
both framework- and matrix-supported 
deposits being common. Modification of 
depositional fabric via pressure solution 
(based on stylolite occurrences) is 
common and results in an interpene- 
trating or condensed clast fabric. 
Clasts are rounded to angular, and 
sizes vary from gravel- to house-sized 
boulders with maximum clast size and 
bed thickness commonly being corre- 
lated (Fig. lob) .  Recent work off the 
Nicaraguan Rise in the Caribbean Sea 
has shown 100 m-blocks of platform 
marginlslope facies incorporated into 
enormous mass flow megabreccias 
that extend for 16 km downslope, 28 
km along slope and reach 100 m in 
thickness (Hine etal., 1991). 

Matrix varies from any combination 
of fine-grained carbonate (including 
silt- and sand-sized particles) to ter- 
rigenous mud. Because debris flows 
move across pre-existing slope sedi- 
ment, the matrix can contain reworked 
slope sediment. The positive relief of 
debris flows allows their surfaces to be 
winnowed by strong bottom currents, 
producing interparticle spaces that can 
subsequently become filled with sub- 
marine cement and/or younger infil- 
trated sediment. 

Proximity to the paleomargin is com- 
monly indicated by the most abundant 
and thickest conglomerates, with the 
largest sizes and variety of clasts. 
Polymictic conglomerates result from 
the mixing of platform-derived exotic 
clasts (which may be variable them- 
selves) with slope-derived clasts and 
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matrix. Oligomictic conglomerates are 
almost always the result of erosion and 
redeposition of slope limestone in the 
form of tabular clasts (limestone chips) 
and interparticle matrix. The slope origin 
of limestone chips is difficult to prove, 
but can be inferred by microfacies 
similar to in situ s l o ~ e  limestones. Rafts 
of coherently bedded, slope-derived 
limestone several tens of metres in 
size are identical to in situ slope lime- 
stones. During progressive downslope 
transport, these rafts become frag- 
mented to yield matrix and tabular 
clasts. Soft-sediment folding, faulting, 
fracture cleavage formation and brec- 
ciation characterize such rafts and 
lucidly illustrate the high degree of lime- 
stone lithification relative to the plasti- 
cally deformed, argillaceous interbeds. 

Talus facies and fault scarps (Cook and Mullins, 
Talus forms downslope-widening coni- 1983). Individual blocks can also be 
cal accumulations along the top of the left stranded on the slopes and, de- 
slope, below steep upper forereef es- pending on their size, form local bathy- 
carpments (e.g., James and Ginsburg, metric highs. Talus blocks probably fall 
1979; Colacicchi and Baldanza, 1986), freely or tumble into place. Merging of 
and along the base of canyon walls adjacent talus cones forms a distinctive 

but narrow facies belt. Few ancient ex- 
amples of talus have been described 
probably because of their restricted 
proximal location (Fig. lob). Blocks are 
similar to those occurring in debrites 
and it is likely that many failed talus ac- 
cumulations eventually evolve into 
debris flows. The interparticle matrix 
comprises mud and sand filtered into 
interparticle cavities (Fig. 7d). Talus 
sediments are the most likely facies to 
contain geopetal sediments which 
provide information as to slope gra- 
dient and orientation. 

Contourite facies 
Contourites, or sedimentary deposits 
which accumulate from currents 
flowing parallel to the slope, occur in 
modern carbonate slope environ- 
ments. Semiconical carbonate sand 
drifts are present at depths of about 
800 m within the Straits of Florida, ap- 
proach 600 rn in thickness, are up to 
60 km in width and 100 km in length, 
and extend outward from the north- 
west corners of two major platforms 
(Fig. 11 a). These contourites are typi- 

Figure 12  Slide mass in Cow Head 
Group, western Newfoundland, consisting 

Figure 11 Current washed carbonate sands in northern Straits of Florida. a) Bathymetric of variably deformed lime mudstones and 
map showing approximate outlines of hemiconical sediment drifts (stippled) extending from showing basal scour into under1 ying 
the northwest margin of platforms. Contours in metres. Location of map is shown in Figure 1. shales. Stratigraphic top is to left. Hammer 
Modified from Mullins et a/. (1980a). b) Coarse gravels and sands in core from ODP Site for scale. From Coniglio (1986), published 
626, rich in lithoclasts (L) and deep water corals (C). Core is 6 cm wide. See Fig. 11 a for lo- with permission of the Canadian Journal of 
cation. From Austin, Schlager (1986); photograph courtesy Ocean Drilling Program. Earth Sciences. 
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cally periplatform sands and local 
gravels (Fig. 11 b), in the form of lags 
characterized by a high degree of 
sorting, evenly spaced ripples, lack of 
mud matrix, and sharp lower and up- 
per contacts (Fig. 7e). Hardgrounds 
are present locally. Such deposits 
form as a result of thorough washing 
by the strong Florida Current. Sedi- 
ment drifts between Florida and Cuba 
contain a high percentage of mud 
because bottom currents are weaker 
(Brunner, 1986). 

Interpretation of contourites in 
ancient deep water carbonates re- 
mains weakly supported (e.g., Bein and 
Weiler, 1976; Cook, 1983). In the case 
of sandy contourites, a diagenetic origin 
for the lack of mud matrix (i.e., alter- 
ation of mud to pseudospar) must first 
be ruled out. In addition, sharp upper 
and lower contacts can be caused by 
pressure solution. Contourites may be 
partially reworked turbigites or hemi- 
pelagites and, as such, may have the 
characteristics of all three. The least 
equivocal criterion for the interpretation 
of a contourite origin is that flow direc- 
tion must be parallel to the slope. This 
can be demonstrated if it is possible to 
determine slope orientation from 
unambiguous turbidite paleocurrents. 

Submarine slides and related 
evidence of slope failure 
lntraformational truncation surfaces, 
shear zones, and detached slide 
masses are all products of slope fail- 
ure and form in any of the preceding 
facies. The first two provide evidence 
for an ancient slope; the third, like 

gravity flows, can be preserved either 
downslope or within an adjacent basin. 
Causes of slope failure are varied and 
interrelated. Sediment overloading and 
seismic activity are the two most 
obvious. Excessive pore pressures can 
also be important in stimulating failure 
on a gentle slope. Eberli (1988) hy- 
pothesized that changing grain size 
within turbidites establishes a vertical 
gradient in consolidation and physical 
properties, such that even on a gentle 
(1 O) slope, numerous stacked calcitur- 
bidites create a propensity for intrafor- 
mational failure. 

Although slump is a general term 
used to denote soft-sediment deforma- 
tion, it is too ambiguous to correctly de- 
scribe the style or mechanism of failure. 
Instead, following Nardin etal. (1979), 
a slide is the movement of a rigid, inter- 
nally undeformed mass along a dis- 
crete shear surface. The surface can 
be curved, producing a rotational 
slump, or planar, producing a transla- 
tionalglide. Such distinction is seldom 
possible in ancient sequences. Sliding 
gives rise to a slide mass (Fig. 12). The 
detachment surface is called an in- 
traformational truncation surface. Al- 
though the initial slide mass may begin 
its journey downslope as a cohesive, 
coherently bedded entity, progressive 
internal deformation can lead to forma- 
tion of a debris flow. Evidence for slide 
masses or incipient slides can be seen 
on seismic profiles from modern set- 
tings (Fig. 13), and includes hummocky 
surfaces created by creep lobes, initial 
dissection of strata or large "pull- 
aparts", and compressional folds. Slide 

masses with little deformation may not 
be distinguishable in a stratigraphic se- 
quence, particularly if lateral exposure 
is limited and the slide mass is compo- 
sitionally identical to surrounding sedi- 
ment. On a smaller scale, sedimentary 
boudins have previously been consid- 
ered to represent stretching and 
necking of a bed due to downslope 
creep or turbidity current drag on the 
seafloor (e.g., McCrossan, 1958; 
Hubert etal., 1977). These features, 
however, are almost certainly early dia- 
genetic concretions whose orientations 
are unrelated to paleoslope configura- 
tion (Coniglio, 1985). 

Truncation surfaces recognized on 
modern slopes as trough and concave 
depressions are referred to as slide 
scars. On modern and ancient slopes, 
these localized intraslope failure ba- 
sins are identified by the abrupt termi- 
nation of older truncated strata and the 
anomalous thickening of infilling young- 
er units (Fig. 13). The giant truncation 
surface along the distal edge of the 
west Florida shelf, now buried by 
younger sediment, extends for at least 
120 km along the Florida Escarpment 
and is up to 30 km across. As much as 
350 m of stratigraphic section was re- 
moved, and presumably transported 
over the Florida Escarpment into the 
abyss of the Gulf of Mexico (Mullins et 
al., 1986). Because of the scaleldis- 
continuous outcrop problem, recogniz- 
able truncation surfaces in ancient 
sequences are usually much smaller, 
and illustrate from less than 1 m to 
more than 100 m of bedding truncation 
(Fig. 14). 
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Figure 13 Interpreted seismic line from north of Little Bahama Bank (Line A-A' in Fig. 1) displays evidence for downslope creep, truncated 
surfaces and glide planes. Modified from Hawood and Towers (1988). 
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Downslope creep is caused by slope environments within an unlithified zones, including intrafolial drag folding, 
bedding parallel translation along a sediment pile. Shear zones also occur faulting, fragmentation and rotation of 
well-defined surface or diffuse shear below intraformational truncation sur- beds, and homogenization or reorienta- 
zone lacking a basal shear plane (e.g., faces and in the basal parts or margins tion of laminations. Creep or subsur- 
Cook and Mullins, 1983) and is probably of slide masses. Numerous small-scale face shear zones can also be localized 
a long-term process characteristic of bedding disruptions can occur in shear along intervals containing water-rich tur- 

bidites (Eberli, 1988). 

Figure 14 a) Cross-strike exposure of the upper Eldon and Pika formations on the southeast wall of Verdant cirque, Middle Cambrian, 
Canadian Rocky Mountains, Alberta. b) Line drawing of photography in (a). Bedded, peritidal platformal strata were truncated by two surfaces 
(TS) that converge to form a single, sub-Vermilion truncation surface (TS') to Me right. This surface is onlapped by argillaceous sediments of 
the Vermilion sub-unit, which contain prominent megaconglomerates (large boulders are stippled) and calcarenite bodies. Subsequent progra- 
dation of the platform occurred, shown by the prominent foresets above this surface. The margin failed once again producing the intra- 
Vermilion truncation surface (TS2) that clearly shows a nearly vertical headwall. Minor failures along this margin subsequently deposited the 
talus wedge that abuts the escarpment. Photograph and interpretation by D. Stewart. 



Sedimentation rates 
Sedimentation rates are extremely vari- 
able even along different portions of the 
same slope. In the northern Bahamas 
and western Florida, rates are com- 
monly 1-3 cml1000 years but range 
from zero (where no net accumulation 
occurs) to as high as 60 cml1000 years 
(e.g., Tongue of the Ocean) where 
mass wasting predominates. Brooks 
and Holmes (1 990) report an extremely 
high rate of 2.5 m/1000 years from the 
upper slope in southwestern Florida 
during a sea level highstand with abun- 
dant shallow water production of car- 
bonate. Lateral variation is also ex- 
pected. When pelagic sedimentation is 
dominant in slope environments, low 
rates, on the order of a few centime- 
tres/1000 years will be characteristic. 
These rates may be higher than pelagic 
settings, however, because of produc- 
tivity pulses associated with upwelling 
and platform margin currents (e.g., 
Gardulski et al., 1986). . 

FACIES ASSOCIATIONS 
Introduction 
Facies variations observed in the 
highly segmented, modern Bahamian 
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Figure 15 Facies associations of open 
ocean settings in northern Bahamas, em- 
phasizing (a) escarpment; modified from 
Mullins (1983) and (b) gullied upper slope, 
based on Fig. 5. 
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slopes demand unique combinations of 
oceanographic and geomorphologic 
conditions and are therefore too re- 
stricted to be adopted as general car- 
bonate slope facies models. The 
position of slopes relative to prevailing 
oceanographic-atmospheric dynamics 
also determines whether coarser- 
grained sediment is transported on-plat- 
form (windward) or off-platform (lee- 
ward). Rapid facies variation along and 
between slopes further compounds the 
difficulty of capturing the essence of 
slope deposition. Modern carbonate 
slopes do, however, exhibit unam- 
biguous depthldistance facies relation- 
ships (laterally and in the shallow 
subsurface). 

Modern platform slopes 
In an open ocean setting, i.e., where a 
platform margin faces the broad fetch 
of an ocean and is therefore influenced 
by surface and subsurface currents 
(e.g., north of Little Bahama Bank; Fig. 
I ) ,  two different facies associations 
occur (Mullins and Neumann, 1979). 
The first, with predominantly platform- 
derived sands and slope lithoclasts, 
forms talus and gravity flow accumula- 
tions along a steep (erosional) escarp- 
ment (Fig. 15a). Facies belts are nar- 
row, form parallel to the platform mar- 
gin, and grade abruptly seaward into 
basinal turbidites and suspension-de- 
posited muds. In the second, the steep 
upper slope is formed by peri-platform 
ooze with intermittently active slope 
gullies containing coarse resedimented 
debris (Figs. 5b, 15b). There is a 
downslope reduction in the degree of 
submarine cementation due to de- 
creasing influence of current activity. 
The lower slope contains an apron of 
coarse gravity flow deposits and local 
coral mounds. Seaward facies transi- 
tion illustrates a gradation from mud- to 
grain-supported fabrics of debris flows 
across the lower slope. 

The relatively deep margin off west 
Florida, which is also in an open ocean 
setting, illustrates a threefold division of 
facies parallel to the strike of the 
margin - hardgrounds, sand and bio- 
turbated pelagic ooze (Fig. 16). The re- 
worked, washed sand facies and 
hardgrounds of the outer shelf and 
shelf margin are due to the Loop 
Current, a current within the Gulf of 
Mexico which flows southward parallel 
to the margin. In contrast to the open 

ocean Bahamian settings, gravity flow 
deposits are absent along the west 
Florida slope, although large-scale 
gravity-controlled mass wasting has 
been important (Mitchum, 1978; Doyle 
and Holmes, 1985; Mullins et a/ . ,  
1986). Because pelagic sedimentation 
dominates depositional facies along 
the outer slope the mineralogic compo- 
sition of sediments is predominantly 
calcite, whereas along the Bahamas 
margins a hybrid mineralogy (arago- 
nite, Mg-calcite) is common at similar 
water depths and distances from the 
shallow water platform. A comparison 
between the northwestern Bahamas 
rimmed platform slope and the western 
Florida slope is found in Table 2. 

Slopes within the open seaways 
between carbonate platforms (e.g., 
Florida Straits and Northwest Provi- 
dence Channel; Fig. I )  are susceptible 
to considerable influence by bottom 
currents, related to oceanic circulation 
and slope-derived turbidity currents, 
and illustrate a considerable variety of 
facies associations. Of particular note 
are sediment drifts, coral banks, litho- 
herms (Fig. 17a), chaotic debris flows 
and slides (Fig. 17b), and what might 
be referred to as a "diagenetic slope" 
(Fig. 17c). The latter reflects the de- 
creasing influence of submarine ce- 
mentation with depth coincident with 
decreasing current activity across the 
slope. This is well developed along the 
northern windward slope of Grand 
Bahama Bank, a gentle (1-2") ramp- 
like incline, with the following transition 
in facies: hardgrounds, <375 m depth; 
nodular oozes, 375-500 m; and unlithi- 
fied periplatform oozes at greater 
depths. There are few coarse-grained 
platform-derived sediments along this 
margin. 

Closed seaway settings, are charac- 
terized by Tongue of the Ocean and Ex- 
uma Sound, Bahamas (Fig. 1; Mullins 
and Neumann, 1979). In Tongue of the 
Ocean, facies associations are similar 
to those in open ocean settings, but 
the facies belts are narrower, marginal 
slopes steeper and, because of the 
surrounding shallow water platforms, 
sediment influx is multi-directional 
(Mullins, 1983). Three concentric 
facies belts are parallel to the bank 
margin (Schlager and Chermak, 1979), 
1) a gullied bypass slope facies, con- 
sisting of periplatform ooze with coarse 
debris in gully axes, 2) a basin margin 
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facies of proximal turbidites forming 
small coalescing "fans", and 3) a basin 
facies of interbedded periplatform 
ooze and thinly bedded fine-grained 
turbidites (Fig. 18). Due to the narrow 
width of this seaway, platform-derived 
sediment effectively dilutes pure 
pelagic sediments such that there is 
no discrete pelagic facies. 

There is no concentric facies pattern 
in Exuma Sound. Instead, a single 
Quaternary debris sheet covers much 
of the basin floor. Yet, gullied slopes 
are present and turbidites become 
finer toward the basin centre. Episodic 
and spatially discrete occurrences of 
debrites should be expected within 
closed seaways enclosed by normal 
sequences of interbedded ooze and 
turbidites (Mullins, 1983)' as found in 
ancient slope sequences (e.g., Cook 
etal., 1972). 

Subsurface facies associations 
Modern slopes 
A comparison of short (<I2 m) cores 
from north of Little Bahama Bank and 
west Florida demonstrates consider- 
able variation in facies associations, 
both laterally and vertically, related to 
the different geological settings and 
slope evolution (Fig. 19). Deep sea 
drilling along the northern margin of 
Little Bahama Bank, however, docu- 
ments spatial and temporal facies vari- 
ations to subsurface depths of 300 m 
(middle to late Miocene age; Austin, 
Schlager etal., 1986). Even though 
the margin has been prograding since 
the early Miocene, and has produced 
a seaward-thinning periplatform 
wedge overlying pelagic carbonates, it 
is clear that the same environments did 
not simply undergo seaward trans- 
lation with bank-margin progradation 
(Harwood and Towers, 1988). 

Ancient slopes 
Vertical successions in ancient car- 
bonate slopes typically contain disor- 
ganized, unpredictable arrays of 
coarse- and fine-grained facies, such 
as debrites, the hallmark of carbonate 
slope deposition, which punctuate se- 
quences of fine-grained suspension 
deposits. Naturally, local slope mor- 
phology and sediment budget signifi- 
cantly influence the type of sediment 
that accumulates. Thus certain slopes, 
or parts of slopes may be turbidite- 
dominated or characterized by beds of 

periplatform ooze punctuated by 
debrites. Systematic thickening-upward 
sequences indicative of prograding de- 
positional lobes or other attributes of 
submarine fan deposition (discussed 
below) are not common. 

Early diagenesis and 
cyclic sedimentation 
Early diagenetic processes are impor- 
tant in both modern and ancient car- 
bonate slope deposits. Bored and 
mineralized hardgrounds, nodular 
chalks and limestones, and shallow- 
burial concretionary layers all attest to 
early lithification with fragmented beds 
commonly occurring as clasts within 
debrites. In modern systems, the pres- 
ence of fine-grained and abundant 
aragonite establishes a strong diage- 
netic gradient facilitating early lithifica- 
tion. In addition, the alteration of 
Mg-calcites appears to contribute suffi- 
cient Mg, along with seawater diffu- 
sion, to establish shallow-burial 
dolomitic carbonates along some 
slopes (Dix and Mullins, 1992). 

Aragonite cycles in modern slopes 
Aragonite cycles, or alternating arago- 
nite-rich and aragonite-poor layers, are 
common to both Bahama and Florida 
slopes, as well as other modern 
periplatform settings. Gardulski et a/. 
(1 986) describe Bahamian cycles as 
being platform-driven with aragonite 
percentages directly related to produc- 
tivity in shallow water platform environ- 
ments. In contrast, the greater depth of 1 
the margin along the open west Florida j 

shelf effectively limits the seaward 
extent of the shallow water carbonate 
factory, and hence slope deposition is 
dominated by pelagic settling. Gardulski 
et al. (1 986) considered the west Florida 
cycles as pelagic-driven, linked to 
planktonic-oceanographic dynamics. 

Cycles in the Bahamas are asym- 
metric fluctuations of high-Sr aragonite 
(derived from the adjacent platforms), 
and correlate well with oxygen isotope 
stratigraphy indicating an association 
with climatically driven interglacial and 
glacial sea level changes (Fig. 20a). 
Elevated aragonite content coincides 
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Figure 16 Slope adjacent to deep open shelf margin off westem Florida. a) Bathymetry and 
surficial facies. Contours in metres. Location is shown in Figure 1. Modified from Mullins et a/. 
(1988b). b) Schematic cross-section illustrating geometry and major facies. Note lenticular geom- 
etry of youngest slope sequence thins landward due to onlap and thins abruptly seaward along 
the distally-steepened slope. Figure not drawn to scale. Modified from Mullins etal. (1988b). 
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with maximum platform productivity 
and highstand shedding (Droxler and 
Schlager, 1985). There is considerable 
debate as to the reasons for lowered 
aragonite percentages. Droxler e l  a/. 
(1 983, 1988) maintain that, in addition 
to decreased aragonite production due 
to platform exposure, aragonite was 
also lost through seafloor dissolution. 
The timing of the Bahama minima coin- 
cides well with carbonate minima in the 
Pacific, Indian, and North Atlantic 
oceans, some of which can be shown 
to be due to carbonate dissolution. 
Boardman et a/. (1 986) suggest that the 
variation in percentages marks a 
purely autocyclic control resulting from 
alternate flooding and exposure of the 
shallow water carbonate factory. 

West Florida cycles (Fig. 20b) are 
out of phase with the Bahamian cycles, 
and are not asymmetric. Maximum 
aragonite percentages are not always 
associated with climate extremes, and 

aragonite is a low-Sr variety character- 
istic of planktonic pteropods rather 
than platform-derived sediment. Ele- 
vated percentages of aragonite, Mg- 
calcite, dolomite, and insoluble residue 
coincide with glacial periods as deter- 
mined by oxygen isotope stratigraphy. 
These cycles are considered to be a 
product of increased planktonic pro- 
ductivity and dilution by hemipelagic 
clays. There is no evidence of dissolu- 
tion to account for the depleted arago- 
nite intervals. 

A third, slightly different cyclic rela- 
tionship occurs off the northern 
Bahamas (Dix and Mullins, 1988). The 
Plio-Pleistocene cycles of carbonate 
content and high-Sr aragonite are neg- 
atively covariant; i.e., intervals of high 
aragonite correspond to decreased 
total carbonate content, due to in- 
creased terrigenous clastic content. 
Such increased deposition of clay 
would occur if bottom current strengths 

decreased between platforms with 
rising sea level during the glacial-to-in- 
terglacial transition (Brunner, 1986). 

Limestone-shaleJmar1 cycles 
in ancient slopes 
Of all the various fine-grained facies 
found in ancient carbonates slopes, 
none is more visually striking than the 
thick, monotonously interbedded lime- 
stone-shale (or marl) sequences which 
can extend for hundreds of metres 
along strike with little or no change in 
bed thickness (Fig. 8). Recent studies 
suggest that this limestone-shale as- 
sociation is largely the product of shal- 
low-burial diagenesis (e.g., Hallam, 
1986; Ricken, 1986; Coniglio and 
James, 1990). Most thin-bedded lime 
mudstones were deposited from dilute 
turbidity currents or from suspension 
settling. Lithification of the limestone 
seems to have taken place by early 
dissolution of carbonate from the 

Table 2 Comparison of Bahamian (rimmedplafform) and west Florida (open platform) slopes. Based on Mullins et al. (19886). 

NW Bahamas West Florida 

Morphology gullies are important in upper bypass slope smooth and gentle; lacks gullies; no upper bypass 
slope 

slope becomes more gentle in a seaward slope becomes more steep in a seaward direction 
direction 

Influence of line source on strongly controlled shelf margin position of Loop Current eliminates 
sediment dispersal potential control by line source 

Turbidites and debris flows major contributor to lower slope and basin margin relatively minor contributor to slope 
facies 

Slides important important 

Pelagic sedimentation most abundant along upper bypass slopes and dominant depositional process 
in regions not diluted by sediment gravity flows, 
winnowing by bottom currents, or carbonate 
compensation depths 

Cyclicity aragonite cycles are platform-driven with peak aragonite cycles controlled by higher pteropod 
aragonite abundances during warm interglacial productivity during glacial intervals 
intervals 

Sediment composition bank-derived Mg-calcite and aragonite are calcite from planktonic foraminifera and coccoliths 
important is most important 

Diagenetic potential early submarine cementation encourages forma- no oblivoius source for slope-derived clasts; fine- 
tion of slope-derived clasts during slope failure grained nature of sediment reduces permeability 

of sediment discouraging submarine cementation 

Distribution of slope facies variety encouraged by segmentation of banks 3 main facies belts with Loop Current as major 
and basins control 

Seismic facies numerous seismic facies simple configuration 
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argillaceous interlayers and reprecipi- 
tation in the carbonate layers. This 
precipitation also cemented local 
grainy turbidites and formed nodules 
to layers of diagenetic lime mudstone. 
Later pressure solution during burial 
usually enhances all limestone-shale 
or limestone-marl contacts. 

Such limestone-shale cycles are 
characteristic of many Paleozoic slope 
carbonates and, although partially dia- 
genetic, the initial depositional signal of 
carbonate sediment alternating with 
argillaceous sediment may be a re- 
sponse to the same controls that pro- 
duce aragonite cycles on modern slopes. 

Figure 17 Facies associations of open 
seaways of the northern Bahamas. a) 
Example of periplatform sands and litho- 
herms influenced by the bottom-sweeping 
Florida Current. Modified from Mullins and 
Neumann (1979). b) Chaotic slide facies 
changing downslope into gravity flows and 
pelagic ooze. Modified from Mullins (1983). 
c) Diagenetic slope reflecting decreasing 
current strength passing from hardground 
through nodular ooze to ooze with in- 
creasing water depth. Note that the upper 
slope north of Little Bahama Bank (Fig. 5b) 
clearly displays these current-controlled 
facies. Modified from Mullins etal. (1980b). 

FAClES MODELS 
Earlier attempts to model carbonate 
slope facies have highlighted three 
common elements, 1) the consider- 
able spatial and temporal facies varia- 
tion, 2) the propensity for carbonate 
sediments to accumulate along the 
slope from a line source or a multitude 
of feeder channels, and 3) the differ- 
ence between siliciclastic and car- 
bonate slope sedimentation in res- 
ponse to sea level fluctuations. 
Mcllreath and James (1 979; 1984) es- 
tablished two basic models - bypass 
and depositional (Fig. 21) - based on 
relief between platform and basin and 
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Figure 18 Facies associations of closed 
seaways of the Bahamas. Based on 
Schlager and Chermak (1979). 
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Figure 19 Shallow subsurface slope facies from west Florida and north of Little Bahama Bank. Diagram is based--on parts of figures in 
Mullins et al. (1 984) and Mullins et a/. (1 988a). 



- -- 
--- --- 

18. CARBONATE SLOPES 365 

the nature of the platform margin 
facies. Cook et a/. (1 972) took an al- 
ternate approach by considering the 
wedge of sediment underlying slopes 
as forming an apron adjacent to the 
shallow water platform, and distin- 
guishing two end members by the posi- 
tion of the apron top relative to the 
shallow water margin. Facies and 
facies associations were not a prime 
criterion for distinguishing slope types. 
Only one facies, however, was set 
aside: the debris sheet model was 
used to explain extensive megabrec- 
cias resulting from collapse of a plat- 
form margin. Using the apron-platform 
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geometry, Mullins and Cook (1 986) re- 
cently proposed a facies classification 
using nomenclature similar to that used 
for terrigenous sedimentary gravity 
flow facies (Mutti and Ricci Lucchi, 
1978). This approach emphasizes sim- 
ilarities and differences between silici- 
clastic fans and carbonate aprons. 

Carbonate slope facies models 
based primarily upon geometry of the 
slope deposits and the adjacent plat- 
form margin appear to offer the most 
malleable models, in which the numer- 
ous possible facies and facies associa- 
tions play an important complimentary, 
but secondary role. 
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Figure 20 Aragonite abundance and oxygen isotope composition cycles if the shallow sub- 
surface. Aragonite cycles from the Bahamas (a) appear asymmetric whereas those from 
west Florida (b) show less asymmetry. See text for details. Diagram is based on parts of 
figures in Droxler et a/. (1 983) and Gardulski et a/. (1 986). 

Carbonate aprons 
Aprons are wedge-shaped to lenticular 
bodies that generally thicken towards 
the platform margin. Facies belts closely 
parallel the platform margin. Three 
types of apron-platform geometries are 
recognized, 1) rimmed platform slope 
aprons, 2) rimmed platform base-of- 
slope aprons, and 3) open platform 
slope aprons. 

Rimmed platform slope apron 
Carbonate slope aprons extend 
without break from the basin along 
gentle (<4") gradients up to a shallow 
water platform margin (Fig. 22a). This 
is similar to what has been regarded 
as the depositional slope model 
(Mcllreath and James, 1979; 1984). A 
line source of platform-derived sedi- 
ment originates from numerous chan- 
nels dissecting shoals, reefs and 
islands along the platform margin. 
Downslope sediment transport along 
such carbonate aprons is predomi- 
nantly via unchannelized sheet flows. 
Because gravity deposits may be initi- 
ated anywhere along the slope, corre- 
lation of these deposits will be fraught 
with problems except for megabreccias 
resulting from sea level change or seis- 
mically induced failure of platform 
margin's (e.g., James and Stevens, 
1986). Turbidites and debris sheets are 
common but do not develop sys- 
tematic vertical sequences; instead, 
they are characterized by randomly 
distributed broad sheets of carbonate 
gravity flow facies interbedded with 
suspension deposits. General coars- 
ening- or fining-upward trends can, 
however, result from progradation or 
retrogradation of the adjacent platform 
margin (Fig. 23). Slope aprons are not 
described from modern oceans be- 
cause modern platforms typically 
possess steep forereef escarpments, 
and in places upper slope escarp- 
ments, which are a function of glacially 
induced Quaternary sea level fluc- 
tuations. Ancient examples include the 
Devonian of Alberta, the Siluro- 
Devonian of Nevada, and the Permian 
of west Texas (Cook, 1983). 

Rimmed platform 
base-of-slope apron 
A base-of-slope apron forms down- 
slope from the platform-slope break 
along relatively steep (>4") margins 
(Fig. 22b). Sediment is supplied from a 



366 CONIGLIO, DIX 

line source which typically takes the 
form of a series of closely spaced 
gullies transporting shallow water and 
slope-derived sediment through some 
portion of the upper to middle (bypass) 
slope. Sediment emerging from a 
gullied slope would initially follow a dis- 
persal path outlining a series of small, 
interleaved fan-shaped deposits while 
broadly defining platform margin-par- 
allel facies belts. As with carbonate 

Proterozoic of Northwest Territories 
(Grotzinger, 1986). 

Carbonate submarine fans 
Carbonate submarine fans appear to be 
rare in the rock record, but several have 
been described from the Paleozoic 
(Cook, 1983; Cook and Mullins, 1983), 
Mesozoic (Ruiz-Ortiz, 1983; Wright and 
Wilson, 1984; Watts and Garrison, 
1986; Cooper, 1989), and Tertiary 

(Gokten, 1986). No modern-day exam- 
ples have been documented. 

Ancient carbonate fans are inter- 
preted to have been built from a point 
source, similar to their siliciclastic 
"channel-fegding-loben (Chapter 13) 
counterparts, developing at the base 
of a slope fed from a major submarine 
channel (Fig. 22d). Facies associations 
and types are also similar (Fig. 24). In 
carbonate systems, inner fan facies 

slope aprons, systematic vertical se- 
quences are not expected. Prominent 1 DEPOSITIONAL MARGIN I 
facies to be expected at the top of a 

SU LEVEL 
base-of-slope apron would be coarse 
debrites and talus, especially if a steep 
escarpment is present. Good exam- 
ples of modern base-of-slope aprons 
occur along several margins in the 
northern Bahamas (Mullins and Cook, 
1986), off Belize (James and Ginsburg, 
1979) and Jamaica (Land, 1979). There 
are several well-described ancient ex- 

W O W  REEFS AN- SAND SHOALS SEA LEVEL 
amples as well, including the Middle v 
Cambrian of the Canadian Rocky 
Mountains (Mcllreath, 1977), the Cam- 
bro-Ordovician of western Newfound- 
land (James and Stevens, 1986), and a 
the Cretaceous of Mexico (Enos, 1977). 

Open (unrimmed) platform apron 
Because the platform margin is below 
depths at which the carbonate factory 
operates, sediments forming aprons 
adjacent to such shelves are likely to 
be dominantly pelagic in origin (Fig. 
22c). Mass-wasting deposits include 
pelagic turbidites and debrites, the 
latter of which can contain clasts 
derived from the platform margin or 
fragmented beds of early lithified 
pelagite. The generally finer grained 
nature of the deeper platform margin 
sediment implies that submarine ce- 
mentation (and therefore production of 
clasts) may not be as important as 
along shallower rimmed platform 
margins. Pre-Mesozoic aprons adja- 
cent to open platform margins will be 
highly argillaceous. 

Both modern and ancient examples 
of carbonate aprons adjacent to open 
platform margins (distally steepened 
ramps) are rare, although in the latter 
case, this more likely reflects the diffi- 
culty in differentiating between rimmed 
shallow water platforms and open plat- 
forms in the rock record. Modern slopes 
adjacent to open shelves include west 
Florida and Banco de Campeche, 
Mexico. An ancient example is the early 
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Figure 21 Facies models for depositional and bypass margins. ~odified from James and 
Mountjoy (1 983). - ---- 
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include debris flow conglomerates and 
coarse proximal turbidites deposited in 
feeder channels and associated with 
submarine slides. Mid-fan deposits 
comprise thinning- and fining-upward 
strata deposited as braided distribu- 
tary channels. Thickening- and coars- 
ening-upward turbidite sheets are 
inferred to represent outer fan-lobe 
sheets. Thin-bedded laterally contin- 
uous turbidites may represent fan 
fringe, basin plain, or interchannel 
facies (Mullins and Cook, 1986). 
Sediment disperses in a radial fashion, 
yet if numerous fans develop along a 
slope also fed by a line source, the 
distinctive fan geometry and facies 
succession may be blurred. 

In the previous older submarine fan 
models (Walker, 1979), suprafan lobes 
are a major structural component. 
However, reappraisal of siliciclastic 
facies associations based on multi- 
channel seismic facies analysis 
(Chapter 13) illustrates that channel- 
feeding-lobe fan systems do not char- 
acterize a general fan model. In light 
of this, future investigations of car- 
bonate submarine fan systems need 
to be cognizant of channel-levee com- 
plexes, stacked thick sandy turbidites, 
synsedimentary deformed sediment, 
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and debrites. Carbonate submarine 
fan systems may prove to be more 
common in the rock record than is 
generally recognized. 

SEA LEVEL CHANGES AND 
SEQUENCE STRATIGRAPHY 
The sequence anatomy of carbonate 
slopes, comprising allostratigraphic 
units and the lithologic succession are 
difficult to predict because shifting sea 
level causes so many changes in the 
ambient physical, biological and chem- 
ical conditions of deposition. Further- 
more, the relative importance of these 
parameters on sedimentation often 
changes as base level shifts. Se- 
quence anatomy can be influenced, 
however, without any change in sea 
level, for example, through seafloor 
dissolution due to rise of chemical 
oceanographic boundaries, erosion or 
sedimentation related to variations in 
bottom-sweeping currents, or changes 
in the tectonics of the hinterland as it 
affects terrigenous sediment input into 
coastal areas (Schlager, 1991). 

Despite this complexity, the manage- 
ment of a slope above the common car- 
bonate mineral lysoclines and com- 
pensation depths when the adjacent 
platform is flooded should be directly 

b. BASE-OF-SLOPE 
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Figure 22 Block diagram facies models for a) carbonate slope apron, b) carbonate base-of- 
slope apron, c) carbonate deep open platform slope, and d) carbonate submarine fan (a and b 
are modified from Mullins and Cook, 1986). 

controlled by production and off-plat- 
form transport of shallow water car- 
bonate sediment (Wilson, 1975; Ken- 
dall and Schlager, 1981 ; James and 
Mountjoy, 1983). The greatest rates of 
slope aggradation and progradation 
from off-platform transport of mud and 
coarser detritus appear to be associ- 
ated with platform flooding, establishing 
conditions for highstand shedding when 
sedimentation rate matches or exceeds 
the rate of relative sea level rise, or 
when the shallow water carbonate 
factory's production rate is maximized. 

Exposure 
A drop in sea level to below the shal- 
low, rimmed paleoplatform margin 
creates the potential for a new platform 
to grow on the upper part of the old 
slope, although constant erosion can 
prevent any significant platform devel- 
opment on top of steep slopes. This 
new platform will have a relatively small 
area for shallow water sediment pro- 
duction. Consequently, calcitic pelagic 
sediment in Mesozoic and Cenozoic 
sequences may predominate due to re- 
duction in the input of platform-derived 
aragonite and Mg-calcite whereas Pale- 
ozoic slopes become sediment starved, 
resulting in an increase in the relative 
amount of shale, the default sediment. 

During lowered sea level, the ex- 
posed and lithified platform margin will 
be weakened by physical and chem- 
ical processes, potentially leading to 
collapse and accumulation of sediment 
gravity flow, slide and talus de- 
posits. Whether sufficient sediments in 
carbonate systems accumulate to gen- 
erate recognizable lowstand systems 
tracts analogous to siliciclastic lowstand 
fans (Sarg, 1988) is debatable. Along a 
pericontinental shelf margin siliciclastics 
can prograde across the shelf and 
down the new slope, thereby estab- 
lishing a terrigenous clastic lowstand 
systems tract. From sequence strati- 
graphic studies of relatively pure car- 
bonate systems, however, the lowstand 
systems tract appears to be either thin 
or absent (Fig. 25; Eberli and Ginsburg, 
1989; Pomar, 1991; Yose, 1991). In 
contrast, Masetti etal. (1 991) have sug- 
gested that the greatest rate of slope 
progradation in Triassic platforms of 
northern Italy occurred during sea level 
lowstands. The problem of highstand 
versus lowstand slope deposition 
remains a key area for research. 
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Because of greater water depths at 
the margin, the sedimentary regime on 
open platform slope aprons remains 
unaffected by small sea level fluctua- 
tions that would otherwise intermit- 
tently expose and flood a shallow, 
rimmed platform margin. Large-scale 
sea level drops, however, particularly if 
the platform margin is in relatively 
shallow wate'r, may impart a clear 
shallow water, platform-derived car- 
bonate contribution to the apron. 

Flooding 
With a gradual rise in sea level, such 
that the rate exceeds sediment pro- 
duction, the lowstand margin and plat- 
form facies backstep, onlapping the 
previously exposed platform and 
forming a transgressive systems tract 
(TST; Fig. 25). Superimposed on this 
overall rise and landward onlap may 
be short intervals of rapid rise followed 
by stillstands during which carbonate 
platforms can catch-up. If of prolonged 
duration, aggradational sequences 
can develop. Submarine cementation 
tends to be common in the lime mud- 
rich lithofacies that characterize the 
platform margin because of the longer 
time available for pore-fluid migration 
and cement precipitation (Sarg, 1988). 
Any mass wasting from such margins 
will produce slope aprons character- 
ized by abundant mud-rich intraclasts. 

As the rate of relative sea level rise 
approaches sediment production rates, 
the maximum flooding surface (MFS) is 
attained with decreasing onlap (Fig. 
25). Condensed sequences or hard- 
grounds may form on the platform 
during this peak in onlap. When sedi- 
ment production rates exceed sea level 
rise, or during a stillstand, the high- 
stand systems tract (HST) prograding 
sigmoid/oblique clinoforms develop 
and downlap onto the older transgres- 
sive systems tract (Fig. 25). Submarine 
cementation tends to be minor and 
gravity flows derived from such sys- 
tems will reflect the uncemented, grain- 
rich and mud-poor lithofacies that 
characterize the platform margin. 

Highstand shedding should promote 
greater mass wasting where slopes 
become overloaded, or margins be- 
come oversteepened. The most vigor- 
ous off-platform transport may occur, 
however, during early flooding of the 
platform margin, decreasing during 
subsequent increased water depth i f  

much of the platform surface is placed 
below wave base (e.g., Brooks and 
Holmes, 1989). Rapid outbuilding of 
the margin forming a highstand sys- 
tems tract may lead to alte,rnating de- 
velopment of accretionary and bypass 
margins. In fact, evolution from an ac- 
cretionary to bypass margin may 
repeat itself many times if oversteep- 
ening of the bypass margin gives way 
to collapse and lower gradients 
(Schlager and Ginsburg, 1981). 

Drowning 
Sediment production on the platform 
can be temporarily or permanently shut 
down during transgression, creating a 
starved slope. Such drowning conjures 
up images of the platform lying in the 
murky depths due to a rapid rise in rel- 
ative sea level related either to eustasy 
or tectonics (Schlager, 1981). Cer- 
tainly, rates of shallow water sediment 
production and off-platform transport 
appear to decrease with increasing 
water depth over the platform. But, 
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Figure 23 Generalized hypothetical sequence of slope facies resulting from progradation 
of the adjacent shallow water platform. 
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progradational stacking of slope se- below those commonly considered for 
quences can still be generated adja- the carbonate factory (0-20 m; Glaser 
cent to platforms which sit at depths and Droxler, 1991). 

Since water quality, in addition to 
water depth, may play an important 
role in controlling platform growth 
potential, locally retarded shallow 
water carbonate production and/or --- - -  LITHOLOGY INTERPRETATION 
high rates of off-platform transport 

MASSIVE AND THICK 
AMALGAMATED LARGE CHANNEL 
LIMESTONES WITH SOME FILLS 
EROSION SURFACES 

may lead to diminished accumulation 
rates along some margins and to in- 
cipient drowning (Dominguez etal., 
1988). Excessive nutrients (Hallock 
and Schlager, 1986), derived from 
either upwelling or across-platform 
transport of lagoon waters, can inhibit 
carbonate production. Thus, drowning - THICK BEDDED MASSIVE AND SMALL AMALGAMATED LIMESTONES CHANNEL ZONE WITH CHANNELLING 

can occur during formation of a trans- 
gressive systems tract in very shallow 
water. Tectonic plate motion and a 
platform's latitudinal change through 
successive water masses, with chang- 
ing temperature, salinity and/or water 

MEDIUM BEDDED GRADED TRANSITION 
LIMESTONES WITH 
SMALL-SCALE CHANNELLING 

TO MID FAN 
clarity characteristics, can form a long- 
term control on carbonate productivity 
and resulting platform aggradation 
(Davies et al., 1989). No sea level PROGRADATION 

MEDIUM BEDDED 
GRADED LIMESTONES 

BASIN PLAIN-FAN 
TRANSITKIN 

change is required for these nutrient or 
tectonic influences. 

Drowning in deep or shallow water 
should lead to a starved or condensed 
sequence characterized by low rates 
of mostly pelagic deposition (in post- 
Paleozoic strata) with possible devel- 

HEMlPELAGlC MUDS THIN BEDDED LIMESTONES I 3 1 AND MUDSTONES 

WITH THIN GRADED AND INTERCHANNEL 

0 m 

SAND 

opment of phosphatic hardgrounds. 
Subsequent sequence boundaries 
within overlying pelagic strata will be 
parallel or subparallel or mounded to 
the contact with underlying slope car- 
bonates, although bottom currents 
may keep some areas devoid of pel- 
agic sediment. Hemipelagic terrige- 
nous muds or siliceous ooze may be 
the prevalent sediment type on the 
drowned platform and slope in pre- Figure 24 Summary log of major lithofacies in Jurassic carbonate submarine fan se- 

quence at Peniche, Portugal. Modified from Wright and Wilson (1984). Mesozoic systems. 

SYSTEMS TRACTS 
HST HIGHSTAND 
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f HEMlPELAGlC CLAYS 

Figure 25 Geometry of carbonate se- 
quences with generalized facies associa- 
tions. Platform exposure leads to a thin, 
condensed lowstand systems tract (LST?) or 
hiatal surface. Rising sea level creates a 
backstepping transgressive systems tract 
(TST) which progressively onlaps the previ- 
ously exposed platform. Condensed, thin se- 
quences may occur along the slope. With 
greater sediment production than sea level 
rise, a highstand systems tract (HST) pro- 
grades out over the maximum flooding 
surface (MFS), creating a sequence of 
downlapping strata. Modified from Sarg 
(1 988). 
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SUMMARY 
In the first edition of Facies Models, 
Mcllreath and James (1 979) under- 
scored the need for future refinement 
of their models to include more study 
of modern carbonate slopes in the 
Bahama region and beyond. Over the 
last decade, considerable research 
has resulted in a greater understanding 
of many previously unstudied, rela- 
tively pure carbonate slopes in  the 
northern Bahamas-Florida region, to- 
gether with parts of the Caribbean, as 
well as the Pacific and Indian Oceans. 
Across-slope drill transects begun by 
the Ocean Drilling Program in 1985 
ushered in a new era of research. The 
choice of the northern Bahamas for 
the inaugural Leg 101 was in partial 
recognition of the need for better un- 
derstanding of the facies architecture 
of modern carbonate slopes. Recent 
ODP transects off northeast Australia 
provide a new vantage point from 
which to investigate the dynamics of 
basin-to-platform transitions in mixed 
siliciclastic-carbonate depositional 
systems. Future research investigating 
open shelves within different oceano- 
graphic systems will also, no doubt, 
provide further understanding of slope 
sedimentation and development along 
this alternate type of carbonate 
margin. 

The variety of facies, slope morpholo- 
gies, internal stratigraphy, and sedimen- 
tary processes characterizing even a 
single slope illustrate that carbonate 
slopes continually adjust toward a 
dynamic equilibrium with a host of inter- 
related climatic, oceanographic, sedi- 
mentological, tectonic, and sea level 
eustatic factors. Past attempts to model 
slopes provided snapshots of numerous 
facies associations which characterize 
the variability of this depositional system 
and the various geometric configura- 
tions of carbonate slopes. Recognizing 
the dynamic interrelationship between 
numerous parameters affecting slope 
facies, our approach has been to under- 
score their inherent spatial and temp- 
oral variability. This knowledge allows 
us to better understand observed facies 
associations and temper predictions of 
lateral and vertical facies development 
in both modern and ancient carbonate 
slopes. 
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INTRODUCTION 
Evaporites are chemical sediments 
precipitated from brines. They may 
form anywhere there is a substantial 
deficit in the water budget due to 
evaporation. The feedstock for most 
large evaporite deposits is believed to 
have been seawater, but groundwa- 
t e r ~  are the sources for many evapor- 
i t e ~  in continental settings. Carbonates 
are commonly interlaminated with the 
more soluble materials and should 
also be considered, when they are 
precipitated by similar processes, as 
evaporites. 

A diverse group of minerals occur in 
evaporites, but most are rare to minor 
components. The more important min- 
erals are shown in Table 1. The diver- 
sity of marine-derived evaporite min- 
erals is more limited. Dissolved consti- 
tuents in modern seawater are domi- 
nated by sodium and chloride, and only 
12 components have concentrations 
greater than 1 ppm. The proportions of 

major ions in seawater are constant 
and apparently have been since late 
Precambrian times. This constancy im- 
plies that seawater evaporation fol- 
lowed similar pathways in the past. 

Evaporites are formed in a wide 
range of depositional settings, from 
soils to lacustrine environments on 
continents, and from the supratidal to 
the deep subaqueous realm in the 
marine setting. Evaporite minerals 
may crystallize in these environments 
at the brinelair interface or, less com- 
monly, within the brine itself, on the 
floor of a brine pool, in brine-soaked 
sediments as displacive or incorpora- 
tive crystals, or as efflorescent crusts 
in the capillary fringe of subaerially 
exposed settings. The crusts have low 
preservation potential. Consequently, 
evaporite deposits can be described 
as being 1) subaqueous accumula- 
tions of surface-nucleated crystals, or 
crystal cumulates, 2) subaqueous 
bottom precipitates, or crusts, 3) dia- 

genetically emplaced intrasediment 
precipitates, which may replace, dis- 
place or incorporate nonevaporite or 
previously formed evaporite host sedi- 
ments, or 4)  clastic accumulations of 
evaporite particles. After deposition, 
evaporites are subject to many early 
diagenetic processes that 1) alter the 
original mineralogy and sediment 
fabric to varying degrees (including 
complete obliteration of original char- 
acteristics), or 2) lead to complete 
removal by dissolution. Thus many 
evaporites are not strictly primary pre- 
cipitates: they are diagenetic minerals 
emplaced within other sediments, or 
are diagenetic replacements of true 
primary precipitates. 

In this chapter the overall controls on 
evaporite precipitation are discussed; a 
new classification of evaporite facies 
emphasizing sedimentary features 
rather than geographic settings is intro- 
duced; and facies models for conti- 
nental, basin marginal and basin 

Table 1 Common evaporate minerals. From Hardie (1984). 

anhydrite CaSO, leonhardtite MgS04.4H,0 
aphthitalite (glaserite) K,SO,.(Na,K)SO, leonite MgSO4.K2S0,4H2O 
antarcticite CaCI2.6H,O loewite 2MgSO4~2Na,SO4~5H,O 
aragonite CaCO, magnesium calcite (Mg,Ca,,)CO, 
bassanite CaS04.1/,H,0 mirabilite Na2S04.1 OH,O 
bischofite MgCI,.6H20 nahcolite NaHCO, 
bloedite (astrakhanite) Na,SO4.MgS0,.4H2O natron Na,CO,.l OH,O 
burkeite Na2C0,.2Na,CO4 pentahydrite MgS0,.5H20 
calcite CaCO, pirssonite CaC03.Na,C0,.2H,0 
carnallite MgCI,.KCI.6H20 polyhalite 2CaS04.MgS04.K,S0,.2H,0 
dolomite CaCO,.MgCO, rinneite FeCI2.NaCI.3KCI 
epsomite MgS04.7H,0 sanderite MgS04.2H,0 
gaylussite CaC03.Na,C0,.5H,0 schoenite (picromerite) MgS04~K,S04~6H,0 
glauberite CaSO,.Na,SO, shortite 2CaC0,. Na,CO, 

gyps'"-'' CaS04.2H,0 sylvite KC I 
halite NaCl syngenite CaSO,.K,SO,~H,O 
hanksite 9Na$0,.2Na,C03.KCI tachyhydrite CaCl2.2MgC1,.1 2H20 
hexahydrite MgSO,.GH,O thenardite Na,SO, 
kainite MgSO,.KCI.l '/,H20 thermonatrite Na2C03.H,0 
kieserite MgSO,.H,O trona NaHC03.Na2C03.2H,0 
langbeinite 2MgS04.bS04 van'thoffite MgS0,.3Na,S04 
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central evaporites are presented. 

CONTROLS ON EVAPORITE 
PRECIPITATION 
Conditions necessary for the formation 
and preservation of substantial evap- 
orite deposits are stringent, thus the 
major controls of evaporite deposition 
need to be included in any treatment 
of dynamic facies models. The type of 
evaporite produced is a product of the 
degree of brine concentration, the 
brine composition, and the hydrology 
and climate of the depositional site. 

Brine concentration 
The order in which evaporite minerals 
precipitate is controlled by their rela- 
tive solubilities, the least soluble min- 
erals precipitating first. Calcium 
carbonate begins to precipitate from 
seawater concentrated 1.8 times; 
gypsum begins precipitating at 3.8 
times seawater concentration, and 
halite only when the brine reaches a 
concentration 10.6 times that of sea- 
water (McCaffrey et a/., 1987). Mag- 
nesium sulphate first appears at brine 
concentrations of about 70 times sea- 
water, whereas a 90 times concentra- 
tion is needed to precipitate potassium- 
bearing phases. The composition of an 
ancient marine-derived evaporite 
deposit is therefore, in part, a measure 
of the brine concentration reached at 
the depositional site. This is partially 
controlled by climatic factors. 

If brine and air are at the same tem- 
perature, water can only be evapo- 
rated when its vapour pressure ex- 
ceeds the partial pressure of water in 
the atmosphere (= its relative humidity; 
Kinsman, 1976a). The vapour pres- 
sure of a brine varies with the chem- 
ical activity of water in that brine, itself 
a function of the brine's ionic strength 
or salinity. The mineralogy of evapor- 
i t e ~  is therefore strongly controlled by 
climatic variables. Low humidities are 
required to evaporate brines to the 
concentrations needed to precipitate 
minerals of high solubility, e.g., if the 
relative humidity of air over an evap- 
orite basin exceeds 76%, brines can- 
not be concentrated by evaporation to 
halite saturation. Over oceans, mean 
relative humidities are near loo%, 
whereas at low-latitude coasts, hu- 
midities fall to 70-80%. Humidities low 
enough to allow primary potassium 
and magnesium salts to precipitate 

(below 67%) are confined to regions 
distant from oceans. These salts will 
not occur in marginal marine evaporitic 
environments. Today, the only signifi- 
cant region of potash salt precipitation 
is in the Qaida'm Basin of western 
China, a region 1500 km from the near- 
est ocean, in an orographic desert. 

Brine composition 
Compositions of continental waters 
are more variable than seawater, so 
that a greater diversity of evaporite 
minerals form when they are evapo- 
rated. As each mineral phase is precip- 
itated during evaporation, it removes 
components from solution, so modify- 
ing the remaining brine composition. 

Evaporation pathways of brines are 
largely determined by the initial 
Ca:[HCO, + CO,] ratio, and the 
Ca:SO, ratio (Eugster and Hardie, 
1978). The first ratio determines 
whether the remaining brine will 
become alkaline and depleted in 
calcium, or will become neutral and de- 
pleted in carbonate species. The 
second ratio, at the stage of gypsum 
saturation, determines whether a brine 
will become depleted in calcium or sul- 
phate. Waters with Ca < CO, + HCO,, 
upon evaporation precipitate alkaline 
carbonates, whereas those with Ca > 
CO, + HCO, may evolve into brines 
that precipitate sodium sulphates. 

Mineralogical, geochemical and 

Figure 1 Comparison of evaporite compositions expected from seawater evaporation (I), 
compared with average compositions of (2) Zechstein evaporites, (3) "average" evaporites 
(dominantly from cratonic basins; riftduvenile oceanic evaporites would be more halite domi- 
nated), and (4) anhydrite-dominated sequences. Data modified from Borchert and Muir (1964). 
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sedimentological criteria for discrimi- 
nating between marine and nonmarine 
evaporites have been proposed by 
Hardie (1984) and Smoot and Lowen- 
stein (1991). Most controversial are 
Hardie's (1990) suggestions that the 
commonest potash salts were precipi- 
tated from hydrothermal brines or 
from evaporated seawater modified by 
mixing with these brines. Salts com- 
posed of halite-sylvite-carnallite f 
tachyhydrite + bischofite (the mag- 
nesium sulphate-poor evaporites) 
cannot be derived from seawater evap- 
oration. Mahy of these evaporites 
occur in rift and transtensional strike- 

A slip basins, locations where there are 1 upwelling hydrothermal CaCI, brines, 
rich in Na+, K+, and Ca+ but poor in 
Mg+ and SO;'-. These brines, driven 
upward thermally, may enter closed or 
partially closed basins, there to mix 
with surface waters. Evaporation of 
these mixed waters will precipitate 
magnesium sulphat,e-poor evaporites. 

Y Magnesium sulphate-poor evapor- i i t e ~  also occur in cratonic sag basins 

1 where rising deep-seated hydrothermal 
brines are not expected. However, the 

I 
I hydraulic head, produced during the 
I desiccation of deep evaporite basins, 
, may cause underlying groundwaters to 

1 ' 

migrate upward and enter the basin 

(Kendall, 1989). In this way pre-ex- 
isting CaCI, brines or newly formed 
CaCI, waters, generated during 
dolomitization of limestones, enter the 
basin and modify surface waters in the 
same manner as Hardie proposed. 

Basin hydrology 
All models of evaporite deposition 
involve a consideration of basin hy- 
drology. Evaporite depositional sys- 
tems are dynamic and open, and must 
be considered in terms of inter-related 
water and salt budgets (Logan, 1987). 

lnflow of water and salts 
Large volumes of seawater are re- 
quired to form evaporite deposits. A 
single batch of seawater, even in a 
deep basin, cannot produce any signif- 
icant deposit. 

Basin restriction 
Although large volumes of water are 
required, the depositional site must not 
be too open or brines will constantly 
be diluted; evaporation is unable to 
prevent dilution from unrestricted 
surface-water inflow. Evaporite basins 
must therefore be restricted or isolated 
from the sea. The ratio between the 
surface area of the basin and the 
cross sectional area of any inlet must 

EVAPORATION RATE 

HIGH I LOW 

... 

I I Long Residence Time I Moderate to Long Residence Time 
Low Brine Level High Brine Level 
Salinity High Salinity Moderate (to High 7) I 
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Figure 2 Models of isolated evaporite basins. Evaporative drawdown occurs in response 
to low influx rates (relative to evaporative losses). Deep water evaporites only form in basins 
with low rates of reflux and evaporation; all others experience significant desiccation. 
However, with low rates of evaporation, long time periods are necessary to concentrate the 
entire brine volume in the basin to the point where evaporites accumulate. 

x 
P 
I 

be at least >106:1 for gypsum to form, 
and for halite, the inlet must be at least 
eight orders of magnitude smaller than 
the basin area (Lucia, 1972). 

All marine-derived evaporite se- 
quences are deficient in the more solu- 
ble phases (Fig. 1). Thus the brine 
components forming the missing more- 
soluble phases must have been ex- 
ported from the basin. The size of any 
inlet to a halite-precipitating basin, 
however, is so small that there must, in 
reality, be complete surface disconnec- 
tion of the basin from the open ocean 
(Lucia, 1972). In such isolated basins 
there is no opportunity for surface reflux 
of remaining brines back to the sea. 

Short Residence Time 
Low Brine Level 
Salinity Low 

lnflow rates into isolated basins 
Disconnected but marine-fed basins 
must gain their water by seepage 
through permeable barriers, and may 
receive a significant proportion of their 
water from continental sources. But 
seepage through barriers is unable to 
offset evaporative losses in the basin. 
The loss of brine volume, and a con- 
sequent lowering of the basin brine 
level is termed evaporative drawdown 
(Maiklem, 1971). When evaporation 
losses exceed inflow, nothing can 
prevent basins from desiccating. 
Preservation of a perennial brine in 
basins (required for "deep-watern 
evaporites) necessitates 1) episodic 
seawater input into the basin over the 
barrier, 2) a reduction in the evapora- 
tion rate, or 3) additional seepage 
inflow from the basin periphery or from 
the basin floor. 

AAA 
--HIGH 

Short Residence Time 
Low Brine Level 
Salinity Low 

Brine reflux in isolated basins 
Loss of the more soluble components 
in isolated basins must be by reflux 
through the basin floor. It is unreason- 
able, however, to expect that signifi- 
cant brine reflux can occur over the 
main part of an evaporite basin floor. If 
it were permeable enough to allow 
wholesale brine export, then this same 
permeability should also allow upward 
seepage of groundwater. Brines in the 
basin thus would be constantly diluted 
by this upward seepage, and brines of 
any significant concentration could not 
be generated. As fast as they form, 
they would sink away through the per- 
meable basin floor, or be diluted by 
inflow. Thus a major prerequisite for 
evaporite deposition in basins is the 
presence of a basal aquitard, one cap- 

LOW 

\-HIGH 
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able of confining brines within basins 
(Logan, 1987). Such a basal seal in 
large basins is unlikely to be every- 
where complete. Porous parts are 
potential sites for brine reflux or for 
upward seepage of groundwaters into 
the basin. 

Inflow-outflow ratios in basins 
Surface brines can only occur where 
losses from a basin (evaporation + 
brine reflux) are more or less balanced 
by inflow through the barrier (+ basin- 
floor seepage inflow, rainfall and addi- 
tions of continental surface waters). If 
inflow exceeds water losses, the basin 
fills and becomes more dilute: if losses 
exceed inflow, the basin desiccates. 
The balance between losses and 
inputs also determines the salinity of 
basin brines (Fig. 2). Brine salinity is 
partially a function of the residence 

time of water in the basin (Logan, 
1987). With low reflux rates, residence 
times are long, and evaporation may 
be able to concentrate brines to high 
concentrations. When air humidities 
are high, however, brines cannot be 
concentrated beyond a certain point. 
When residence times are short (high 
reflux rate), brines spend insufficient 
time in the basin to be concentrated to 
high salinities, before being exported 
from the basin. Regardless of the 
aridity of the climate, only evaporite 
minerals of relatively low solubility 
(carbonates, gypsum) are precipitated. 

Neither influx nor reflux rates will be 
stable during a basin's history. Sea 
level changes increase or decrease 
the hydraulic head between ocean and 
the basin brine level, so increasing or 
decreasing the amount of seepage 
inflow. Sediment aggradation causes 

brine levels to rise, reducing hydraulic 
head and rates of seepage influx. 
Sediment aggradation is also associ- 
ated with lateral overstep of basin 
flanks, expanding the area for pos- 
sible brine reflux. Sites of influx and/or 
reflux may also become choked by 
precipitates or sediment, progres- 
sively reducing or stopping flow. 

Variations in the inflow-reflux ratio 
cause changes in the volume of 
surface brine retained within a basin 
and the evaporite mineral being pre- 
cipitated. Such changes may, how- 
ever, occur without any change in 
climate. 

EVAPORITE FAClES 
Today, the relatively small area of con- 
tinental crust with shallow seas limits 
evaporite deposition to continental 
lake basins and arid shorelines. This 
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Figure 3 Modern evaporite depositional environments; diagram courtesy of C.R. Handford. Evaporites form in non-marine interior basins 
with playa lakes, salt pans and mud flats (continental sabkhas), coastal supratidal mud flats (marine sabkhas) and marine-fed, coastal 
lagoons and salt pans (salinas). 



has not been the case in the past. 
Evaporite sequences are generated 

in a variety of modern geographic set- 
tings (Fig. 3, 4). They grade into each 
other, are affected by similar deposi- 
tional processes, and can produce 
similar facies. Identification of the geo- 
graphic setting of ancient evaporites 
thus may depend more upon associ- 
ated facies than upon 'internal charac- 
teristics. 

The absence of Recent deep 
basinal and widespread shallow- 
marine evaporitic settings (Fig. 5) 
means that ancient evaporites of this 
type are identified by comparing their 
facies with those of ephemeral and 
permanent playa lakes and with small 
marine-fed salinas. In the absence of 
Recent analogs, models explaining the 
distribution and extent of these ancient 
facies (particularly those that cover 
hundreds of thousands of square kilo- 
metres, exceed several kilometres in 
thickness, or which directly overlie 
oceanic basement) must be deter- 
mined by deductive reasoning coupled 
with information about the physico- 
chemical behaviour of brine systems. 
One of the most important environ- 
mental parameters to be determined 
for these ancient evaporites is the 
depth of brine during their deposition. 

Brine depth 
Schreiber et a/. (1976) recognized 
three main environmental settings for 
subaqueous evaporites (Fig. 6). 

Figure 4 A) An interior basin: view of 
Death Valley, California with alluvial fans 
flanking mountains in background; salt pan 
in middle-distance (about 4 km wide), and 
saline mud flat (with efflorescent crusts) in 
foreground. B) A salina: aerial view of part 
of Lake MacLeod basin with perennial lake 
(about 2 km wide) fed by seepage through 
barrier (part of seepage face in foreground) 
and evaporite flats in background. C) A 
coastal sabkha: oblique view of NW Abu 
Dhabi sabkha. Supratidal sabkha in fore- 
ground; intertidal algal belt is the dark zone 
(1-2 km wide); seaward of this is the 
lagoon (20 km across), barrier islands and 
open Persian Gulf in far distance. Photo 
courtesy R.K. Park. 
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Identification was based on sedimen- 
tary structures. Criteria used include 
1) structures indicating wave and 
current activity, identifying high-energy 
intertidal and shallow subtidal environ- 
ments, 2) algal structures (in the ab- 
sence of wave- and current-induced 
structures), believed to indicate a 
deeper environment, but one sti l l  
within the photic zone, and 3) wide- 
spread, evenly laminated sediments, 
lacking evidence of current and algal 
activity (but associated with gravity- 
displaced sediments) characterizing 
the deepest, subphotic environment. 
There are problems with the use of 
these criteria. 

Stromatolites may grow in  pro- 
tected, shallow water settings and the 
absence of current structures from 
algal-bearing sediments is not neces- 
sarily a criterion of greater depth. It 
may also be impossible to discriminate 
between planar stromatolites and 
organic films, formed by a passive 

Figure 5 Evaporite depositional environ- 
ments, in addition to continental and 
coastal settings, represented in the rock 
record. For key see Fig. 3. 

Figure 6 Main physical environments of 
subaqueous evaporite deposition and the 
chief sulphate and halite facies present in 
each. Modified from Schreiber et a/.  
(1 973). 
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19. EVAPORITES 

accumulation of organic detritus, 
which have no depth significance. 

Widely correlatable lamination is not 
unique to deep water environments. 
Similar lamination occurs in evaporites 
deposited in subaerial, but ephemer- 
ally flooded, environments (see Figure 
18 later in this chapter) 

Dissolution surfaces and bottom- 
grown crusts may also be used to 
assess depositional depth in evapor- 
ites. An abundance of dissolution sur- 
faces implies each water influx into the 
depositional site dissolved part of the 
previously precipitated evaporite. Thus 
each flooding event diluted the entire 
brine column (Adams, 1969; Warren, 
1982). This can only happen when 
brine volumes are small, implying 

shallow brine depths. Despite the 
shallow water origin (5-10 m) of some 
evaporites lacking dissolution sur- 
faces, the presence or absence of 
these surfaces reflects a feature of 
fundamental importance. Environ- 
ments affected by dissolution events 
are composed of repeatedly dissolved 
and reprecipitated salts, whereas 
those of deeper environments are not 
subjected to such recycling. 

Continued growth of evaporite crys- 
tals on the sediment surface requires 
that they be in contact with supersatu- 
rated brines. Evaporative concentration 
leading to supersaturation, however, 
only occurs at the air-brine interface. In 
deep bodies of stratified brine, descent 
of supersaturated brines will be pre- 

Table 2 Evaporite facies. 

1. MUD FLAT EVAPORITES formed by displacive evaporite growth in pre-existing sedi- 
ments. 

A) DRY MUD FLAT FACIES: evaporites non-accumulative, former presence re- 
vealed by modifications to primary depositional and desiccation structures. 

6) SALINE MUD FLAT FACIES: evaporites persistent* as crystalslnodules; few 
sedimentary structures survive in host sediments. 

2. SHALLOW WATER EVAPORITES formed by precipitation andlor sedimentation from 
shallow surface brines (usually <5 m deep) which are permanent or ephemeral 
features of the environment. 

A) EVAPORITE FLAT FACIE3 laminated clastic evaporites precipitated and 
deposited from unconfined ephemeral brine- and flood-sheets+. Dissolution 
features usually absent or subdued because of cyanobacterial coatings and 
frequency of flooding. Transitional into - 

6) BRINE PAN (EPHEMERAL SALINE LAKE) FACIES: evaporites precipi- 
tatedldeposited from ephemeral but confined bodies of brine. Laminated 
detrital evaporites andlor alternations of evaporite crusts and saline mud 
flat detrital layers (with displacive evaporite crystals). Well-developed disso- 
lution surfaces and patterned ground phenomena. Cyanobacterial mats in 
less saline settings. Transitional into - 

C) SHALLOW PERENNIAL LAKE FACIES: evaporites depositedlprecipitated 
from permanent shallow brines. Evaporite crusts with flood-introduced de- 
trital layers; dissolution surfaces in shallower parts; buried crystal termina- 
tions in deeper. Cyanobacterial mats in less saline shallower settings. 
Transitional into 3A 

3. DEEP WATER EVAPORITES precipitated or emplaced in brines generally deeper than 
20-40 m (but deep-water-appearing evaporites may occur in brines only a few 
metres deep). Characteristically they lack dissolution surfaces and bottom 
crusts. 

A) BASIN FLOOR FACIES: sediments with fine, even, and widely distributed 
laminations. 

8) BASIN MARGIN FACIES: basin floor laminatedlshallow water crusts, with 
resedimented evaporites - turbidites, slumps and mass flow deposits. 

* Evaporites may later be removed by undersaturated groundwaters, making distinction 
from dry mud flat facies difficult. 

+ Growth of displacive evaporites within evaporite flat sediments superimposes saline mud 
flat characteristics. 

vented by the density stratification, and 
bottom-grown crusts should not form. 

Even when brine stratification is 
absent, as it is for brief periods in the 
present-day Dead Sea (Steinhorn, 
1985; Anati et al., 1987), there is no 
drive to transport supersaturated 
brines to the deep basin floor. They do 
not differ substantially in density and 
should mix with the main part of the 
brine long before reaching the bottom. 

Advection of supersaturated brines 
probably affects brines down to a 
salinocline or thermocline (20-40 m). 
Where the basin floor lies at shallower 
depths it should be affected by ad- 
vecting brines, and bottom crusts could 
potentially grow. Unless supersatura- 
tion can be achieved by means other 
than surface evaporation, evaporite 
crusts should record precipitation in 
brines only a few tens of metres deep. 

Three main groups of evaporite 
facies are here recognized (Table 2), 1) 
mud flat facies in which evaporites ac- 
cumulate within pre-existing sediments 
in episodically flooded, subaerial envi- 
ronments, 2) shallow water facies, typi- 
cally characterized by evaporites 
containing dissolution surfaces/bottom- 
grown crusts, and 3) deep water facies 
characterized by the presence of lami- 
nations and gravity-displaced sedi- 
ments, and lacking indications of 
shallow water environments. Deep 
water evaporites may, however, be de- 
posited in only a few tens of metres of 
brine, whereas many shallow water 
evaporites are deposited on evaporitic 
flats that only become flooded during 
storm surges or particularly high tides. 
Since here all depositional events are 
subaqueous, the interpreted environ- 
ment is so identified, even though the 
depositional site may be subaerially 
exposed for most of the time. 

MUD FLAT EVAPORITES 
These evaporites grow in occasionally 
flooded, but essentially subaerially 
exposed, saline mud flats around 
playa lakes and salina ponds, and in 
supratidal flats or coastal sabkhas. 
Here there is an imbalance between 
evaporative outflow and seepage 
inflow such that brine tables lie within 
the sediment. Flooding events, pro- 
duced by storms, spring tides or wind 
set-up, punctuate the history of these 
areas and are the chief depositional 
agents. The brine table usually occurs 
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less than a metre below the surface so 
that all sediments reside within 
phreatic or capillary zones. 

Sedimentary processes 
Saline mud flats are equilibrium defla- 
tion-sedimentation surfaces with a to- 
pography controlled by the brine table 
and its gradients. Wind removes partic- 
ulate material that has dried out on the 
flats, but this can be inhibited by cyano- 
bacterial mats or efflorescent crusts. 
Disruption of upper sediments by efflo- 
rescent crust growth creates materials 
sensitive to wind action and formation 
of clay dunes. Gypsum crystals, precip- 
itated in uppermost sediments, may 
concentrate as lag deposits or be swept 
together as gypsum dunes. 

The shallow water table allows 
evaporation to occur with concomitant 
concentration of pore fluids. Thus sal- 
ine mud flats are sites of brine forma- 
tion regardless of the salinities of the 
inflowing groundwaters. The brine type 
and the mineralogy of the evaporites 
that precipitate from them are, how- 
ever, highly dependent upon the chem- 
ical composition of the ground- and 
floodwaters. Continuing evaporation 
generates a pronounced groundwater 
concentration gradient away from input 
sites (commonly toward the basin 

centre in playas, and away from the 
sea in coastal sabkhas). Progressively 
more saline minerals can be precipi- 
tated and preserved in these directions. 

Little, if any, evaporite precipitation 
occurs from surface brines; instead 
evaporites grow within soft, brine- 
soaked sediments to form intrasedi- 
ment evaporites (Fig. 7A), or at the 
surface, by evaporation of groundwater, 
as ephemeral efflorescent crusts (Fig. 
78). Precipitation results from brine 
evaporation from the capillary fringe, or 
by reactions between the brine and the 
host sediment (including previously 
formed evaporites). Host sediments are 
typically siliciclastic or carbonate muds, 
but may be sands or earlier precipitated 
evaporites. 

Sediment is transported onto mud flat 
surfaces episodically: by spring tide or 
storm-backup sheet floods in coastal 
sabkhas, or by storm-fed sheets in 
playas downslope (or downwind in 
playas). These sediment additions are 
only preserved where the brine table 
rises a corresponding amount. Other- 
wise the extra sediment dries out and is 
deflated. Where flood-introduced sedi- 
ments persist, the episodic nature of 
depositional events imparts a lamina- 
tion. This is continuously disrupted and 
destroyed between flooding events by 

the growth and dissolution of ephem- 
eral evaporite crystals and crusts, and 
by episodes of surficial drying that 
cause extensive and multiple mud- 
cracking. 

Efflorescent crusts of saline minerals 
accumulate on mud flats during ground- 
water discharge and evaporation (Figs. 
7B, 8), or by the evaporation to dryness 
of ponded floodwaters. Because evapo- 
ration is both rapid and complete, 
crusts include metastable and highly 
soluble salts. Rain and floodwaters dis- 
solve the more soluble constituents to 
form concentrated but chemically 
"simple" brines. Ultimately such brines 
may reach basin-central ponds or brine 
pans. 

Thicker saline crusts are similar to 
those of salt pans but are surficial and 
ephemeral features. Growth of evap- 
orite crystals causes volume increase 
and the formation of salt blisters (Fig. 
8A), salt-thrust polygons (Fig. 8B,C); 
or, when affected by rain, highly irreg- 
ular dissolution surfaces with consid- 
erable relief (Fig. 9). 

Even salts that survive dissolution 
by floodwaters and become buried are 
ephemeral when underlying ground- 
waters are undersaturated. Upward 
movement of undersaturated brine, 
caused by evaporative losses near the 

Figure 7 Recent mud flat evaporites. A) Displacive lenticular gypsum crystals forming 
"gypsum mush" layer, Abu Dhabi sabkha. Photo courtesy B.C. Schreiber. B) Ephemeral 
halite crust with "pop-cornm-like growths (10 cm across): Howz-e-Soltan salt lake, Iran. 
Although halite forms the most conspicuous surface evaporite, gypsum is the only phase ac- 
cumulating within the sediment. Photo courtesy F. Fayazi. 
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surface, dissolves the buried rem- 
nants of the salt crust and reprecipi- 
tates it at the new surface. Further 
away from the input sites, however, 
groundwaters become increasingly 
more saline and calcium sulphate, or 
even halite, may become stable within 
the sediment. Minerals in surface 
crusts thus do not usually reflect the 
character of evaporite minerals pre- 
served in underlying sediments. Many 
fine-grained, dolomitic redbed se- 
quences probably represent deposits of 
these evaporitic, but essentially non- 
evaporite-preserving, environments. 

Sedimentary facies of 
host sediments 
Two types of mud flat are distin- 
guished in playas (Hardie et a/., 1978; 
Smoot and Lowenstein, 1991) and the 
same concepts can be adopted for 
salinas (Handford, 1991) and for 
marine-marginal sabkhas. Saline mud 
flats lie closer to saline lakes, salt 
pans, salina ponds or the sea, where- 
as dry mud flats occur in more distal 
locations and may pass laterally into 
coarser sand flats. 

Dry mud flats 
Depositional and desiccation struc- 
tures (Figs. 10, 11) are generally pre- 
served. Mud and sandy laminae form 
during and after flooding but these 
become partially disrupted by mud 
cracks, sheet cracks and the growth 
and subsequent dissolution of saline 
minerals. Dry mud flats are covered 
with efflorescent saline crusts between 
flooding events. When saline crusts 
begin to dissolve in floodwaters, intro- 
duced coarser sediment is trapped in 
depressions on the dissolving crust. 
Upon burial and complete dissolution 
of saline crusts, these coarser sedi- 
ments are preserved as irregular 
coarser-grained patches (sand-patch 
fabric, Fig. 1 1 C). 

Slowly aggrading dry mud flats are 
composed of more massive sediments 
(Castens-Seidell, reported in Hardie, 
1986; Smoot and Lowenstein, 1991). 
Here, most of the sediment deposited 
during flooding events subsequently 
blows away in the wind, only material 
deposited in mud cracks survives. 

Figure 8 Surface features of salt pan, Death Valley, California. A) "Puffy-ground" (small Upon drying Out# the surface 
salt blisters) on dry mud flat marginal to salt pan (photograph 3 m across in foreground). B) covered by new mud cracks which are 
Thin salt crust with polygonal fracture system and growth of efflorescent salt in fractures. C) able to trap new sediment during 
Salt-crust polygons with upthrust edges (photograph 4 m across) in foreground. subsequent floods. Repeated mud 
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cracking and sediment filling, together 
with growth and dissolution of halite 
crystals, generates massive mud- 
stones. 

Saline mud flats 
These mud flats are composed of sed- 
iments in which lamination and desic- 
cation structures have been destroyed 
by the growth of abundant intrasedi- 
ment evaporite crystals. Floods cause 
partial dissolution of previously precipi- 
tated evaporites and sediment col- 
lapses into the cavities formed. 
Repeated episodes of these pro- 
cesses produces a chaotic mix of 
evaporite crystals within an unlarni- 
nated mud matrix (Figs. 12, 13A). 

Mud flat evaporite facies 
lntrasediment evaporite crystals grow 
by incorporating sediment (trapped as 
inclusions within the growing crystals), 
or displacively, by pushing aside the 
sediment, or by both processes 
(Fig. 13A). The amount of evaporite 
emplaced within sediments varies 
enormously (Fig. 12). 

Saturation of groundwaters with 
respect to calcium and magnesium 
carbonates occurs quickly. This 
causes precipitation of 1) calcite 
cement or caliche layers in coarse- 

grained sediments, such as alluvial fan 
sands and gravels surrounding playas, 
2) micron-sized high-Mg calcite and 
protodolomite soft muds, or 3) traver- 
tines and pisolitic caliche when precip- 
itation occurs at peripheral springs. In 
arid coastal settings, seawater also 
quickly becomes carbonate saturated 

in the intertidal zone, causing forma- 
tion of cemented crusts. 

lntrasediment gypsum crystals most 
commonly exhibit a discoidal hemi- 
pyramidal habit (flattened normal to the 
c-axis, Fig. 7A) and may be complexly 
twinned to form rosettes (desert roses). 
Gypsum grows displacively within 

5 

4 
~i~~~~ 9 ~ ~ ~ k ~ d l ~  upthrust polygons, par- Figure 10 Recent mud flat sediments. A) Flaser-bedded clastic playa sediment with clay 1 
tially dissolved to form highly irregular, 0.5 drapes (5 cm coin for scale). B) Contorted gypsum and red mud; note truncated gypsum i 
relief. Devil's ~ ~ l f  course, ~ ~ ~ t h  valley, layers marking former playa surface (5 cm coin for scale), Bristol Dry Lake (California); 
USA. photo courtesy C.R. Handford. 
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cyanobacterial mats or fine-grained 
sediments (sometimes forming crystal 
mushes), or grows poikitically within 
sandy sediments, where it occurs as 
large, lenticular crystals. Gypsum pre- 
cipitation causes calcium depletion in 
groundwaters, and the increased 
MgICa ratio of brines may promote 
dolomitization of pre-existing aragonite 
and precipitation of magnesite. 
Dolomitization of aragonite also re- 
leases strontium that precipitates as 
celestite. 

Anhydrite has a more restricted dis- 
tribution in mud flats and is confined to 
the capillary zone. I t  may replace 
earlier gypsum (Butler et a/., 1982), or 
be newly formed. Nucleation of anhy- 
drite requires a seasonal high tempera- 
ture above 35"C, and is only preserved 
where mean annual temperatures 
exceed 20°C (Kinsman, 1976a). It 
forms discrete nodules and bands of 
coalesced nodules (Fig. 14), some of 
which may take the form of ptygmatic 
(enterolithic) layers. Nodules grow by 
host-sediment displacement, and re- 
placement and dilution of the host sedi- 
ment mav occur to such an extent that 
this is relocated to internodule areas or 

primary anhydrite. Composite anhy- 
drite nodules are remnants of gypsum 
crystal clusters, and massive anhydrite 
forms from gypsum mush layers. Such 
soft anhydrite layers become deformed 
into enterolithic folds and microdiapirs 
with continued anhydrite growth 
(Fig. 15). 

Displacive anhydrite growth is not 
the only mechanism for generating 
nodules. Primary gypsum nodules 
occur (West etal., 1979), and gypsum 
and anhydrite regularly alter backward 
and forward, dependent upon temper- 
ature changes and flooding or rainfall 
events (Gunatilaka et al., 1985). Much 
nodular and bedded nodular anhydrite 
in Recent and ancient evaporites has 
replaced gypsum-pan (salina) de- 
posits, rather than being displacive or 
replacive after displacive gypsum 
(Hardie, 1986). 

The addition of displacive gypsum 
and anhydrite in mud flat sediments 
raises the sediment surface. If the 
water table fails to rise a correspond- 
ing amount, the upper parts of the 
sediment dry out and blow away. 

Deflation exposes anhydrite and 
gypsum at the surface and truncates 
layering and other structures present 
within these sediments (Figs.10, 
14B, 15). 

Displacive halite in modern playa 
sediments has been described (Gomitz 
and Schreiber, 1981 ; Handford, 1982) 
but it is uncertain if precipitation oc- 
curred beneath shallow brines, or within 
mud flat capillary zones. Crystals com- 
monly grow preferentially along cube 
corners and edges (especially when 
they are precipitated from highly super- 
saturated brines), forming cubes with 
hopper-like pyramidal hollows on each 
face. In extreme cases, skeletallden- 
dritic halite crystals are generated (Fig. 
13b). Sediments with abundant dis- 
placive halite cubes (Fig. 12) are 
termed haselgebirge (Arthurton, 1973). 
Halite also occurs as salt crusts on 
coastal sabkha surfaces, as veneers 
around grains in the upper part of the 
capillary zone, and as solid cubes in 
sands. Halite is not an accumulative 
phase here, but dissolves diurnally in 
morning dew, is blown away, or dis- 
solves in floodwaters. 

Figure 11 Ancient dry mud flat dolomites. A) Centimetre-bedded silty dolomites with erosive bases and sediment-filled moulds after dis- 
placive halite hopper crystals (arrowed). 6) Silty dolomite, originally laminated but now highly disrupted by superimposed generations of desic- 
cation cracks and (?) repeated growth and dissolution of evaporites. Both from Paradox Formation (Pennsylvanian), Utah. C) Herald Formation 
(Ordovician of Saskatchewan) dolomites with irregular patches of coarser sediment (sand patch fabric), believed to have accumulated on top of 
former saline crusts, filling depressions created during floodwater dissolution. 
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scour, transport and redeposition. 
Most facies probably form in brines 
less than 5 m deep. Cyanobacterial 
activity is important in more protected 
environments and many sediments 
are subject to periodic drying. 

Most of our original understanding of 
these evaporites came from interpreta- 
tions of ancient examples (Hardie and 
Eugster, 1971; Schreiber et al., 1973; 
Vai and Ricci Lucchi, 1977; Garrison et 
a/., 1978). More recently studies of arti- 
ficial salt ponds (Busson, 1982; Orti 
Cabo and Busson, 1984) and of Recent 
salinas (Arakel, 1980; Kushnir, 1981; 
Perthuisot, 1981 ; Warren, 1982; 
Logan, 1987) have confirmed older in- 
terpretations and suggested others. 

Shallow water evaporites occur in 
shallow perennial and ephemeral playa 
lakes and in marine-fed salina ponds, 
these being typically surrounded by 
mud- or evaporite-flats. Ephemeral 
saline lakes are also termed salt pans. 
They grade insensibly into mud flat-like 
environments where evaporites accu- 
mulate as detrital sediments or by 
surface precipitation. These evaporite 
flats are occupied for brief episodes by 
unconfined brine sheets, usually only a 
few centimetres deep. 

Three present-day shallow water 
evaporite environments can be recog- 
nized: perennial saline lakes, salt 
pans, and evaporite flats. Evaporites 
with shallow water features also occur 
in ancient deposits where they form 
laterally extensive deposits unlike 
those of Recent examples. Some of 
these may form by lateral accretion in 
depositional environments similar to 
those of the present, whereas others 
may require explanations that are 
drastic departures from present-day 
settings (see sections Basin-marginal 
(shelf) evaporites and Basin-central 
evaporites). 

Sedimentary processes 
Perennial saline lakes persist for tens 
to thousands of years without drying 
up. They require substantial perennial 
inflow - a large river, an inlet or a 
highly permeable barrier. During wet 
periods/seasons they may greatly 
expand, flooding surrounding flats. 

Figure 12 Upward passage from red silty and anhydritic mudstone with abundant dis- Evaporation at the lake surface gen- 

placive halite (haselgebirge) to similar sediments with lesser amounts of halite crystals (with erates 'Oncentrated surface brines in 
hopper morphology) and bedded halite with thin anhydrite and clay laminae. Sequence which saline minerals and 
marks a change from a saline mud flat to a salt pan deposit. Lotsberg Salt (M. Devonian), N. grow. Brines and crystals sink but, 
Alberta. unless the entire brine column is satu- 



rated, the crystals dissolve before 
reaching the lake bottom. This dissolu- 
tion progressively increases brine con- 
centrations until crystals no longer 
dissolve and they begin to accumulate 
on the lake floor. 

The minerals precipitating from 
surface waters are determined by the 
chemical composition of the inflow, the 
evaporation/inflow ratio, and the pre- 
vious history of the lake. If evaporation 
just slightly exceeds inflow, only min- 
erals of low solubility (carbonates) will 
be precipitated. For more soluble min- 
erals to be precipitated, the evapora- 
tion/inflow ratio must be higher, and 
bottom brines must be dense enough 
to support the surface brine for suffi- 
cient time to allow it to become super- 
saturated with respect to the saline 
mineral. When bottom brines are not 
dense enough, surface brines sink 
before supersaturation is reached. 

Lakes experiencing a progressive 
reduction in their inflow exhibit a pro- 
gressive change from precipitating low 
to high solubility salts. But lakes af- 
fected by short term decreases in 
inflow may display no change in pre- 
cipitation because the change in the 
evaporation/inflow ratio is not matched 
by a sufficient change in the density of 
the entire lake brine. 

Dissolution of the uppermost evap- 
orite deposits in shallow perennial 
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lakes occurs during freshening events 
(storms, wet seasons) when mixing of 
the entire brine column is complete. 
Wind turbulence causes mixing, and 
during strong persistent winds there 
may be wind setup where brines are 
driven or kept upslope. Migration of 
lake margins for tens of kilometres is 
controlled by changes in wind condi- 
tions, and brine sheets may be discon- 
nected from a lake to move over 
neighbouring mud- or evaporite-flats. 

Wave action is limited by restricted 
depth and/or fetch. Maximum expendi- 
ture of wave energy occurs at lake 
margins where evaporite crystals may 
be continuously moved and abraded 
as they grow. This forms rippled sands 
and gravels composed of rounded 
crystal clasts. 

Crystal growth at brine surfaces pro- 
duces small, thin and platy or needle- 
like crystals or brine-displacing, hollow 
hopper-shaped crystals. Crystals may 
coalesce into floating rafts. Crystals 
and rafts float on the brine surface, 
held up by surface tension, until they 
grow large enough to sink, or are 
spilled by waves. They can be trans- 
ported downwind to accumulate at 
shorelines, but most accumulate on 
lake floors forming loosely packed 
layers of cumulate crystals. 

Carbonates may also be chemically 
or biochemically precipitated in 

surface waters to produce sediments 
similar to those of freshwater lakes 
(Dean and Fouch 1983; Eugster and 
Kelts 1983; Allen and Collinson, 
1986). They form carbonate units be- 
tween evaporites during episodes of 
lake dilution, or form seasonal partings 
between evaporite laminae. 

Crystal crusts precipitate on lake 
bottoms from well-mixed supersatu- 
rated brines. They overgrow cumulate 
crystals or older crusts, or nucleate on 
stable substrates (e.g., cyanobacterial 
mats; Fig. 16). Crusts deposited at 
greater depths are protected from dis- 
solution during flood events by a 
density stratification developed 
between the inflow and the bottom 
brine, and become draped by detrital 
or chemical laminae. Those in shal- 
lower parts are partially dissolved 
during freshening events and may be 
difficult to distinguish from saline pan 
deposits (see below). 

Shallow lakes with bottom brines at 
or below gypsum saturation support 
luxuriant cyanobacterial mats (Fig. 16). 
Gypsum and carbonates precipitate in 
and upon the mats. 

Salt pans are occupied by ephemeral 
bodies of brine that form when inflow 
temporarily exceeds outflow. A retum to 
normal evaporative conditions causes 
such lakes to shrink and disappear. 
Repeated floods generate sequences 

Figure 13 Displacive halite crystals. A) With zonally arranged sediment inclusions. Arrows 
(Permian) of west Texas; photo courtesy of C.R. Handford. B) Skeletal halite (now markel 
dolomite layers, Lake Alma anhydrite (Ordovician) of Saskatchewan. 

mark erosion surface truncating halite crystals 
d by dark pyritic films) displacing storm-sheet 
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composed of thin salt crusts (of halite, 
trona, gypsum or mirabilitelthenardite) 
separated by crystal-rich mud partings 
and dissolution surfaces (Fig. 17). 

During floods, shallow brackish lakes 
form, and fine-grained sediments, in- 
troduced by floodwaters, are deposited 
as thin layers. Floodwaters also dis- 
solve 1) efflorescent saline crusts on 
surrounding flats, and 2) previously 
precipitated salt crusts of the salt pan. 
After floods, lake waters concentrate 
by evaporation. At first they precipitate 
cumulate crystals, but eventually crys- 
tals grow on the lake floor as crusts. If 
several minerals are precipitated they 
exhibit a "bull's-eye" distribution 
pattern, with the most soluble minerals 
confined to the centre of the lake and 
precipitated just prior to complete lake 
desiccation. Newly exposed salt crusts 
have high porosities with crystal inter- 
stices occupied by saturated brine. Salt 
surfaces are kept moist by evaporative 
draw and by precipitation of dew on hy- 
drophilic salt surfaces during cold 
nights. The evaporation rate falls to 
values as low as 11170th of the rate 
from standing bodies of the same 
brine, so the brine level rarely drops 
more than a few metres beneath the 
surface. Nevertheless brines continue 
to concentrate by evaporation, with 
development of overgrowth cements 
on salt crystals, precipitation of more 
soluble minerals in pore spaces, and 
growth of displacive crystals within 
mud layers. Continued crystal growth 
causes crust expansion and formation 
of polygonal fractures with overthrust 
edges (Fig. 8C). Preferred brine evap- 
oration in fractures (Fig. 8B) causes lo- 
calized precipitation of efflorescent 
crusts. This widens cracks and con- 
tinues the upturn of polygon margins to 
form relief up to 50 cm on the pan 
surface that traps eolian dust. 

Because each flood introduces new 
salts (from surrounding flats and the 
hinterland), less salt in the pan is dis- 
solved than was precipitated during 
preceding lake concentration stages. 
Each salt layer is largely composed of 
material that has been repeatedly dis- 
solved and reprecipitated. 

Gypsum pans differ from more 
saline salt pans. During floods gypsum 
is more commonly reworked than dis- 
solved, and accumulates as crystal 
lags and intraclasts at the base of mud 
layers. Also after mud layers are de- 

Figure 14 Sabkha cycles in Frobisher Evaporite (Mississippian of Saskatchewan). A) 
Laminated microdolomites (probably hypersaline lagoon) overlain by cyanobacterial mat 
containing anhydrite pseudomorphs of vertically oriented lenticular gypsum crystals, and 
nodular mosaic anhydrite. B) Upper part of sabkha cycle shown in (A) with inclined rows of 
nodular mosaic anhydrite (after subaqueous gypsum), truncated by erosion surface and 
overlain by laminated micrites of succeeding lagoonal member. Nature of anhydrite suggests 
deposition partly occurred in a salina on the sabkha surface. 



posited, they are colonized by cyano- 
bacterial mats. Their contorted sur- 
faces are the template for later 
gypsum precipitation as surface crusts 
and as cements that grow beneath the 
blistered surfaces. Surfaces are exag- 
gerated by continued gypsum crystal 
growth that buckles, domes and frac- 
tures the layers even more. 

Evaporite flats are only occupied 
ephemerally by brine sheets. These 
are only a few centimetres thick but 
may cover areas of several hundred 
square kilometres. They form as out- 
flows from saline lakes, either season- 
ally, when lowered evaporation rates 
allow lakes to expand, or episodically, 
when wind stresses detach brine 
sheets. Evaporite flats are also af- 
fected by flood sheets: ephemeral 
events caused by lower salinity 
inflows. Floods cause dissolution of 
earlier evaporites. This material repre- 
cipitates as the floodwaters evaporate, 
with the formation of laterally persis- 
tent thin beds or laminae (Fig. 18), 
some traceable over the entire extent 
of the flooding, perhaps hundreds or 
thousands of square kilometres. 

Evaporite flats occur in essentially 
the same geographic settings as mud 
flats but probably form in environ- 
ments with greater frequency of 
flooding and an abundant supply of 
detrital evaporite. 

Cyanobacterial mats are important 
during deposition of thin layered to 

laminated gypsum on evaporite flats. 
Brine sheets, upon evaporation, pre- 
cipitate crusts composed of tiny aci- 
cular crystals. These are reworked by 
later brine or flood sheets to form de- 
trital laminae, the main features of 
which may be controlled by cyano- 
bacterial mats. Mats collect and bind 
evaporite sediment and, as the flood 
subsides, the coarser load is deposited 
as a traction layer or as a settle-out to 
form a normally graded lamina. The 
cyanobacteria grow through this, 
reestablish themselves on the surface, 
and protect the underlying sediment 
from erosion during the next flood. 

Shallow water evaporite facies 
An abundance of shallow water clastic 
textures and structures, coupled with 
the presence of desiccation features, 
crystal crusts, and cyanobacterial mats 
makes identification of well-preserved 
shallow water evaporites relatively 
straightforward. Difficulties arise when 
depositional features are lost or ob- 
scured by later diagenesis, or when 
these sediments are modified by dia- 
genetic overprinting, as when the de- 
positional environment desiccates and 
becomes subject to mud flat pro- 
cesses. 

Laminated sulphates 
Shallow water laminites consist of 
current-deposited carbonate micrite 
and clastic silt- and sand-sized gypsum 

crystals/cleavage fragments in reverse- 
and normally graded laminae. Crystals 
originally grew as bottom crusts that 
were later broken and reworked, or 
were precipitated brine-surface crystals 
that sank. All particles eventually 
become overgrown by cement, and 
laminae are converted into interlocking 
gypsum crystal mosaics. 

Cross bedding, ripple-drift bedding 
(Fig. 19), basal scoured surfaces and 
rip-up clasts testify to environments 
with periodic high-energy events such 
as floods and storms. Reverse-graded 
laminae probably form when an up- 
ward segregation of coarser particles 
occurs in highly concentrated, flowing 
sand sheets. These occur in extremely 
shallow waters during storm surges, 
characteristic of evaporite flats. Shallow 
water deposition is also demonstrated 
by the presence of micritic, organic-rich 
stromatolites; by bird or dinosaur foot- 
prints; or by fossil brine shrimp or their 
fecal pellets. 

Gypsum laminites altered to anhy- 
drite rarely provide sufficient evidence 
for precise environmental reconstruc- 
tion. 

Gypsum crusts 
This facies occurs as crusts and su- 
perimposed beds of vertically stand- 
ing, elongate and commonly swal- 
low-tail twinned crystals (Fig. 20), less 
than a centimetre to over five metres 
in height. Crystals are commonly eu- 

Figure 15 Surface trench about 50 cm 
deep in Abu Dhabi sabkha with diapiric 
layers of anhydrite (after gypsum); upper 
sediment layer truncating anhydrite is a 
storm-washover and eolian carbonate- Figure 16 Rubbery, wrinkled cyanobacterial mat encrusted with gypsum crystals, 1-2 rnm 
clastic unit. Photo courtesy R.K. Park. long; Hyeres salt lagoons, S. France. Photo courtesy G.M. Harwood. 
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hedral, and define a vertical palisade Larger gypsum crystals form in envi- clastic gypsum layers or crusts com- 
fabric or radiating upward-conical ronments of constant and active brine posed of centimetre or smaller crys- 
clusters. Crystals are separated by flow: brine ponds that are drained tals. Internal lamination and included 
micritic carbonate or fine-grained during wet seasons only develop cyanobacterial mats indicate crystals 
gypsum; or secondary overgrowth 
produces an interlocking crystal 
mosaic. Other crystals exhibit bizarre 
growth and twinning patterns and suffer 
crystal-splitting to generate palmate 
clusters of subparallel subcrystals (Fig. 
21; see Orti-Cabo and Shearman, 
1977). Twinning occurs at a variety of 
angles, probably because of organic 
matter incorporation along curved 
crystal faces; the greater the impurity, 
the more obtuse the twinning angle. 
Sometimes only one twin arm grows. 

The crystals contain faint lamination 
(Fig. 21), defined by carbonate and 
anhydrite inclusions, which pass 
through the crystalline beds, parallel 
to bedding. Inclusions may parallel 
crystal faces, recording successive 
growth stages, or may be  more 
planar, defining dissolution surfaces. 
Many crystals have invaded cyano- 
bacterial mats (Fig. 22B). 

Figure 20 Coarsely crystalline gypsum facies. A) Palisades of gypsum crystals (scale bar 
6 cm long), Miocene of Sicily. Photo courtesy B.C. Schreiber. B) Layered anhydrite with 
pseudomorphs after gypsum crystals, Otto Fiord Formation (Pennsylvanian), Ellesmere 
Island (scale bar divisions in cm). Photo courtesy N.C. Wardlaw. 

Figure 18 Thin-bedded to laminated 
clastic gypsum from evaporite flat; Lake 
MacLeod (Western Australia). Beds are lat- 
erally persistent across basin and record 
precipitation events after successive 
floods. 

Figure 19 Laminated anhydrite with 
minor disseminated dolomite defining lami- 
nation, ripples, minor cross stratification Figure 21 Swallow-tail twinned gypsum crystal (25 cm across) with dissolution surfaces at 
and scoured surfaces. Poplar Beds arrow. Inset is a cleavage plane surface of the same crystal with inclusion-defined growth 
(Mississippian) of Saskatchewan. layers. Photo courtesy B.C. Schreiber. 



392 KENDALL 

grew poikilitically, enclosing surficial 
veneers of sediment. Episodes of 
slight undersaturation create minor 
dissolution surfaces that truncate crys- 
tals. Renewed precipitation, however, 
occurs on the etched surfaces, burying 
them within the crystal (Fig. 21). 

Beds composed of gypsum crystals 
may be difficult to identify when con- 
verted to anhydrite. During burial they 
are replaced by mosaic anhydrite 
(Rouchy, 1976; Loukes and Longman, 
1982; Kendall and Harwood, 1989) 
which can closely resemble, and be 
confused with displacive nodular anhy- 
drite. When the original gypsum crys- 
tals grew and poikilitically enclosed 
carbonate laminae associated with 
planar dissolution surfaces (Fig. 21) 
the nodular anhydrite retains such 
lamination and can easily be mistaken 
for a replacement of laminated gyp- 
sum. Gypsum crusts may also be re- 
placed by halite, sylvite or polyhalite; 
the crystals being outlined by anhy- 
drite. Such replacements only occur in 
the shallowest of brine ponds where 
there is a great temperature contrast 
between the brine layer and gypsum 
crystals beneath the pond floor. 

Coarse clastic gypsum 
Gypsum sands and pebbly sands, 
composed of worn gypsum cleavage 
fragments with variable amounts of 
carbonate and other materials, may 
locally be abundant, but rarely consti- 
tute major rock units. They do, how- 
ever, indicate that gypsum can be 
transported and deposited in the same 
manner and environments as other 
clastic sediments, so long as the water 
body is gypsum saturated. These 
sands exhibit structures indicative of 
current or wave activity, or may be 
penecontemporaneously disturbed and 
contain load casts. Clastic gypsum 
occurs as shoestring sands or as sand 
sheets representing channel, beach, 
offshore shoal or spit deposits, or it 
may occur as beds between layers of 
laminar gypsum or gypsum crusts. 

Halite crusts 
There are detailed descriptions of 
halite crusts from the ancient 

1973). Various halite growth habits 
are observed but the most important 
are chevron halite (Fig. 17) and crusts 
composed of cornet-shaped crystals. 
Inclusions in crystals are concentrated 
into layers parallel to cube faces (Fig. 
17C), so that, in crystals with corners 
uppermost, the zoning appears as 
chevrons with upwardly pointing 
apices. 

Most upper surfaces of halite layers 
are either crystal growth faces (inter- 
ruption in growth caused only by tem- 
porary and slight brine undersaturation: 
characteristic of perennial lakes), or 
truncation surfaces associated with 
cavities (recording more extreme ep- 
isodes of brine undersaturation and ha- 
lite dissolution; characteristic of saline 
pans). Each layer is composed of two 
types of halite: an inclusion-zoned 
halite, and a clear halite cement filling 

(Wardlaw and Schwerdtner, 1966; 
B r O d ~ 1 0  and Spencer$ 987)9 Figure 22 A) Anhydrite after displacive gypsum crystals that grew in mud-cracked stroma- 
Recent salt pans (Shearman, 1970; tolitic carbonate. Each gypsum crystal is now a small, angular anhydrite "nodule", Souris 
Lowenstein and Hardie, 1985) and River Formation (Upper Devonian), Saskatchewan. B) Anhydrite after gypsum crystals that 
from experimental studies (Arthurton, grew within cyanobacterial mat, Souris River Formation, Saskatchewan. 
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porosity between zoned halite crystals 
or in dissolution cavities (Fig. 17B). 

Inclusion-rich and -poor layers in 
chevron halite crystals (Fig. 17C) form 
from brines with different degrees of 
supersaturation. Thus they record 
rapid changes in brine concentration. 
This only occurs in small brine vol- 
umes, implying chevron halites are 
shallow water precipitates. 

Detrital halite 
Detrital halite is probably more impor- 
tant than published studies suggest; it 
is particularly susceptible to recrystal- 
lization. When preserved it is com- 
posed of fragmentary surface-grown 
hopper crystals and small cubes that 
may represent overgrown hoppers, 
crystals precipitated during brine 
mixing, or reworked material from 
bottom-growing crusts. Detrital halite 
commonly is ripple marked, exhibits 
cross bedding, and includes other de- 
trital material. Karcz and Zak (1987) 
suggest that hydraulic behaviour of 
halite in brine is similar to that of the 
quartzlwater system. Crystal growth 
continues after deposition and the de- 
trital origin is easily obscured. 

Detrital halite dominates higher 

energy environments, situations 
where crystals are subject to constant 
bottom movement, and crust develop- 
ment is prevented (Weiler et a/.,  
1974). Constant motion promotes 
halite precipitation onto grain surfaces 
with the formation of halite ooids. 

Potash salts 
Less is known about origins of potash- 
magnesia salts. The primary nature of 
sylvites in varved sylvinites is indi- 
cated by the intimate association with 
halite-preserving subaqueous textures 
(Lowenstein and Spencer, 1990). 
Sylvite layers were crystal cumulates 
that crystallized as a result of surface 
brine cooling. Wardlaw (1972) de- 
scribed crusts of bottom-grown carnal- 
lite, interbedded with layers of detrital 
halite. The presence of tachyhydrite in 
these evaporites, a mineral that can- 
not survive exposure to the atmo- 
sphere, indicates evaporite deposition 
was entirely subaqueous. 

Most potash-magnesia salts, how- 
ever, are diagenetic replacements of, 
or additions to, earlier halite or sulphate 
deposits. All textures and structures 
may be diagenetic, but less altered 
beds may still exhibit surprisingly well- 

preserved depositional features. 
Lowenstein (1 988) describes primary 
textures in halite and anhydrite (origi- 
nally gypsum) from potash ore beds of 
the Permian Salado Formation of West 
Texas-New Mexico. In the Salado and 
the Prairie Evaporite, sylvite and some 
carnallite are early diagenetic cements 
that fill intercrystalline porosity and so- 
lution cavities created in brine pan 
halite crusts (Fig. 23; Lowenstein and 
Spencer, 1990). These can be matched 
with Recent occurrences from brine 
pans. Here carnallite cements are pre- 
cipitated as warm, potassium-rich 
surface brines descend below the 
saline pan surface during desiccation 
phases. Cooling of such brines causes 
them to become supersaturated with 
respect to carnallite. 

Figure 23 Thin section photograph of halite cubes surrounded by void-filling carnallite 
cement (dark grey) and mudstone (black); McNutt Potash zone, Salado Formation 
(Permian), New Mexico. Photo courtesy T.K. Lowenstein. 

Figure 24 Thin section photograph of 
organic-rich calcite (dark) and anhydrite 
(light) laminae from the Permian Castile 
Formation. Photo courtesy W.E. Dean. 
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DEEP WATER EVAPORITES occur, however, and record short-term 
Deep water evaporites are controver- 
sial. Almost every deposit identified as 
a deep water evaporite has also been, 
at some time, interpreted as having 
formed in a shallow water or supratidal 
setting. For some people, evaporite 
basins may have been deep enough 
to sink battleships in, but for others the 
floors of the same basins would have 
been barely moist. 

Because there are no suitable 
modern analogs for deep water evap- 
orite~, identification of these facies is 
based entirely upon ancient examples. 
Nucleation and crystal growth occurs 
at the brine surface and crystals settle 
through the brine column as a pelagic 
rain to form cumulate deposits. Some 
gypsum and halite, however, grow on 
the bottom. Theoretically, evaporite 
crystals might also precipitate within 
stratified brines during diffusive mixing 
of the different layers (Raup, 1982). 

The distinctive features of deep 
water evaporites reflect the relatively 
large size and volume of the brine 
body. Deep water evaporites are 
usually identified by their vertical and 
lateral continuity. Large bodies of brine 
do not fluctuate in composition in re- 
sponse to short-term changes be- 
cause the large volume of brine acts 
as a buffer. Regular interlaminations of 
minerals of different solubility do 

variations in the salinity of surface 
brines. The majority of inferred deep 
water evaporites are laminar to thin 
bedded, and individual laminae are 
traceable for long distances: they may 
be basin wide. Stratigraphic units com- 
posed of laminar evaporitic carbon- 
ates, sulphates and halite may extend 
over thicknesses of tens to hundreds 
of metres, and are correlatable later- 
ally over whole basins (tens to hun- 
dreds of kilometres). It is this vertical 
and lateral constancy that is one of the 
main arguments for the presence of a 
substantial body of brine. 

Turbidites and mass flow deposits 
composed entirely, or in part, of re- 
sedimented evaporites may also be 
emplaced within deep water environ- 
ments. Originally formed in shallower 
parts of a basin, their lateral transport 
implies the existence of relief in the 
basin and deposition within the deep 
water setting. 

Sedimentary processes 
Depositional processes in deep water 
evaporitic environments are believed 
to have been essentially similar to 
those in perennial salt lakes. Most pe- 
rennial saline lakes more than a few 
metres deep are density or tempera- 
ture stratified, with denser brine at the 
bottom (Neev and Emery, 1967; 

A B C 
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Figure 26 Anhydrite pseudomorphs of 
bottom-grown gypsum crystal crusts with 
draped anhydrite-calcite laminae. Swallow- 
tail twinning evident in former crystals at 
arrows. Greater part of gypsum now re- 
placed by nodular anhydrite. Lower 
Anhydrite member of Castile Formation, 
west Texas. 

Figure 25 Correlation of carbonate, organic matter and anhydrite laminae, all enterolith- 
ically folded (slumped?): Ratner Member of Prairie Evaporite, N. Alberta. Photo courtesy Figure 27 Laminated deep water anhy- 
G.R. Davies. drite-halite, Paradox Formation, Utah. 
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Spencer, 1982). Ancient deep water 
evaporites are similarly considered to 
have been precipitated from stratified 
brine systems. This has important im- 
plications: 1) the denser bottom brine 
protects previously precipitated evap- 
o r i t e~  from dissolution during flood- 
ingldilution events, 2) stratification 
prevents surface brines from reaching 
the lake bottom, so that growth of 
bottom crusts is prevented or cur- 
tailed, and 3) bottom brines become 
anoxic, allowing organic matter to be 
preserved and/or allowing bacterial re- 
duction of sulphate to proceed. 

Deep water evaporite facies 
Laminar sulphates and carbonates 
Laminar sulphate (originally gypsum), 
either alone or in couplets or triplets 
with carbonate and/or organic mate- 
rial, is the most common deep water 
evaporite facies (Figs. 24, 25). It 
passes vertically up or down into 
laminar carbonates that are probably 
also of evaporitic origin. Laminar sul- 
  hate mav also Dass verticallv into 
laminar halite, or contain intervals of 
resedimented material. Laminae are 

thin, usually only 1-2 mm thick, and 
are typically bounded by smooth flat 
surfaces. Within short vertical se- 
quences laminae tend to be of near 
uniform thickness, and individual 
laminae are traceable over long dis- 
tances (tens to hundreds of kilome- 
tres). 

Laminar deposits are commonly in- 
terpreted as being seasonal or annual 
increments - varves. It has never 
been conclusively shown that evap- 

orite laminae are truly annual, but it is 
commonly stated that no other hypoth- 
esis explains all the features of these 
evaporites. Evaporitic carbonate 
laminae in Searles Lake and the Dead 
Sea may be seasonal, but are not 
annual; only one lamina is deposited 
every three or four years. 

Laminar carbonates and sulphates 
record deposition in a brine body 
whose bottom was unaffected by 
wave and current action. Such stag- 
nant, permanently stratified bodies of 
brine need not, however, be particu- 
larly deep. Well-developed brine strati- 
fication can dampen wave motion at 
shallow depths, leading to a false im- 
pression of depth in the bottom sedi- 
ments. The Castile Formation has 
almost universally been recognized as 
a deep water deposit, deposition 
having occurred from brines hundreds 
of metres deep. Yet even here identifi- 
cation of former crusts of bottom- 
grown gypsum crystals (Fig. 26), 
suggests deposition may have oc- 
curred from brines only tens of metres 
deep (Kendall and ~a&ood,  1989). 

Laminated and bedded halite 
Deep water halite is difficult to recog- 
nize because most examples have 
suffered recrystallization. Even so, in- 
ferred deep water halite is invariably 
finely laminated (Fig. 27; also 
Czapowski, 1987) and contains anhy- 
drite-carbonate laminae similar to 
those of deep water laminated sul- 
phates. Even finer lamination within 
salt layers occurs, defined by varia- 
tions in inclusion content. The fine- 
ness and perfection of this lamination 
indicates the original halite must have 
been fine grained and probably repre- 
sents accumulations of cumulate crys- 
tals. Salt layers and laminae of 
this type have been traced for kilome- 
tres (Anderson et a/., 1972; Schreiber 
eta/., 1973). 

Some presumed deeper water 
halites are composed of large bottom- 
nucleated crystals (Nurmi and Fried- 

' Aw*qw" " *"" - ' - 
man, 1977; Beyth, 1980; Fig. 28). A 

Figure 28 Bottom-growth halite from deeper water setting is suggested by 
Paradox Formation, Utah. Cubic termina- l )  the clear, inclusion-free character of 
lions of clear halite crystals are outlined by Figure 29 Graded clastic anhydr~te bed the halite crystals, and 2) an absence 
overly~ng laminae of anhydrite (white). The with white and dark bituminous clasts over- 
absence of dissolution at the top of halite lying dark laminated anhydrite (with other of dissolution surfaces associated with 

crusts indicates deposition was from layers having a finely clastic texture). anhydrite laminae. Instead, anhydrite 

waters deep enough to allow crusts to Zechstein-1 anhydrite, West Germany. buries and defines the termina- 

escape the effects of brine-dilution events From Schlager and Bolz (1977); photo- tions of the bottom crusts. Bottom 
(responsible for the anhydrite precipitation). graph supplied by Shell Oil Company. growth of halite in deeper water set- 
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tings has yet to be satisfactorily ex- 
plained. Possibly much of the facies 
was deposited in only a few tens of 
metres of brine, but this cannot be 
assumed and does not explain the 
deep water halite of the Dead Sea. 
Here halite growth may be due to 
density flows of very concentrated 
brines from brine pans in the shallow 
southern sub-basin, or may form by 
the mixing of these brines with less 
concentrated Dead Sea brines. Other 
halite may have precipitated from a 
subsurface brine that enters the Dead 
Sea along faults through older under- 
lying salts. 

Gravity-displaced evaporites 
Clastic evaporite intervals within deep 
water laminated evaporites are slump, 
mass flow, density current or turbidity 
current deposits. Their presence is 
probably the best indication of a large 
body of brine being present during de- 
position. They also imply the exis- 
tence of unstable slope conditions in 
the basin. Gypsum and anhydrite tur- 
bidites (Figs. 29, 30) are similar to 
their nonevaporite equivalents. Some- 
times entire Bouma sequences are 
present, but most beds are composed 
only of graded units, or possess poorly 
developed parallel laminae in their up- 
permost parts (Schlager and Bolz, 
1977). Mass flow deposits are repre- 
sented by breccias composed.of clasts 
of reworked sulphate (Fig. 31), either 
alone or with carbonate fragments. 
They are intimately associated with 
units affected by slumping. 

Resedimented halite deposits are 
rarely identified. Their nature is only 
clearly established when they contain 
entrained nonevaporite clasts 
(Czapowski, 1987). 

EVAPORITE FACIES MODELS 
Facies models have been formulated 
for modern evaporitic settings: conti- 
nental playa basins and marginal 
marine environments (coastal sab- 
khas + salinas). They have also been 
deduced for ancient deep water 
basins. However, the presence of the 
same depositional facies in different 
geographic settings, and the vast 
extent of many ancient evaporites 
(with no modern parallel), makes it 
difficult to use geography-based mod- 
els directly for ancient evaporites. 
Distributions of presumed marine 

evaporites in depositional basins are 
believed to be equally important. 

Facies models can be devised for 
continental, basin-marginal (shelf) 
and basin-central deposits. The need 
to establish a nonmarine origin before 
continental evaporites are positively 
identified is obvious, but this is not 
always easy. Many evaporites now 
considered marine could have been 
affected, to varying degrees, by non- 
marine inflow. 

The term basin requires definition. 
Tectonic and depositional basins 
must be distinguished. Evaporites are 
usually only preserved in structural 
basins but may have been formed in 
depositional basins or on wide plat- 
forms that had no central depression. 
Basin is used here only for deposi- 
tional basins. 

Krumbein and Sloss (1963) identi- 
fied basin-central and basin-marginal 
evaporite distributions, and this 
aspect was discussed by Warren 
(1 989). All present-day marine-fed 
evaporite environments (sabkhas and 
salinas) are basin-marginal; we have 
no modern representative of marine 
basin-central evaporites, although 

similar depositional patterns occur in 
larger salinas. (Almost all continental 
evaporites are basin central.) The im- 
portant difference between these set- 
tings is that basin-central evaporites 
occupy the entire depositional basin, 
whereas shelf evaporites pass later- 
ally into normal-marine strata else- 
where. An intervening preserved 
barrier facies (or a nonsequence 
marking the former presence of a 
barrier) occurs between evaporite 
and open-marine facies on shelves. 
For basin-central evaporites it is the 
entire exposed rim of the basin that 
forms the necessary restricting bar- 
rier. Thus basin-central evaporites 
should be represented on basin rims 
by nonsequences (Kendall 1988). In 
basin-margin (shelf) settings the solu- 
bility of evaporites increases away 
from the basin centre, whereas in 
basin-central evaporites, this increase 

Figure 31 Mass flow deposit from Z1 
Anhydrite, composed of rounded blocks of 
anhydrite (probably reworked fragments of 

Figure 30 Amalgamated gypsum tur- gypsum crusts from a shallow water plat- 
bidites (now anhydrite), some of which form) and associated with turbidites and 
display pronounced grading. Z1 Anhydrite mm-laminated anhydrites. Near Walken- 
(Permian Zechstein), S Harz (Germany); ried, S-Harz, Germany. Photo courtesy G. 
scale in cm. Photo courtesy G.M. Harwood. Harwood. 
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may occur toward the basin-centre or 
away from a confining barrier. Finally, 
basin-central evaporites are lowstand 
system tract deposits, filling the entire 
basin and forming when sea level 
drops below basin rims, whereas 
basin-marginal evaporites are compo- 
nents of transgressive and (especially) 
highstand system tracts. However, if 
the barrier occurs at the shelf edge, 
almost the entire shelf may be evapor- 
itic and evaporite-accumulating. There 
are no modern equivalents of such 
wide evaporitic shelves. 

CONTINENTAL EVAPORITES 
The basic model 
The basic facies model for continental 
evaporites is a closed basin with a 
shallow groundwater table and a 
more-or-less centrally located playa 
lake. Continental evaporites of any 
substantial volume are confined to 
the central parts of these basins, par- 
ticularly in association with salt pans 
and playa lakes, and their sur- 
rounding saline mud flats. These 
areas are the lowest parts of the 
drainage basins, environments char- 
acterized by almost horizontal and 
largely vegetation-free surfaces of 
fine-grained sediments (Fig. 4A). 

Where the groundwater table inter- 
sects the surface at the deepest parts 

of the basin, a saline lake or a salt 
pan forms and is concentrically sur- 
rounded by saline and dry mud flats 
(Fig. 32). The latter may grade into 
sand flats, with or without alluvial 
fans. These trap most coarse detritus 
and only the finest material reaches 
the basin centre. Apart from sheet- 
wash flow during storms, water circu- 
lation is generally confined to the 
subsurface, although ephemeral or 
perennial streams may cross playas 
to feed ephemeral or perennial lakes. 

Evaporites accumulate in playa 
basins where groundwaters discharge. 
Many playas, however, have water 
tables so deep that no discharge 
occurs, and these playas have smooth, 
hard and dry surfaces. They contain 
little evaporite and none accumulates. 

An association with alluvial fan and 
ephemeral stream deposits, eolian 
sediments, redbeds and lacustrine 
carbonates all suggest nonmarine 
origins. Evaporites precipitated exclu- 
sively from continental groundwaters 
are not commonly recognized in the 
rock record. This rarity (particularly of 
pre-Tertiary examples) may reflect the 
ephemeral nature of many continental 
evaporite basins and of evaporites in 
the depositional environment. Many 
evaporites move upward at the same 
rate as sediment accretion, and so are 

Older evaporites & ' 
saline mudflat deposits 

Figure 32 Schematic block diagram showing depositional framework for the continental 
evaporite (playa complex) model. Modified from Eugster and Hardie (1975). 

nonaccumulative. Thus many evapo- 
rative environments leave no record in 
the form of evaporite deposits. Their 
former presence, however, can be 
deduced from the presence of crystal 
moulds and the modification of depo- 
sitional structures. 

Variations from the basic model 
The climate and groundwater compo- 
sition (discussed elsewhere), geolog- 
ical setting and the groundwater 
source are the main factors causing 
variations from the basic facies model. 
They also determine the type, amount 
and distribution of the evaporites in 
continental settings. 

Geoiogic/Geographic setting 
Five main settings are recognized 
(Smoot and Lowenstein, 1991), each 
characterized by different arrange- 
ments and associations of environ- 
ments. 

1. Rain-shadowed deep basins 
bounded by mountains (intermontane 
basins), like those of the desert and 
semi-desert basins of the western 
U.S.A., central British Columbia, the 
Andes, some East African rift valleys 
and the Tibetan Plateau, are charac- 
terized by an alluvial fan - saline pan 
association. Basins are fringed by allu- 
vial fans and contain salt-encrusted 
ephemeral saline lakes ringed by mud 
flats and sand flats. Inflow into the pan 
is confined to groundwater influx and 
aperiodic storm runoff. An ancient 
example is the saline pan deposits of 
the Wilkins Peak Member (Eocene 
Green River Formation, Green River 
Basin, Wyoming). 

2. Intermontane basins fed by peren- 
nial streams constitute an important 
variant. The stream produces a perma- 
nent lake. Examples of this alluvial fan 
- perennial-stream - perennial saline 
lake association are the shallow Great 
Salt Lake of Utah and Lake Urmia of 
Iran (both surrounded by mud flats), 
and the deeper and narrower Dead 
Sea of Israel, where alluvial fans enter 
the lake directly. Beds of cumulate 
nahcolite and halite in the Green River 
Formation of the Piceance Basin 
(Colorado) accumulated in a perennial 
saline lake, unlike the situation in 
neighbouring Wyoming. 

3. Wide shallow basins are domi- 
nated by ephemeral stream flood- 
plains and dune fields. Large areas 
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become aperiodically inundated by 
ponded floodwaters that slowly evap- 
orate, precipitating a saline crust. 
Complete desiccation gives rise to a 
salt pan (with an area perhaps only 
1/100th of that originally inundated) 
fringed by a saline mud flat or wide dry 
mud flats. The Lake Eyre Basin of 
Australia is the largest example of this 
ephemeral-stream - dune field - saline 
pan association. Ancient examples 
include part of the Lower Permian 
Rotliegendes of northern Europe, and 
Devonian halites associated with 
redbeds in the Lower Elk Point Group 
of western Canada. 

4. Lake Chad (north-central Africa) 
is a shallow but freshwater lake sur- 
rounded by eolian dune fields with 
small interdune saline pans and saline 
mud flats. The lake is fed by perennial 
rivers. It is the only Recent example of 
a perennial stream - perennial lake - 
dune field association. 

5. Saline pans, or perennial lakes di- 
rectly fed by groundwater occur in old 
channel systems, hollows on glacial 
sediments, and in karst depressions. 
The preservation potential of these de- 
posits is low. 

Groundwater source 
In the basic model groundwaters move 
radially from the hinterland, converging 
toward the basin centre (which also 
marks the hydrographic low point of the 
basin). Flow is assumed to be hori- 
zontal and shallow subsurface. This 
produces a concentric pattern of in- 
creasing groundwater salinity and a 
"bull's eye" pattern of salt deposition 
(more saline salts in the centre, Fig. 
33). However, when the deepest part of 
the basin floor is not centrally located, 
or when groundwater enters the basin 
predominantly from one side, this ideal 
pattern is disturbed and becomes 
asymmetric. 

There is a tendency for less mineral 
segregation to occur in river-fed than in 
groundwater-fed playa systems. Brine 
compositions in lakes fed by perennial 
streams are less affected by prior pre- 
cipitation of less saline salts (in periph- 
eral playa flats). River waters retain 
their carbonate and sulphate content, 
and low-solubility salts precipitate within 
the lake. In solely groundwaterlflood- 
water-fed pans, less soluble con- 
stituents are retained on surrounding 
flats, and pan salts are dominated by 

more soluble salts, and can be 
monomineralic. 

Extrinsic controls on continental 
evaporite facies 
Except for basins that might be inun- 
dated or isolated, continental evaporites 
are unaffected by sea level changes. 

The most important extrinsic control 
is climate. The history of present-day 
and many ancient playa lake com- 
plexes has been one of alternating wet 
and dry conditions, with corresponding 
transgressive, freshened, nonevaporite- 
precipitating lakes, and regressive 
(shrinking) saline lake or saline pan 
stages. Variations between arid and 
less arid conditions cause replacement 
of perennial lakes by salt pans or even 
dry mud flats, lake levels to rise and fall, 
lake margins to expand and contract, 
the amount of clastic sediment to vary, 
and water chemistry to change. 

During prolonged episodes of aridity, 
groundwater tables may be lowered 
such that ephemeral lakes (saline 
pans) drain, convert to dry mud flats 
and perhaps are encroached upon by 
aeolian dunes. Lessened aridity, on 
the other hand, is marked by partial or 
complete dissolution of earlier-formed 
salts, by deposition of basal transgres- 
sive conglomerates and beach de- 
posits over former playa flat deposits, 
and by deposition of nonsaline lacus- 
trine sediments, amongst which oil 
shales may be conspicuous. 

The effects of climate change are 
not straightforward in perennial lakes 
that occupy topographically subdi- 
vided depressions. Different sub- 
basins may develop opposite sedi- 
mentary sequences. Where lakes 
have asymmetric water supply and a 
lowered brine level (such as Great 
Salt Lake in Utah) the sub-basin still 
fed by a perennial river becomes less 
saline. This is because the inflow, al- 
though diminished, now dilutes a 
smaller volume of lake brine. In con- 
trast, sub-basins now cut off from 
inflow, desiccate and become more 
saline. These opposite sequences are 
caused by the same environmental 
change, a lowered water level, pro- 
duced by increased aridity. 

Increased sediment supply, caused 
by tectonism and climatic changes, 
dilutes evaporite accumulation. Salt 
pan and perennial lake deposits (com- 
posed of salt crusts) are thereby re- 

placed by clastic muds containing dis- 
placive evaporite crystals. 

BASIN-MARGINAL (SHELF) 
EVAPORITES 
Models for coastal sabkhas, marginal 
marine salinas and for ancient large 
evaporites are discussed. 

Coastal sabkhas 
These supratidal areas (Fig. 4C) are 
described in Chapter 16. They may 
merge insensibly landward with con- 
tinental sabkhas (playas), and land- 
ward parts of coastal sabkhas are 
affected by continental groundwaters. 
Thus evaporites typical of nonmarine 
settings (e.g., trona) can be emplaced 
within marine-derived sediments. 

Coastal sabkhas are products of 
both depositional and diagenetic pro- 
cesses, the most important being the 
emplacement of early diagenetic cal- 
cium sulphate, less commonly of 
halite. Indigenous sediments reflect 
the offshore sediment mosaic, but 
may contain substantial amounts of 
detrital sediment from the hinterland. 
Offshore sediments are washed over 
the sabkha surface during storms that 
episodically inundate seaward parts. 

Groundwaters beneath sabkhas 
become more concentrated toward 
sabkha interiors, and all but the very 
seaward and landward margins may 
be halite saturated. Concentration 
occurs by evaporation from the capil- 
lary fringe and by dissolution of 
earlier-formed evaporites (particularly 
halite). Evaporative losses are replen- 
ished by downward seepage of storm- 
driven floodwaters and/or by gradual 
intrasediment flow, fluxing either from 
the seaward margin or from a conti- 
nental reservoir that affects landward 
parts of the sabkha (Patterson and 
Kinsman, 1981). The water table in- 
clines seaward but brine migration is 

! 

I 

slow. Movement is limited by the low 
permeability of the predominantly 
muddy sediments and by permeability 
barriers such as buried algal mats 
(Bush, 1973) and cemented layers 

I 
(McKenzie et al., 1980). These subdi- 
vide the sabkha sedimentary prism 
into hydrologic zones. Vertical move- 
ment of groundwaters only occurs 
where these barriers are broken. 

Sabkhas that widen as a result of 1 
coastal progradation have a charac- 
teristic sedimentary sequence (Figs. 
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14, 34) consisting of subtidal sedi- 
ments (commonly restricted lagoonal) 
at the base; intertidal sediments, in- 
cluding cyanobacterial mats and ce- 
mented crusts; and a capping supra- 
tidal deposit with abundant displacive 
gypsum (+ anhydrite). Displacive 
gypsum grows within intertidal and sub- 
tidal sediments once these are located 
beneath the sabkha environment. 

Variations in sabkha sequences 
1. Diastrophic control. Shallowing- 
upward sequences terminated by 
marine sabkhas can form from three 
different events, simple progradation, 
eustatic falls in sea level, or brine 
level drops caused by evaporative 
drawdown. The first two also affect 
nonevaporite sequences and Chapter 
16 discusses the different hypotheses 
for shallowing-upward carbonate suc- 
cessions, of which evaporite-capped 
successions form only a variant. Two 
problems arise when successions are 
interpreted simply as progradational 
events; one also relates to nonevap- 
orite successions, the other is intrinsic 
to the sabkha environment. 

Present-day sabkhas are protected 
from the full impact of onshore storms 
by beach barriers or offshore islands. 
This protection allows the sabkha to 

prograde. Once the lagoon behind the 
barrier becomes filled with sediment, 
further progradation requires forma- 
tion of another barrier, seaward of the 
first, behind which progradation can 
be renewed. Widespread cycles com- 
posed of fine-grained sediments and 
capped by sabkhas thus should not 
accrete laterally in a uniform manner, 
but do so in a series of jumps, as off- 
shore bars develop into barriers. Wide 
sabkha sequences should contain 
remnants of these barriers. The entire 
sediment body should be an arid- 
zone equivalent of a chenier plain, an 
environment described by Picha 
(1978) from Kuwait, by West et al. 
(1979) from the Mediterranean coast 
of Egypt, and by Warren and Kendall 
(1985) from Abu Dhabi, but which 
still appears not to have been docu- 
mented in the ancient. 

Many ancient evaporites interpreted 
to have been generated in sabkha en- 
vironments overlie open marine car- 
bonates, rather than restricted lagoonal 
deposits. Here we must assume either 
that 1) barriers were absent and mud 
flats were protected from wave attack 
by the extensiveness and shallowness 
of the offshore environment, or 2) the 
sabkha interpretation of the evaporites 
is incorrect (see below). 

Figure 33 Saline mineral zonation in playas. A) Yotvata Sabkha (Israel), after Arniel and 
Freidman (1971). B) Deep Spring Lake, California, after Jones (1965), Ca = calcitelarago- 
nite, Dol = dolomite, Gay = gaylussite, Th = thenardite, Bu = burkeite. 

The second problem concerns the 
preservation potential of wide sab- 
khas. These need low-gradient, stable 
shelves, locations where active lateral 
flow of groundwaters is uncommon. 
Arid environments are subject to con- 
tinual evaporation losses and, unless 
this water loss is replenished, the 
supratidal environment dries out and is 
subject to wind erosion. Wide sabkhas 
thus require a regional groundwater 
flow system that allows the water table 
to rise as the sabkha progrades. With- 
out such a groundwater system, the 
upper evaporite-bearing sediments in 
the areas beyond seawater flood- 
recharge would be entirely removed 
by deflation. Warren and Kendall 
(1 985) interpret dolomitized subtidal 
sequences, with erosive upper sur- 
faces and nodular anhydrite after dis- 
placive gypsum, but lacking overlying 
supratidal units, as having formed in 
this way. A seaward-dipping gradient 
to the sabkha groundwater surface 
would also cause additional sediment 
(mainly eolian) to be deposited as 
the brine surface rises, but requires 
the presence of a large neighbouring 
landmass with sufficient relief to act as 
a recharge area for the groundwater 
system. For many widespread evap- 
orite units, interpreted as sabkhas, 
this requirement has not be substanti- 
ated. Neither have the thick eolian 
supratidal sections of more landward 
parts of these sabkha complexes been 
identified. For these reasons the inter- 
pretation of many widespread evapor- 
ites as sabkha deposits is suspect. 

Sediment emergence, with the for- 
mation of widespread exposure sur- 
faces and the overprinting of formerly 
subaqueous sediments by mud flat 
processes, can occur by relative falls 
in water level independent of any sedi- 
ment progradation. Falls may be due 
to global external events (e.g., glacia- 
tions) or to increased restriction and. 
subsequent evaporative drawdown. 
No obvious criteria exist to distinguish 
cycles generated by sediment progra- 
dation from those that reflect episodes 
of evaporative drawdown. 

2. Nature of the host sediment. This 
determines the permeability and hence 
the amount of drainage in the sabkha 
sediment, the further evolution of sab- 
kha brines, and the subsequent com- 
pactional history of the evaporite de- 
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posit. Impermeable sediments inhibit 
brine reflux and, by curtailing downward 
seepage of floodwaters, extend the 
width of the area affected by flood re- 
charge. Carbonates (particularly arago- 
nite) in host sediments are of major 
importance. Their dolomitization re- 
leases calcium that reacts with sul- 
phate in groundwaters to form addi- 
tional gypsum and anhydrite. This in- 
creased sulphate precipitation and 
dolomitization reduces the sulphate and 
magnesium content of brines in sabkha 
interiors to low levels and causes mag- 
nesite (precipitated earlier) to dissolve. 
Reflux of brines capable of dolomitizing 
deeper-lying carbonates causes 
gypsum precipitation in these sedi- 
ments. Extensive sulphate growth in 
subtidal carbonates between sabkha 
evaporites may obscure evidence of 
the cyclic nature of an evaporite deposit 
and create a single thick, composite 
unit. In noncarbonate sediments, 
dolomitization is absent, the sabkha 
brines retain 60-70 per cent of their sul- 
phate, much less gypsum is precipi- 
tated, and brines remain magnesium- 
rich and so magnesite remains stable. 
The sulphate-rich brines formed in non- 
carbonate sabkha sediments react with 
earlier-formed gypsum to form poly- 
halite (Holser, 1966). 

Differences in sediment coherency 
dictate subsequent compactional his- 
tory. Lithified or coherent. sediments 
preserve pseudomorphs after gypsum 
crystals or halite crystal moulds. Com- 
pressible sediments (particularly 
organic-rich varieties, e.g., cyanobac- 
terial mats), on the other hand, allow 
gypsum and anhydrite nodules to 
grow, to coalesce and compact, per- 
haps even to form sluggy or even- 
layered anhydrites (Shearman and 
Fuller, 1969; Mossop, 1974). 

3 .  Nature of the offshore water 
body. Commonly this is normal marine 
to slightly hypersaline and well below 
gypsum saturation. Thus subtidal and 
intertidal sediments beneath sabkha 
evaporites are bioturbated and ske- 
letal-rich, with cyanobacterial mats (if 
present) confined to upper intertidal 
environments. Where sabkhas border 
more saline water bodies, sediments 
beneath sabkha evaporites are lami- 
nated (burrowing biota absent) and 
cyanobacterial mats may extend down 
well into subtidal environments (brows- 

ing biota absent). Where offshore 
waters precipitate and preserve 
gypsum, the sabkha sequence forms 
the uppermost unit of a subaqueous 
unit. Subaqueous evaporites are 
transported onto the sabkha by 
storms, there to form clastic beds of 
gypsum, anhydrite or even halite 
debris. Such sabkha sequences would 
be largely composed of such beds 
and might be difficult to distinguish 
from shallow subaqueous evaporites. 

Marginal marine salinas 
Relatively small marginal marine 
salinas occur above sea level in de- 
pressions on sabkhas, between coas- 
tal dunes, or in ephemeral stream del- 
tas or fan deltas. Those lying below 
sea level (Fig. 4B) are of greater im- 
portance in terms of size, persistence 
and the thickness of evaporite that can 
be deposited and preserved. They 
occur in tectonic depressions and be- 
hind coastal barriers. Marine inflow 

INTERTIDAL 
1-2m 

may be via minor inlets through the 
barrier, surface flow across a supra- 
tidal flat, or by passage through the 
barrier, discharging into the salina as 
springs, brine sheets or as seepages. 
Salinas are covered by water for brief 
or long periods (ephemeral and peren- 
nial salinas), but in both cases evap- 
orite deposition is primarily by precipi- 
tation from a surface brine, rather 
than by precipitation within a sedi- 
ment. Salinas associated with wide, 
high-relief barriers differ markedly from 
sabkhas in that they are unaffected by 
tidelstorm surges. They therefore lack 
transported marine sediment (unless 
this is wind-introduced). 

Salinas can be large and compa- 
rable with small- to medium-sized 
ancient evaporite basins, e.g., the 
Ranns of Kutch (India), 30,000 km2 
(Glennie and Evans, 1976), Lake 
MacLeod (Western Australia), 2,000 
km2 (Logan, 1987). 

Salinas and continental playa lake 

Anhydrite diapirs and 
contorted layers in sandy 
dolomite. Erosion surface 
at top, and older surface 
buried after brine-level rise 

chicken- wire anhydrite 
after gypsum-crystal mush 

Organic cyanobacterial mat 
with mudcracks & displacive 
gypsum crystals 

L 

grades down to burrowed 

cemented crust 

lagoonal burrowed 
lime mud 

Figure 34 Simplified vertical section through sabkha sequence at Abu Dhabi. 
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complexes are similar. Both contain 
subaqueous and subaerial subenvi- 
ronments in which evaporites accumu- 
late. These may be arranged in similar 
fashions and depositional processes 
and products are comparable. They 
commonly consist of an ephemeral or 
perennial saline lake located in the 
lowest parts of a depression, sur- 
rounded by saline mud flats that pass 
outward into peripheral dry mud flats. 

Variations in salina sequences 
The variation in mineralogy and facies 
within salina evaporites is controlled by 
factors similar to those controlling con- 
tinental playa evaporites. Climate con- 
trols the maximum salinity to which 
brines can be concentrated, but inflow- 
reflux ratios more commonly determine 
the concentrations actually reached. 
These ratios are determined by the 
presence or absence of surface inflow, 
the nature (width and permeability) of 

marginal 
shallow water 

facies 

DEEP WATER 
DEEP BASIN \ 

MODEL 

the barrier, the hydraulic head between 
sea level and brine level in the salina 
(these all determine inflow rates), size 
of the salina (controls losses by evapo- 
ration), and the effectiveness of basal 
aquitard (controls brine seepage 
losses). These are discussed in the 
section Basin-central evaporites. 

Ancient widespread 
shelf evaporites 
Many evaporites are composed of 
shallow water and/or mud flat facies, 
but must have accumulated on a scale 
and in settings different from those oc- 
curring today. The main problem with 
interpreting these evaporites is to de- 
termine whether they were 1) gener- 
ated during progradation of marginal- 
marine evaporitic environments com- 
parable with those of the present day 
(in which case they are diachronous), 
or 2) they formed simultaneously in 
evaporitic settings significantly larger 

brine level 
. S.L. 

deposits 

(prograding supratidal 
sediments) 

brine level 

SHALLOW WATER shallow water 8 
SHALLOW BASIN subaerial sediments 

MODEL 

(periodic overflow) 

continental 

inflow seepage 
inflow 

SHALLOW WATER 
DEEP BASIN 

Sill 

MODEL 

shallow water 8 
subaerial evaporites 

Figure 35 Depositional models for basin-central evaporites. 

than any today. This is a major unre- 
solved problem for many large evapor- 
ites: often the problem simply has not 
been addressed. Detailed stratigraphic 
study of some evaporites suggests the 
second explanation can be correct. 
These evaporites must have formed in 
vast expanses of evaporitic lagoons 
and mud flats, reaching tens to hun- 
dreds of thousands of square kilome- 
tres in extent, over which brine depths 
were only a few metres deep (or even 
shallower). Episodically they became 
emergent. Tidal influences were 
minimal; deposition was affected more 
by storms that created laminated 
clastic gypsum sands. Storms re- 
worked subaqueous sediments from 
shallow evaporitic lagoons and trans- 
ported the resultant carbonate and 
clastic evaporite sands onto neigh- 
bouring flooded evaporitic flats. 
Cyanobacterial mats were ubiquitous 
in evaporitic flat and shallow sub- 
aqueous environments where brines 
had salinities below halite saturation. 

Stratiform evaporite units, 5 to 50 m 
thick, of mixed subaerial and shallow 
water evaporites were generated in 
these settings. The lateral persistence 
of thin beds over large areas with only 
minor changes in thickness, mineral- 
ogy or facies indicates they formed on 
broad, flat shelf areas, areas which 
could be affected by rapid transgres- 
sions. Other widespread evaporites are 
more variable laterally, accumulated in 
a mosaic of smaller environments, and 
may have been diachronous. Both 
types of evaporite commonly form the 
upper parts of shallowing-upward 
cycles with underlying open-marine or 
restricted-marine carbonates. These, in 
areas of continued subsidence, may be 
vertically stacked to form thick sedi- 
mentary packages (Chapter 16). 
Landward they may interfinger with 
continental siliciclastics. 

Internal characters of shelf evapor- 
ites suggest they were deposited on 
mud- and evaporitic-flats, or subaque- 
ously in shallow lagoons. Mud- and 
evaporite-flat sediments form shoal- 
ing-upward cycles but, according to 
Warren (1989) are not easily corre- 
lated across a platform because of 
limited continuity of individual facies. 
They are deposited as a facies mosaic 
of saline and dry mud flats that sepa- 
rate local brine pans. Here brine pans, 
saline and dry mud flat environments 
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may be comparable in size and facies 
to modern coastal marine equivalents, 
however, the lateral extent of the eva- 
porite itself may have no modern 
counterpart. Host sediments may be 
fine-grained clastics and carbonates, 
or composed of detrital gypsum. 

Much evaporite, previously inter- 
preted as widespread sabkha deposits, 
could have been deposited in salinas. 
Relicts of subaqueously formed 
gypsum are abundant in many "classic" 
sabkha anhydrites - the Upper San 
Andres Formation (Warren and 
Kendall, 1985) of the Texas Panhandle, 
the Miocene of Iran (Purser, 1979), and 
the Permian Bellerophon Formation of 
northern Italy (Hardie, 1986), the 
Jurassic Arab evaporites and overlying 
Hith Anhydrite of the Arabian Gulf 
(Mitchell et a/., 1988), large parts of the 
lower Buckner anhydrites of the U.S.A 
Gulf Coast (Mann, 1988), and Miss- 
issippian basin-marginal anhydrites of 
the Williston Basin (Fig. 14; Lindsay 
and Roth, 1982). 

Widespread areas of shallow sub- 
aqueous evaporite precipitation also 
have no modern counterpart, al- 
though the facies developed can be 
matched in perennial coastal salina 
and continental playa lakes. These 
evaporites are also commonly cyclic 
and composed of shallowing-upward 
units 2-50 m thick, underlain by trans- 
gressive open-marine sediments, and 
terminated by thin sabkha sequences. 
Units can be traced over distances of 
tens to hundreds of kilometres, e.g., 
San Andres Formation of west Texas 
(Elliott and Warren, 1989), Yates 
Formation anhydrites of west Texas 
(Crawford and Dunham, 1982), and 
the Ferry Lake Anhydrite of east 
Texas (Loucks and Longman, 1982). 

In the absence of a recent analog, 
it is difficult to account for evaporites 
deposited in continuous shallow brine 
bodies. Comparison with the large 
salina of Lake MacLeod (Western 
Australia), however, suggests that 
those apparently composed of sub- 
aqueous laminated gypsum may have 
been deposited on evaporite flats. 
Other evaporites, however, such as 
bottom-grown gypsum or cumulate 
halite, must have been deposited sub- 
aqueously. Those composed of large 
gypsum crystals indicate deposition in 
relatively stable bodies of brine, this 
facies being confined to deeper 

Figure 36 Upper Red River (Herald Fm.) evaporite cycle, Saskatchewan. A) Inferred dry 
mud flat deposits with cm-bedding (storm-flood deposits ?), desiccation cracking. B) Nodular 
mosaic anhydrite after bottom-grown gypsum crystal. 
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Figure 37 Schematic diagram of Upper Red River (Herald Formation) evaporite cycle, 
Saskatchewan, showing both "brining-up" and deepening-up character. 
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parts of Recent salina successions 
(Warren, 1982) or to salt ponds that 
are not drained nor subject to brine 
mixing (Orti-Cabo eta/., 1984). 

Warren (1991) speculates that 
wide bodies of shallow brine precipi- 
tate gypsumbunder near-equilibrium 
conditions where evaporation kept 
brine surfaces below sea level, and 
brine depths limited to only a few 
tens of centimetres. An underlying 
aquitard (probably formed as under- 
lying sediments became cemented 
by evaporites), high humidities in the 
overlying air mass, and frequent 
resupply from storms and seepage 
kept the environment from drying 
up. It is difficult, however, to imagine 
how brines in such areas could be 
replenished without interrupting 
the normal depositional conditions. 
These dilution events should be 
recorded within the evaporites. We 
lack a viable depositional model for 
these evaporites. 

BASIN-CENTRAL EVAPORITES 
There are no modern equivalents of 
marine basin-central evaporites (al- 
though evaporites form a minor compo- 
nent of Dead Sea sediments). These 
basin-wide stratigraphic units may be 
thin (c5 m) or thick (hundreds to thou- 
sands of metres) and consist of 
shallow-waterlsubaerial evaporites, 
with or without evaporites of deep 
water aspect. Deep brine-filled basins 
may contain marginal slope and deeper 
basin-central facies. 

Evaporites deposited in low-relief 
basins are similar to shelf evaporites, 
except for their basin-central distribu- 
tion. They are exclusively composed of 
shallow water or mud flat facies. In 

basins that had high relief, shallow- 
waterlsubaerial facies may have 
formed on basin-marginal shelves, 
been the terminal phases of the basin 
fill (after depositional relief was elimi- 
nated), or accumulated on the floors of 
largely desiccated basins during 
periods of evaporative drawdown. Eva- 
porite~ of deep water aspect are con- 
fined to the basin-centre. Near basin 
edges they may pass laterally into 
thicker shallow water facies, perhaps 
with an intermediate facies belt of slope 
deposits, characterized by reworked 
evaporites, mass flow deposits, slumps 
and turbidites (see Fig. 38 in this 
chapter). 

Thick basin-central evaporites are 
composite stratigraphic units, interca- 
lated with marine or restricted-marine 
carbonates. Carbonates represent less 
saline evaporitic intervals or episodes 
when the entire evaporite basin was 
flooded by normal marine waters (trans- 
gressive or highstand system tract 
deposits). 

Three main types of evaporite depo- 
sitional basin can be distinguished (Fig. 
35). In most basins, however, these 
basin types represent stages that they 
pass through and most have com- 
pound fills. This is not surprising since 
the brine level in a basin is most un- 
likely to have been constant. Evaporite 
deposition usually implies surface dis- 
connection with the ocean, thus brine 
levels rapidly change or fluctuate in re- 
sponse to even slight changes in the 
rates of inflow, outflow and evapora- 
tion. These rates are controlled by 
climate and the degree of basin restric- 
tion. Basin restriction, in turn, is con- 
trolled in part by changes in tectonism 
or sea level. 

SHALLOW- WATER EVAPORITES brine level 

A 
E 
rn 
-0 s 
I s 
1 

slump fdds graded beds 
slurried beds 

Figure 38 Schematic diagram of deep water and slope evaporitic environments. After 
Schlager and Bolz (1 977). 

Shallow water, shallow basin model 
This model accounts for relatively thin 
( 4 0  m thick) evaporites with basin- 
central distributions. This last feature 
alone should be sufficient to prevent 
these evaporites being compared with 
present-day coastal sabkhas, but a 
similarity in evaporite facies has com- 
monly resulted in this misinterpretation. 
They are developed within cratonic 
basins which did not subside rapidly 
and were never excessively deep. 

Evaporites of this type are com- 
posed of shallow-subaqueous and 
mud flat facies and commonly form 
the upper parts of carbonate cycles 
exhibiting signs of upward-increasing 
restriction. They have usually been in- 
terpreted as shallowing-upward cycles 
but are better identified as "brining- 
upward" cycles (Longman et a / . ,  
1983), particularly when the evidence 
for shoaling is equivocal. In evaporite- 
terminated cycles of the Ordovician 
upper Red River (Herald) Formation of 
the Williston Basin (Kendall, 1976, 
1988) and the Middle Devonian Lucas 
Formation of the Michigan Basin 
(Park, 1987) thin-bedded laminated 
evaporitic dolomites containing desic- 
cation cracks, cyanobacterial mats 
and evidence of deposition by storms 
(Figs. 11 C, 36A) pass upward into 
nodular anhydrite, the majority of 
which forms pseudomorphs after sub- 
aqueous gypsum crusts composed of 
large, vertically aligned crystals (Fig. 
368). In these cycles the uppermost, 
more saline parts were deposited in 
more stable, subaqueous environ- 
ments than the less saline carbonates 
that underlie them (Fig. 37) and which 
resemble dry mud flat deposits. The 
brining-up cycles thus are also deep- 
ening-upward cycles. 

Deep water, deep basin model 
Evaporite basins that were deep de- 
pressions at least partially filled with 
brine are dominated by evaporites of 
deep water aspect. On basin floors, 
these are mm-laminated evaporites 
(sulphates or halite), whereas on mar- 
ginal slopes, reworked platform evap- 
or i te~  may occur. The presence of a 
high-relief basin is usually shown by 1) 
the presence beneath evaporites of 
deep water clastic or carbonate sedi- 
ments (commonly of a starved basin 
aspect), 2) the occurrence of deposi- 
tional slope facies in both the older and 
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evaporite sediments, or 3) the pres- 
ence of high pre-evaporite carbonate 
buildups. When initial basin slopes are 
gentle, the basin periphery becomes 
the depositional site of thick shallow 
water gypsum evaporites that build 
upward and outward into the basin, 
and a ramp or platform is constructed 
(Schlager and Bolz, 1977). In large 
part, the difference in sedimentation 
rate between basin centre and flanks is 
a result of the greater degree to which 
brines can be evaporated in shallower 
waters. Because deposition is slower 
in basin centres, steep depositional 
slopes may develop at the platform 
edge. Upper parts of slopes are sites of 
slumping and mass flow, whereas 
lower parts contain graded beds em- 
placed by turbidity currents (Fig. 38). 

The same basin-filling pattern as 
occurs during calcium sulphate depo- 
sition is present when some deeper 
water halites (and even some potash 
salts) are precipitated (Colter and 
Reed, 1980). Stratigraphic units in the 
Permian Zechstein evaporites of the 
North Sea thicken from the basin to a 
marginal depositional shelf. This evi- 
dence suggests the salts were deep 
water deposits. Deep water potash 
salts constitute a major problem. In 
order for a basin to fill with brine con- 
centrated enough to precipitate potash 
salts, each batch of seawater would 
first have to precipitate the greater 
part of its sodium chloride as halite. 
The amount of halite precipitated 
would equal in volume the entire de- 
positional basin, so that no deep basin 
would be left in which to precipitate 
the potash salts (Schmalz, 1969). 

Depositional models for deep water 
evaporite basins were reviewed by 
Logan (1 987). Stratopycnal basins 
have subhorizontal density layering 
and, when they have surface inflow, 
are the classic evaporite basins of 
King (1947), Scruton (1953) and Hite 
(1970). This model is unsound hydro- 
dynamically (Kendall, 1988). Strong 
winds (needed to promote evapora- 
tion) mix waters down to depths of 
several tens of metres, so that upper 
parts of the brine develop a vertical 
density structure (i.e., an isopycnal 
basin) similar to that of Hamelin Pool 
(Shark Bay, Australia). Here salinities 
reach 72%0. For gypsum to be precipi- 
tated in Hamelin Pool, inflow must be 
reduced to 10% of its already restricted 

rate (Logan, 1987). This wo'uld confine 
influx to channels through a perma- 
nently emergent sill, and brine levels in 
the basin would fall below sea level. 
Seepage inflow through the barrier 
would occur, but not surface reflux. 
Thus, the basin would be a variant of a 
seepage inflow basin: one modified by 
some surface inflow. Halite precipita- 
tion at Hamelin Pool would require 
complete surface disconnection. 

Isolated or highly restricted basins 
experience drawdown and thus differ 
only in degree from shallow water, 

deep basins. The main problem (dis- 
cussed earlier) is to explain how any 
surface brine can be retained in desic- 
cating basins. 

Hydrodynamic considerations sug- 
gest deep water evaporites were pre- 
cipitated from brines that were laterally 
uniform (Kendall, 1988), although they 
were probably density stratified. This 
means that at any given time, evapor- 
i t e ~  of the same mineral facies are de- 
posited throughout the basin. Vertical 
changes in mineral facies in the Castile 
Formation occurred almost simultane- 
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Figure 39 Diagrams illustrating two stages in the development of seepage basins, Initial 
stage above, with large hydraulic head (between equilibration- and brine-levels) and brine 
levels located below hydroseal closure (low reflux), and late stage below, with reduced hy- 
draulic head and brine levels above hydroseal closure (seepage outflow of basin brines). 
The consequences of these variations are shown with respect to brine residence times and 
brine salinities. Diagrams based upon work of Logan (1987). In the late stage it is assumed 
that no diagenetic seal is formed that curtails brine reflux (see Fig. 40). 
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ously over the entire basin (Anderson 
eta/., 1972), confirming this inference. 

Shallow water, deep basin model 
Most thick basin-central evaporites 
seem to have been deposited in deep 
basins subject to significant evapora- 
tive drawdown. They were therefore 
isolated or extremely restricted basins 
and obtained much of their inflow by 
seepage. Like those of the previous 
model, these evaporites are underlain 
by deep water marine sediments. 
Unlike them, they are composed of 
shallow water andlor mud flat facies. 
The facies developed depends upon 
the depth of brine retained in the basin, 
and the inflowlreflux ratio (Logan, 1987; 
Kendall, 1988). 

Evaporite accumulation in evacu- 
ated deep basins is only possible 
where there is a basal aquitard, either 
a pre-existing impermeable layer on 
the basin floor, or one created by 
evaporite cementation during initial, 
and leaky, stages of brine concentra- 
tion. The aquitard lines at least part of 
the basin floor enclosing a topograph- 
ically closed volume. Within this hy- 
drosealed part of the basin, long-term 
storage of brine occurs. 

Two different situations can be con- 
trasted (Fig. 39). When brine surfaces 
lie within the hydrosealed part of the 
basin, and the seepage discharge rate 
is greater than evaporation, water 

flows into the basin. Evaporites and 
brines are confined to parts of the 
basin underlain by the hydroseal. 
Reflux occurs 1) at slow rates through 
the seal, or 2) during short episodes 
when floods raise the brine level above 
the hydroseal. Consequently, brine 
residence times in the basin are long, 
and evaporation is able, with appro- 
priate climatic conditions, to concen- 
trate brines. Highly saline salts can 
accumulate. In contrast, when brine 
levels lie above the hydroseal, the 
basin is more open. Brines are lost by 
seepage outflow in marginal areas 
where the basal aquitard is absent. 
This loss reduces residence times of 
basin brines and they are exported 
before they can be concentrated. Only 
salts with low solubility are precipitated. 

There is no simple relationship, in 
isolated basins, between the type of 
evaporite deposited and sea level 
change. Brine salinities are controlled 
by brine residence times in the basin. 
These are determined primarily by the 
absolute and relative rates of water 
flow into, and brine reflux out of, the 
basin. One of the most direct methods 
of changing the inflow is to change sea 
level. When sea level rises (but not 
high enough to cause drowning of the 
basin rim: this would terminate evap- 
orite deposition) the hydraulic head 
between the sea and the depressed 
brine level in the basin is increased. 
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porous basin flanks 
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and basin-flanking carbonates 
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Figure 40 Diagrams showing inferred depositional sequences in basins without a hy- 
droseal at basin-flank locations (top), and basins that develop a diagenetic hydroseal as a 
result of reaction of refluxing brines with flanking carbonate sediments or rocks (bottom). 
G.M. Harwood is jointly responsible for the concept of diagenetic sealing of evaporite basins. 

This results in greater volumes of 
water seepage through the permeable 
barrier. If reflux rates are unchanged, 
this enhanced influx increases brine 
residence times and promotes higher 
brine salinities. In disconnected basins 
therefore, sea level rises are marked 
by deposition of evaporites of in- 
creased solubility. Lowered sea levels 
cause reduction in influx rates, de- 
creased brine residence times, and de- 
position of evaporites of lower solu- 
bility. These effects are opposite to 
those expected in basins having free 
connection with the ocean (compare 
Hite, 1970). Kendall (1 988) suggested 
the upward sequence from anhydrites 
to carbonates in the Middle Devonian 
of northern Alberta (Muskeg and Sulfur 
Point formations), usually interpreted 
as reflecting a sea level rise, may in 
fact be interpreted as a product of a 
sea level fall which terminated with the 
deposition of the overlying nonmarine 
Watt Mountain unit. 

Inflowlreflux rates may also change 
as a result of evaporite aggradation 
(Fig. 39). Initially, evaporite deposition 
is confined to the bottom and central 
parts of a basin where reflux is severe- 
ly limited by an underlying aquitard. 
Residence times of brines are long, 
brines are concentrated to high salini- 
ties, and highly saline evaporites pre- 
cipitated. With continued evaporite 
accretion the depositional area ex- 
~ a n d s  onto basin flanks where the 
aquitard is absent. Increasing amounts 
of brine reflux occur, progressively re- 
ducing residence times of brines. As 
brine salinities drop, the more soluble 
phases cease being precipitated (some 
may even begin to dissolve) and an 
upward sequence of decreasing 
mineral solubility is generated (Fig. 40). 
Kendall (1988) used this model, based 
upon the work of Logan (1987) at Lake 
MacLeod, to explain cyclicity in the 
Pennsylvanian Paradox evaporites of 
Utah and Colorado. 

Most evaporite sequences, even 
those associated with onlap of basin 
flanks, have upward increases in 
mineral solubility. Here, lateral expan- 
sion of depositional areas was not 
coupled with decreases in brine resi- 
dence times, and this implies the pres- 
ence of efficient seals on basin flanks. 
Commonly, however, these flanks are 
composed of only slightly older carbon- 
ates that undoubtedly were still perrne- 
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able during the evaporite deposition- 
al episode. This suggests evaporite 
basins can be self-sealing: porosity in 
rocks and sediments of basin flanks, 
upon contact with concentrated brines, 
is occluded by evaporite cement or is 
eliminated by evaporite replacement 
(Fig. 40). In particular, dolomitization of 
flanking carbonates (almost universally 
associated with evaporite basins) is ac- 
companied by precipitation of calcium 
sulphates as replacive nodules or 
cements that eliminate porosity. 

Evaporite sequences that do exhibit 
upward decreases in mineral solubility 
possibly are confined to basins in 
which basin flanks are clastics (less 
susceptible to evaporite replacement 
and porosity loss), or in which conduits 
for refluxing brines were repeatedly 
opened by tectonism. Both explana- 
tions apply, for instance, to the forma- 
tion of the Paradox Basin evaporites. 

Finally, changes in aridity cause vari- 
ations in evaporite mineralogy and 
facies within isolated and desiccated 
basins. These changes may be sea- 
sonal (as in Lake MacLeod; Logan 
1987) or long term. The presence of 
free brine in a basin indicates inflow 
exceeds losses from reflux and eva- 
poration. When evaporation losses 
exceed inflow, surface brines disap- 
pear. Increases in aridity thus promote 
development of evaporite flat environ- 
ments where, if brine residence times 
are long (low reflux rates), evaporites 
of high solubility accumulate in the 
sediment. Decreases in aridity allow 
perennial or seasonal surface brines to 
be present, but may prevent accumula- 
tion of more soluble mineral phases. 

SUMMARY 
Evaporite facies are better defined by 
internal sedimentarylearly diagenetic 
characters than by inferred geographic 
environments. Three main evaporite 
facies are recognized, mud flat, 
shallow-, and deep-water evaporites. 
Three main assemblages of evaporite 
facies are identified: 1) continental 
evaporites, that accumulate in basins 
largely unaffected by sea level 
changes, 2) basin-marginal evapor- 
ites, largely of marine origin and de- 
posited as part of transgressive and 
highstand system tracts, and 3) basin- 
central evaporites, believed to  be 
largely of marine origin but which 
could have been influenced by conti- 

nental groundwaters. Basin-central 
evaporites only form when the entire 
depositional basin becomes restricted 
or isolated and thus are lowstand 
system tract deposits. Evaporative 
drawdown in  such basins may, 
however, greatly amplify the effects of 
sea level falls. 
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