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iographic distribution of Jurassic GSSPs that have been ratified 
h o n d s )  or are candidates (squares) on a mid-Jurassic map 
PNS in January 2004; see Table 2.3). Overlaps in Europe have 
kured some GSSPs, and not all candidate sections are indicated 

basaurs dominated theland surface. Ammonites are themain fossils 
rmrrelatingmarine deposits. Pangea supercontinent began to break 
h md at the end of the Middle Jurassic the Central Atlantic was 
m. Organic-rich sediments in several locations eventually became 

t source rocks helping to fuel modern civilization. 

8.1 H I S T O R Y  A N D  S U B D I V I S I O N S  

L1.1 Overview o f  the  Jurassic 

hc term "Jura Kalkstein" was applied by Alexander von 

bmholdt (1799) to a series ofcarhonate shelfdeposits exposed 

 the mountainous Jura region of northernmost Switzerland, 

d he first recognized that these strata were distinct from 

k German Muschelkalk (middle Triassic), although he erro- 

h&&gIi Time SraL 2004, eds. Felix M. Gradstein, James G. Ogg, and Alan 
kSmith. Published by Cambridge University Press. @ E M. Gradstein, 
C Ogg, and A. G. Smith 2004. 

(ye Table 18.1 for more extensive listing). GSSPs for the 
base-Jurassic, Late Jurassic stages, and some Middle Jurassic stages 
are undefined. The projection center is at 30" E to place the center 
of the continents in the center of the map. 

neously considered his unit to he older. Alexander Brongniart 

(1829) coined the term "Terrains Jurassiques" when correlat- 

ing the "Jura Kalkstein" to the Lower Oolite Series (now as- 

signed to Middle Jurassic) of the British succession. Leopold 

von Buch (1839) established a three-fold subdivision for the 

Jurassic. The basic framework of von Buch has been retained 

as the three Jurassic series, although the nomenclature has var- 

ied (Black-Brown-White, Lias-Dogger-Malm, and currently 

Lower-Middle-Upper). 

The immense wealth of fossils, particularly ammonites, in 

the Jurassic strata of Britain, France, German5 and Switzer- 

land was a magnet for innovative geologists, and modern con- 

cepts of hiostratigraphy, chronostratigraphy, correlation, and 

paleogeography grew out of their studies. Alcide d'orbigny 

(1842-51,1852), a French paleontologist, grouped the Jurassic 

ammonite and other fossil assemblages of France and England 

into ten main divisions, which he termed "btages" (stages). 

Seven of d'orhigny's stages are used today, but none of them 

has retained its original stratigraphic range. Simultaneously, 
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Quenstedt (1848) subdivided each of the three Jurassic series 
of von Buch of the Swabian Alb of southwestern Germany 

into six lithostratigraphic subdivisions, which he character- 
ized by ammonites and other fossils and denoted by Greek 
letters (alpha-zeta; Geyer and Gwinner, 1979). Alfred Oppel 
(185&8), Quenstedt!~ pupil, subdivided the Jurassic stages 

into biostratigraphic zones, was the first to correlate Jurassic 
units successfully among England, France, and southwestern 

Germany, and modified d'orbigny's stage framework 
Ammonites have provided a high-resolution correlation 

and subdivision of Jurassic strata throughout the globe (e.g. 

Arkell, 1956). The bases of nearly all Jurassic stages and sub- 
stages are traditionally assigned to the base of ammonite zones 

in marginal-marine sections in western Europe (e.g. Oppel, 
185&8), and this philosophy was formalized at the Collnque 

du Jurassique a Luxembourg 1962 (Maubeuge, 1964; see also 
Morton, 1974), where the majority of the current suite of 
eleven Jurassic stages were defined in terms of component 
ammonite zones. Therefore, the process of assigning bases of 

Jurassic stages at GSSPs continues this historical practice, in 

which the GSSP placement is commonly locked into recog- 
nizing or defining the basal ammonite horizon of the lowest 
component zone. However, much of the historical subdivision 
of the Jurassic was limited to shallow-marine deposits of the 

northwest European region (England to southwest Germany), 
therefore, establishing reliable high-resolution correlation to 
tropical (Tethyan), Pacific, deepsea, continental, and other 
settings has commonly remained tenuous. In particular, this 
difficulty in global correlation has frustrated efforts to define 
with GSSPs both the base and the top of the Jurassic and the 
bases of the Kimmeridgian and Tithonian stages. 

Detailed reviews of the history, subdivisions, biostrati- 
graphic znnations, and correlation ofindividual Jurassic stages 
are compiled in several sources, including Arkell (1933, 1956), 
Cope et al. (1980a,b), Harland et al. (1982, 1990). Krymholts 
et al. (1982, 1988), Burger (1995), and Groupe Eranpis 
#Etude du Jurassique (1997), and our brief summaries have 
been distilled from their narratives. 

18.1.2 Lower Jurassic 

A marine transgression in northwest Europe during the latest 
Triassic and earliest Jurassic resulted in widespread clay- 
rich calcareous deposits. These distinctive strata in southwest 
Germany were called the Black Jurassic (schwarzen Jura) by 
von Buch (1839), and were called Lias in southern England by 
Conybeare and Phillips (1822). The base of the historical Het- 
tangian Stage is the initial influx of ammonites into southern 

England during the early stages of the transgression. This se- 

ries was subdivided into three stages (Sinemurian, Liasian, ad 
Toarcian) by d'Orbigny (1842-51,1852), then Oppel(1856-8) 
replaced the Liasian with the Pliensbachian Stage and Renevim 
(1864) separated the lower Sinemurian as a distinct Hettangir  

Stage. Widespread hiatusesor condensation horizons markda 
bases of the classical Sinemurian, Pliensbachian, and Toarcil '  

stages. 

TRIASSIC-JURASSIC BOUNDARY AND THE 

HETTANGIAN STAGE 

The original Sinemurian Stage of d'orbigny (1842-51, 1851 
extended to the base of the Jurassic. Indeed, the Lower Jum 
sic tentatively included the Rhaetian (Bonebed of south- 
Germany, portions of Penarth Beds in England, W a d  
Gruppe of German and Austrian Alps, etc.), which is m 
assigned to the uppermost Triassic. Overlying this basal 4 
Oppe l (185H)  assigned the base of his Jurassic to the l o w  
ammonite assemblage which is characterized by the planrl  
species, and referred to characteristic coastal sections in sod 
ern England including Lyme Regis in Dorset and Watchd 
Somerset. 

Renevier (1864) proposed the Hettangian Stage to encu 
pass the Psiloceras planorbis and Schlotheimia angulatus 
mnnite zones as interpreted by Oppel. The stage was nm 
after a quarry near the village of Hettange-Grande in Lord 
(northeastern France), 22 km south of Luxembourg, al- 
the strata in this locality are primarily sandstone with n o w  
in the lowermost part. 1 

The latest Triassic and Triassic-Jurassic boundary a 
val span one of the five most significant mass extinctionsd 
Phaneroznic, including termination of conodonts and 4 
declines of ammonites and bivalves (e.g. Hallam, 1996; 
1999). This progressive decline, coupled with the low* 
survivor fauna and transgressive facies migration d- 
early Hettangian, has greatly limited the choice of markd  
defining the base of the Jurassic. The base of the H e m  
is traditionally assigned to the first occurrence of the a 
planorbis group within the ammonite genus Psilocerq d 
are ubiquitous from the eastern Pacific and Tetbys to thcd 
pean Boreal province. Ammonite diversity was very l m d  
Rhaetian time (Choristoceras marshi Zone), and the HJ 
genus Psiloceras must be derived from the Triassic gd 
the family Discophyllitidae, which lives mainly in theopn 
(von Hillebrandt, 1997). The Triassic-Jurassic bou* 
recognized in the marine realm, is within the earliest .q 
a transgression following a major sequence boundary (B 
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16 18.1) and eustatic lowstand (Hesselbo and Jenkyns, 1998; of Semur-en-Auxois (Sinemurum Briennense castrum in 

and Wignall, 1999). Latin) in the Cote d'Or department of eastern central France. 

The age of the Triassic-Jurassic boundary is constrained 

t r  U-Pb zircon age of 199.6 + 0.3 Ma on a tuff layer in the 

' b r m o s t  Rhaetian (top of Triassic) on Kunga Island (Pilfy 

!.L, 2000a). A floral turnover and peak in tetrapod extinc- 

h in eastern North America, that had been considered to 

h i d e  with the Triassic-Jurassic boundary (e.g. Fowell and 

h, 1993), has an age no younger than 200.6 Ma; therefore, 

iscontinental level appears to represent part of the progres- 

R loss of diversity within the latest Triassic (Palfy et al., 

D(h,b). Olsen et al. (2003) favor an age of 202 Ma for this 

After the establishment of the Hettangian Stage removed 

the lower ammonite zones (Renevier, 1864), the base of the 

Sinemurian was traditionally assigned to the proliferation of 

the Arietitidae ammonite group, particularly the lowest occur- 

rence of the early genera Vermiceras and Metophioceras (base 

of Metophioceras conybeari subzone of the Arietites bucklandi 

Zone. However, the stage boundary was never defined by a 

generally accepted species or assemblage (Sinemurian Bound- 

ary Working Group, 2000). In addition, a gap exists between 

the Hettangian and Sinemurian throughout most of northwest 

mntinental Triassic-Jurassic boundary," based on the aver- Europe 

(C of ages from the overlying basalts in the Newark n as in Only in rapidly subsiding troughs in western Britain 

rcffsions. 

There are four main candidates for the placement of the 

~ J u r a s s i c  GSSP (Warrington, 1999, 2003; Table 18.1): 

)Chilingote, Peru, on the west side of the Utcubamba Valley; 

)suutheast shore of Kunga Island, Queen Charlotte Islands, 

&h Columbia, Canada; (3) Muller or New York Canyon 

4 Gabbs Valley Range, Nevada; and (4) St. Audrie's Bay, 

merset, England. Only the Peru and Nevada sections con- 

was sedimentation continuous across the boundary interval. 
Therefore, the boundary GSSP was placed in inter-bedded 

limestone and claystone at coastal exposures near East Quan- 

toxhead, Somerset, England (Page et aL, 2000; Sinemurian 

Boundary Working Group, 2000; Bloos and Page, 2002; 

Table 18.1). The GSSP is at the lowest occurrence of arieti- 

tid a m m o n k  genera Vermiceras and Metophioceras. This level 

is just below the highest occurrence of the ammonite genera 

ammonite assemblages of both the uppermost Rhaetian Schlotheimia that is characteristic of the uppermost Hettan- 

d lowermost Hettangian; but St. Audrie's Bay has magne- 

nratigraphy and Kunga Island has dated tuff layers. 

There is no accepted grouping into substages of the three 

utangian ammonite zones (Psilocerasplanorbis, Alsatites lia- 
W, and Schlotheimia angulata). 

bory, dejnrtion, and boundary stratotype The Sinemurian 

was named by d'orbigny (1812-51,1852) after the town 

gian. This turnover of ammonite genera is a global event that 

marks the boundary interval (Sinemurian Boundary Working 

Group, 2000; Bloos and Page, 2002). 

Sinemurian substages The Sinemurian has two substages. 

The Colloque du Jurassique a Luxembourg 1962 (Maubeuge, 

1964) assigned the base of an upper stage, called Lotharingian 
(named by Haug, 1910, after the Lorraine region of France), to 

the base ofthe Caenisites turneri ammonite zone. However, cur- 

rent usage follows Oppel(18568) in assigning the base of the 

Lotharingian suhstage at the base of the overlying Asteroceras 

18.1 Jurassic time scale with selected biostratigraphic zonatians, magnetic polarity chrons, and major depositional sequences. The 
i m v y  absolute-age stratigraphic scales are the ammonite zanations of northwest Europe for Hettangian through Bajocian and of the 
b-Mediterranean province far the Bathonian stage (modified from J. Thierry in Hardenbol et al., 1998, pp. 77&777), and the M-sequence 
met ic  polarity chrons for Callovian through Tithonian stages. Ages of stage boundaries and other stratigraphic events are from their direct 
Bration to the primary stratigraphic scale (e.g. magnetostratigraphic correlation of proposed basal-Tithonian ammonite zone boundary) or 
hpolated from published correlation estimates (e.g. Mesozoic chranostratigraphy charts of Hardenbol ct al., 1998) - see text for details. 
ifertainty estimates for stage boundaries are given at 95% confidence limits. Dashed lines denote relatively uncertain calibrations of 

k r  bios~ratigra~hic events to the primary scale, or intervals in which ammonite zones have been arbitrarily scaled proportional to the 
hive number of subzones. Most subzonal units are omitted, and only a generalized ammonite stratigraphy is given for some intervals 
Ebiostratigraphic chart series in Hardenbol er al., 1998, far full listing and correlation web). Ammonite biozone names and associated 
igned ages are summarized in Table 18.2. Major flooding or regressive trends of depositional sequences of northwest Europe are labeled at 
r sequence boundary immediately preceding the maximum lowstand of the respective third-order sequence (extracted from Hardenbol er al., 

9S). A color version of this figure is in the plate section. 
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Figure 18.1 (cont.) 

obtusum Zone (e.g. Krymholts et al., 1982-8, Groupe Franpis section is traditionally used as the base of the Pliensbachi 
d'Etude du Jurassique, 1997). The lower suhstage does not Stage (e.g. Dean et al., 1961; Meister, 1999a,b). 
have a secondary name, and there is no recommendation for a At this level, the Psiloceratoidea ammonites, which d m  

potential GSSP for the suhstage boundary. nated the Hettangian and Sinemurian, disappear and the E d  

PLIENSBACHIAN 

History, definition, and boundary strarotype 'The  Pliens- 
bachian Stage was proposed by OppeI(1856-8) to replace the 
Liasian stage of d'orbigny, which lacked a type locality for its 
base. The stage was named after the outcrops along the Pliens- 
bach stream near the village of Pliensbach (Geppingen, 35 km 
southeast of Stuttgart) in the Baden-Wurttemberg district of 
Germany. Even though this section lies unconformably on the 
underlying Sinemurian, the lowest ammonite subzone (Phri- 
codocerus tuylori subzone of the Upronia jamesoni Zone) in this 

roceratoidea superfamily diversifies and dominates the non1 
east European fauna of the Pliensbachian Stage (Meister era 
2003). This fauna1 event occurs globally, but a stratigraphicg 
between the Pliensbachian and Sinemurian sequences is a a* 
mon feature. Of 27 regions considered by the Pliensbachi 
boundary yorking group, only a single candidate in Yad 
shire, England, was satisfactory for a potential GSSP (M* 
1999a,b; Mcister et al., 2003). At the clay-rich coastal 
of Wine Haven at Robin Hood's Bay, Yorkshire, the GSS 
coincides with the lowest ammonite occurrences of Bifericrn 
donovani species and of Apoderoceras genera (Table 18.1). 
section at Aselfingen in the Baden-Wiirttemberg d i s n i ~  , 





Tablc 18.1 (cont .)  

Otjirdton upper Informal usage 
within 
rub-Borual 
province 
(Boreal fauna1 
domain) 

Base of Prriqhincrrr iaunmz- 
~ r m  ammonite zone. 

Global Boundary Stratotypr  Section and Point 

Referunccz 
Stage boundary (GSSP, 

Stage Suhsrii~ebasr Status I.ocation and point Primsr! marlcrs Other correlations Commcnts correl~tions) 

Kimmcridgian/ Candidate Sraffin Bay (Isle of Skye. Ammonite, concidunt hascs of Thc base of the P haylet zone is Magnetostratigraphh sequence Melendez & 
Oxfordian section northwest Scotland) Pziron~u h+),Iri Zone commonly a minor hiatus at a strarigraphy and ammonite Arrops, 1999; 
(traditional (Subbored province) and maximum flcmding surface (Coe, constraints indicate that the base of byright, 1973, 
Boreal .Irnoehoirras huuhinizone 1995). In the Staffin Bay section, the the Z h ~ y l c l  zane approximately 1989; Riding & 

placement) (Bored province) Kimmcridgian-Oxfordian boundary correlates vith the base of the 'Thornas, 1997; 
is just above the base of a Tarnnirll~irv~i huufinum Subzone of Wierzbowski, 
reversed-polarity zunu assigned to uppermost E,otprlrocrrus bimirntrnillum ZWZ, 2003. 
lower parr ofpolarirg Chron M26r Zone of the sub-Mediterranean 
(Ogg& Coe, 1997 and in prepar~tinn). pruvinca (Tcrhyan fauna1 realm) (Ogg 

&Cue, in preparation). 

In the sub-hlediternnean province Groupe Fran~ais  
(Tethyan domain), the base of an d ' i tude du 
Upper Oxfordian substage is Jurassiquc, 1997. 
commonly ars ipcd e, the base of the 
Pirirflhin~lrr (Dirhoromoirrrir) 
brfurnzrur Zone, and this lewl is 
probably nlighrl) older than the Boreal 
placement. Base of/! bvkrarur is 
within a normal-polarity zone char is 
correlated to magnetic Chron M29n. 

Mtddle Informal Hare of Pensphmcrrr Base of P plirarilzi Zone is within a Groupe Francais 
European (Ansphincrei) pitculthi brief normal-polarity magnctic zone d ' ~ t u d e  du 
usage ammonite zone. that is currrlated ro marine magnetic Jurassique, 1997. 

anomaly M33b(n) (Ogg& Gjc, 1997 
and in preparation). 

Oxfordian/ Site of GSSP Leading candidates in Ammonite. Brtphna Boundary interval is contact of range Candidate GSSP sections in fiance Melcndcz, 1999; 
Callorian is undecided. 'Tethyan realm are rhuourrnrrr Horizon ar base of zone ofQurnrrrriroierar rnanae to did nut prrscrvr a primary Fortaengler & 

Thuoux and Savournon rhe Cardioierar riurhurgrnrr underlying rangc zone ofQ. iurnbrrri. magnetostratigraphy, and other fauna1 hiarchand. 1994. 
near Serres (Provence. Subzonr (Qu~uen.~tedroier~s T h e  French candidate section has groups or chemortratigraphy are not 
Chainen Subalpin) in rnvriilr Zone). dinoflagellate markers, but no other documented. 
southeast France. A macrofossils or microfossils T h e  
candidate in Bureal boundary in England coincides with s 
realm is a coastal section maximum flooding surface (Coe, 
(Ham Cliff) near 1995) and is within a brief 
\bzeymouth (Dorset) in normal-polarity magnetic zone that is 
southern England. correlated ro M-sequence marine 

magnetic anomaly M36An (Coe & 
068, in preparation). 



MiddleJurassie 
Collozian Upper Informal 

European 
usage 

Mtddle Informal usage 
within 
subBoreal 
province 

(Boreal fauna1 
domain) 

Base of P~lrorerdr (Prlrocerasj 
nrhlela ammonite 
zone(Kosmoiera, 
(1.obobormorrrasi pkae'num 
Subzone) 

Base of Komoreror 
[Zu~o~ornoceras j~uron 
ammonite zone (at base of 
Korrnocrrar 

(Zupokn.~moierasj medra 
Subnone). 

Gllavian/ Candidate Excavated section of hmon i r e ,  lowest occurrence 
Bathonian section Macrocephalen-Oolirh of the gcnus Kcfifil~nrrs 

Informal usage 
within sub- 
Mediterranean 
province 

(Tethlan 
fauna1 domain) 

. . 
formation in forest (Kosmoceratidae), which 
preserve "Quellgebier defines the KeppIerNer . - 

des Roschhachs" in the 
upper Eyach valley, 
about I km west of 
Pfeftingen village in the 
Albstadt district of the 
Swahian Alb (30 km 
south of l'uhingm, 
southwest Germany). 
/Srefootnurr 61 

~ ~ 

(K~pplrnrrrj  bepplm horizon . 
at bnsc of K. beppleri Sub~one 
of Moir~r~ephui~trr heraryt 
Zone in thc sub-Boreal 
pruvincc (Great Britain to 
sourh~rest Germany). 

Rase of Pro'roienterpro~ruilirr 
ammcmice zone. 

Lower/hZiddle Callovian substage 
boundary coincides with a moderate 
sequence boundary (Call3 of 
Hardenhol er a l .  1998). 

In the sub-Mediterranean province 
(southern Paris Basin to north Africa 
and Italy, the basal Gllovian zone is 
the BuNarimornh8nr (Khrroliernr) 
bullnrur Zone defined by the range of 
the index species. A major latest 
Bathonian sequence boundary (Bar5 
of Hardenbul r! al.. 1998) is 
widespread in lower C. Jzrrur 
Subzone, and a minor sequence 
boundary (CallO) coincides with the 
Bsthonian-Callovian boundary level. 

Approximately coincides wirh minor 
sequence boundary (Bntl of 
Hardenhol er =l.. 1998) in NW 
Eurooean hasins. 

In the sub-Mediterranean province, 
the Middle/Upper Callovian 
boundary is plrccd at rhe base of the 
Prlrorerar (Pelroirm~) arhlera 
Zone(Herric~~~erar (0rhil"yi~er~zsj 
rrezeemr Subzone), or approximately 
a subnone higher than in the 
sub-Boreal province. 

In rhe sub-Mediterranean province, 
the Luwer/~liddle Callovian 
houndary is placed at the base of the ~. 
Rrineckna nniepi ammonite zone 

(Remrikria rruebrli Subzone), which is 
considered approximately coeval wirh 
rhe suh-Boreal suhstage houndary 
placement. 

The Macrocephalen-Oolith 
formation, a condensed facies of 
imn-oolite-bearing clay to marly 
limestane, is easily eroded, therefore 
the complete "Roschbachs" section is 
only exposed by cscavatiun, thcn 
reburicd after sampling a, prevent 
removal of its rich ammonite fauna by 
amatcur fossil collectors. The 
flat-lying section is similar to the 
profilyoi Macro~r~halrn-Oolirhs 
diagrammed by Dietl(l994, fig. 4). 
but the relative thicknesses are 
different. /.'See fhurnnrr a /  

In the Northwest Eur~pean province 
(Boreal domain), a subatage boundary 
is commonly assigned to the base of 
the Proirrirrs (ProrrriIrr) hodsoni 
Zone, which is a significanrly oldcr 
lebd. This level is just above a major 
sequence boundary (Bar3 uf 
Hardenhol n al. .  1998, seeFigure 
12.1) in NW European basins. 

Group. Francais 
d ' ~ t u d e  du 
Jurassique, 1997. 

Groupe F r a n ~ ~ i s  
d'$,rude du 
Jurassique, 1997. 

Died, 1994; 
Callomon, 1999; 
Callomon & 
Dierl, 2000 

Groupr Fransais 
d'ktude du 
Jurassique, 1997. 
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Global Boundary Stratotype Section and  Point 

Stage boundary 
Stage Suhsmge hare Srarus Locdtion and point 

Bathonian/ Proposed in Ravin du BSsBas Auran 
Bajocian 1988, but may near Digne, 4 km west of 

not be suitable Barreme, Basses-Alpes, 
for GSSP. southeast France. 

Proposed GSSP was 
base of Bed 23 of a 
Sturani (1967) in section 
of interbedded 
limestone and marl. 
Another candidate 
GSSP is at C a b  
Mondego, Portugal. 

Bajorian Informal 
European 
usaae 

Bajocian/ Ratified 1996 Cabo Mondego, 
Aalenian Portugal (Murtinhein 

mastal scnion at the foot 
of C l b  Mondego clin 
southwest of the village 
of Murtinhein, 40 km 
west ofCoimbn and 7 
km norrh of Figueira da 
Foz). GSSP is base of 
Red ARI I (section of 
Henriques er aL, 198% 

, which corresponds to 
Bed M337 of Henriques 
er al . ,  1994) at 77.8 m 
level as measured from 
the base of the coastal 
section in rhythmic 
alternations of gray 
limestone and marl. 

Prirnarv markers 

Subzone) an marked by the 
lowest occurrence of 
Porbinroniv (G.) ronvrrgmr, 

P (P) poihyplruro and 
Morphoirrar paruum. 

Base of Strcnorcras 
(Smnoierus) niorrrnrr 
ammonite zone. 

Ammonite, lowest occurrence 
of the genus Hyprrliorrror 
(Toxoborrrar), which defines 
the base of the Hyprrlwcrror 
dititcr Zone. 

Other correlations Comments 

Just prior to the peak of a major Strata at proposed GSSP did not 
transaression trend in NW Europe preserve a primary 

magnetntratignphy, are F of 
dinoflagellate cysts, and the 
uppermost Bajocian (Pnrkironia 
(Parkkronio) bomfordi Subzonr) may 
be absent. A nearby auxiliary GSSP 
section of La Palud near Castellane 
places the P bomfird#-P ionurrsnr 
subzonehoundary at Bed 44 (rather 
than Bed 39, as placed in Innocenti 
rr al., 1988) (Mangold, 1999). 

Major turnover of ammonite genera 
-curs at this level as T~lorrrns 
disappear, md  Perisphincraceae, 
L*ptnrph~rrrr,  Strenorrmr and 
Garnntionn (OrrhogaranrLana) appear 
with someoverkp. 

\ 
The GSSP is just below the lowest Auxiliary Stratotype Point is at 
occurrences of calcareous Bearreraia Bay, about l0 km north of . . 
nannoforsils Worznourria ronmunis Portree on the eastern mart of the Isle 
and W fissorinrra. TheGSSP at Capo of Skye in western Scotland. The 
Mondego coincides with the 
boundary between a reversed-polarity 
zone in the uppermost Aalenian to a 
normal-polarity zone spanning the 
lowermost H di~rirrs Zone (Henriques 
er al.. 1994). which is consistent with 
a composite magnetic pattern derived 
from other Aalenimn-Bajmian studies 
(ea.. compilation by Oaa, 1995, 

boundary level is at the base of Bed 
U10 in the lower Udairn Shale 
Member, 12.4 m above the base of the 
section as revised by Morton (in Pavia 
er al., 1995). Base of the Bajocian in 
this section is marked by radiation of 
ganyaulacacean dinoflagellate cysts, is 
within the NJ8b nannofossil Subzone. 
and is just above the lowest . .. 

shown in Figure 12.1). Boundary is occurrence of inmeramid bivalve 
near a major sequence boundary (Bjl Myriloccramu~polyplocur. 
o f ~ a r d e n b l  cr~ol., 1998) in NW 
European basins. 

Transgression above major lowsund 
(W) in NW Eumpln basin, 

References 
(GSSP, 
correlarions) 

Krymholts a a l .  
1982/1988; 
Groupe Franpis 
d ' ~ t u d e  du 
Jurassique, 1997. 

Henriques er a l .  
1994; Pauia & 
Enay, 1997; 
enhanced 
CD-ROM from 
M.H. Henriques 
(hhenriq@cygn 
us.ci.uc.pt) 



Lower Jurassic 

Toariion UPPel 

Ibarcian/ 
Pliensbachian 

Informal 
European 
usage 

Ratified ZWO 

Informal 
European 
usage 

Informal 
European 
usage 

Location and 
global 
correlation 
debated. 

Informal 
European 
uylge 

Bare of Ludm~gh nurchi.~onae 
ammonite zone. 

Fuentelsalz at Nuevalos, Ammonite, lowest occurrence 
Spain, in central sector of genus Lrioieror (base of 
of the Castelian Branch LPloceras opolinurn Zone), 
of the Iberian Range, which e,ollred from 
a b u t  l70 km ENE of Plrydcllia. 
Madrid and 30 km north 
of Molina de Aragon). 
GSSP is base of 
calcareous Bed 107 
within an expanded 
uppermost 
Toarcian-lowermost 
Aalenian succession of 
flat-lying rhythmic 
alrernations of mar1 and 
limestone. 

Main candidate profile 
for the GSSP is Ponte 
da TrovH-Crur dos 
Remedios secton ar 
Peniche, Portugal. 
Another candidate is at 
AYt Maussa in the 
Middle Atlas of 
Morocco. 

Base of Grnmrnorerar 
rhouarscm ammonite rone 

Base of Hildorero~ blfronr 
ammonite zone. 

Ammonite, lowest occurrence 
of a diversified Eodaqylires 
fauna (Simplex horizon, 
sensu Goy er al.. 1997) with 
the association Polrorpirrs- 
Tiltonicrros-Eodor!yIiftr, 
which correlates with the 
northwest European 
Polterp,tesprrlrur 
horizon/subzone. 

Base ofAmnltheur 
margarimtui ammonite zone. 

Jusr above a major sequence bundary 
(Aal ofHardenbl et al.. 1998) in NW 
European basins. 

Evolution of the ammonite Subfamily Wittnau at Freiburg in south 
Grammoceratinae and Leioceratinae. Germany was the other main GSSP 
Boundary interval is within a candidate (Ohmert, 1996). 
normal-polarity magnetozone which, 
with the underlying reversed-polarity 
magnetozone in the lower part of the 
Plrydrllia aalrmir rone (uppermost 
zone of Toarcian). Diversity changes 
are recorded by brachiopods, hivalves, 
benthic foraminifera, ostracods and 
calcareous nannafossils in the 
Fuentelsaz section; although the most 
significant fauna1 events generally 
take place in the uppermost Toarcian 
before the boundary (Goy ct al., 
1996). The boundary interval is the 
lower part of a minor trangressive 
systems tract (Hardenbol rr ul., 1998). 

An alternate twwfold subdivision of 
Toarcivl places an Upper/I.ower 
substage boundary at the base of the 
Haugia uarrobilts ammonite zone. 

Major maximum flooding surface in 
NW European basins. 

Toarcian-Pliensbachian boundary 
interval is marked by a massive surge 
of Dactylioceratide (Eodarryblo) and 
Hildoceratide ammonite families of 
Tethysn origin and extinction of 
Boreal amaltheid family Base of 
Toarcian is an important maximum 
flooding surface above a major 
sequence boundary (P18) and 
minimum in sawater 
strontium-isotope ratios. 

Appearance of the Amnlrhrur 
ammonite genera (typically Amiilthcur 
aobe.~i). 

Widespread condensation or gaps at 
the base of the Toarcian strata 
(Dartylinc~rar trnuirortnrum ammonite 
rone) necessitated selection of 
candidate GSSPs in the 
Mediterranean region where gaps in 
the succession are less pronounced 

The Domerian is the infirmd namc 
fur the low- substage of 
Pliensbachian. 

Goy er al., 1994, 
1996; Cresta 
r to l ,  ZWI. 

Groupe Fran~ais 
d ' ~ t u d e  du 
Jurassique, 1997 

Groupe Fransais 
d ' ~ t u d e  du 
Jurassique, 1997 

Elmi, 1999,2003. 

Colloque du 
Jurassique d 
Luxembourg 
1962 (1964) 

(c<,"I.) 



Tahle 18.1 (cont.) 

Global Boundary Stratotypc Section and Point 

Stage boundary 
Staec Suh~rare bare Statur Location and point Primary markers Other correlarions 

References 
(GSSP, 
correlations) 

~ p~-~ ~- 

Pliensbachian/ ICS voting Wine Haven section of Ammonite, lowest 
Sinemurian 2003 claystone, Robin Hwd's occurrences of BiIGriierar 

S#nrmunan UPW Informal 
(Lorhnnnglon European 
iubrrogr) usage 

Bay, Yorkshire, England. donovoni and of genera 
GSSP is at basc uf clr) - .4#ndpmr~rill and Glririrrnr 
Bed 73b, 6 cm above a 
thin calcareous nodule 
Bed 72 of Hesselbo and 
Jenkyns (1995). 

Base of Arlrrocrrar obrusum 
ammonite zone. 

Sinemurim/ Ratified ZOOO East Quantaxhead Ammonite, lowest occurrence 
Hettanpian section of interbedded of'arietitid genera 

limestone and claystone Merophiocrrar I. SIC, and 
at the coastal exposures firmiteror (base of 
5Wm north of court Mrrophioirror ronyb<aroidrr 
house of villqe of subzone of Coroniirrar 

Luwesr occurrences of ammonites 
Apoderoierar nodoz~~a~.  A. Irrkmbyr, 
Terrarpidacrrar quadramarum, and 
P tq~ lo r i  Uppermost Sinemurian has 
the disappearance of the 
Echioceratidae ammonite family 
Dinoflagellate cysts are absent, 
microfauna studics have not been 
published. and maxnetostratixraphy 

Of 27 regions considered by the 
Pliensbachian boundary working 
group, only a single candidate in 
Yorkshire, England, appeared & be 
satisfactory for a potential GSSP. A 
section at A~elfingen in the historical 
area in southwest Germany is 
condensed limestone ;yid clay with 
rare ammonires, but allows calibration 

~ ~ 

ratio of 0.707425 and oxygen isotopes corresponds to Strontium 87/86 ratio 
from belemnites suggest a local of0.707425 i O.OWO2I. 
seawater temperature drop of about 5 
C (Hesselbo rr a l .  20W; Meister, 
2001). This level is just below a 
maximum flooding surface in British , 
sections ( H ~ s e l b o &  Jenkyns. 1998). 

Just above a major sequence boundary Lower substage of Sinemurian dws 
(Si3) in NW European basins. not have a secondary informal name 

Sinemurian-Hettangian boundary is This turnover of ammonite genera is a 
within 1 transgressive episode world-wide event that marks the 
following a latest Hettanghn lowstand boundary interval (Sinemurian 
in British sections (Hesselbo & Boundary Working Group, 2000). 
Jenkyns, 1998). Foraminifer Lingubno 
rrnrra plex (latest Hettanxian) and 

Quanrock's Head, 6 km (Arirrifrs) buiklondi appearance of Planularia ~naquistriafa 
east of Watchet, ammonite zone). Just below and the Frondirulririo ~ r y u r m l  plexus 
southern coast of the the highest occurrence of the group (basal Sinemurian). There are 
Bristol Channel, West genera Sinlodamlu that is no conspicuous changes in ostracods, 
Somerset, England. characteristic of the palynolngy, ppelecypods or 
Within a bituminous uppermost Hettangian. brachiopods across the boundary 
shale between e~lcprcuus interval, and magnetortratigraphy 
- U l l 5 v d  v u  not succmful. 

Meister, 1999a,b, 
2001; Hesselbo 
et al.. 2W0, 
Meister er al., 
2003. 

Krymholts rr al., 
1982/1988; 
Graupe Francais 
d ' ~ r u d e  du 
Jurassique, 1997 

Page et al. ,  2000; 
Sinemurian 
Boundary 
Working Group, 
2 m ;  Bloos & 
Page, 2002. 



mammrm&d 
~ubrrsgc~  
Hettangian/ Debated Four main candidates: Ammonite, first occurrence of Extinction ofconodonrs. Radiolarian The Plunorbis ammonite group is Bloos, 1999; 
Rhaetian (= criteria and (1) Chilingore, Peruon the smoothplanorhs gnmp assemblages (top of the latest T~iassic described under several names Warrington, 
base ofJurassic) location the wesr side of the within the ammonite genus Globolax!urum tozrri zone and base of (planorbi.~, tilmanni. pai,/iiua. 1999; Pagc & 

Utcubamba Valley Pszlorrror. earliest Hettangian Conopturn m~runr iulliphphyllum, etc.), which probably Bloos, 1998; 
(Hillebrandt, 1997, zune)(e.g., Carterer a l .  1998). characterize local morphologic Pilfy et aL, 
1994), (2) southeast Earlicst stage of transgression after varieties of a single species or closely 2000a. 
shore of Kunga Island, major rustatic lowstand. related cwval species (Gucx EI al., 
Queen Charlotte 1997). Peru and Nevada sections 
Islands, British contain ammonite assemblages of 
Columbia, Canada h r h  the uppermost Rhaetian and 
(Tipper er al., 1994; lowermost Hertangian. Only the 
Carter era/., 1998), (3) uppermost Triassic of the Somerset 
New York Canyon area, section has a published magnetic 
Gabbs Valley Range, polarity srratigraphy (Bridcn and 
Nevada (Guer er al., L>micls, 1999). bur an expanded 
1997; Guex, 1995), and hio-magnrrostratigraphy for that 
(4) St. Audrie's Bx section is forthcoming (cited by 
Somerset, England Warrington and Bloos, 2001 ). Age of 
(Warrington a ui., 1994; the Triarsic-Jurassic houndary is 
Page and Bluos, 1998). constrained by a U-Pb zircon age of 

1YY.h + 0.3 Maon a tufflaycr in (he 
uppermost Rhaetian (top of Triansic) 
rr the Kunga Island (British 
Columbia) section (Pilfy ri a/., 

2000a). 

Footnoter: 
" (Callo.;iun/Buihonion inndidart GSSPI Most of the K keppleri Suhrone (basal Callorian) is encompassed within 70 cm and orerlies a %cm-thick bed of uppermost Bathonizn (rhc hfzksrc~trn boyiron (v=. 

hocksarreri of CiyJoniirrar dirrucj of the C. d i s u  Subzone. The boundary stratigraphic interval is bounded by unconformities - the basal Callovian krpjltrr Subzone is orerlsin by the K~,ppitriiiiii (Cnmrncrrul 
gninrnvnurSubzonci~ftheProplanuli~e.~knmigiZoncimplyingomissir~nofthe twouppersuhzonesoftheM. hrmcpzZone,und rhcuppennc~st Barhonian hoikr!crtrriHorizonorrrlier thrlicitirrrcerur (/'rohritrcocerar) 
b1ona;mrr Subzone ofthc Oqrcrrrter orbirZonc implying omission ofthe majority ,,(the C drriur Zone. Preliminary magneto,stratigraphy ofthe candidate GSSP section at Koschhachs (Ogg and Dierl, ~npublishcd) 
suggests significant omission surfaces where polarity zone and nmrnonite hiclzone boundaries coincided, including the Bathunian-Callovian canract, although the main polarity parrcrn mn) provide a useful 
secondary correlation tuol for thc boundary interval into orher provinces. 
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Germany comprises condensed limestone and clay with rare 

ammonites, but allows calibration of secondary markers in os- 

tracods and dinocysts (Meister, 1999a,b). 

Pliensbachian rubstages The Pliensbachian has two substages. 

ThelowersuhstageofCarixian wasnamed by Lang(1913)after 

Carixia, the Latin name for Charmouth, France. The upper 

stage was named Domerian by Bonarelli (1894, 1895) after the 

type section in the Medolo formation at Monte Domaro in the 

Lombardiao Alps of northern Italy. 

The Colloque du Jurassique dLuxembourg 1962 (1964)s- 

signed the boundary between the Carixian and Domerian sub- 

stages to the baseoftheAmaltheusmargaritaturammonitezone, 
at the appearance of the Amaltheur genera (typically Amaltheur 

stokesi). This level is just below the sequence boundary ("PIS" 

of Hardenbol et al., 1998) in British sections (Hesselbn and 
Jenkyns, 1998; Fig. 18.1). 

TOARCIAN 

History, definition, and boundary stratatype candidates The 
Toarcian Stage was defined by d'orbigny (1842-51, 1852) at 

the Vrines quarry, 2 km northwest of the village of Thouars 

(Toarcium in Latin) in the Deux-Sevres region of west-central 

France. The thin-bedded succession of blue-gray mar1 and 

clayey limestone spans the entirc Toarcian with 27 ammonite 

horizons grouped into eight ammonite zones (Gabills 1976). 

The Toarcian-Pliensbachian boundary interval marks a 

major extinction event in western Europe among rhynchonel- 
lid brachiopods, nstracod fauna, benthic foraminifera, and bi- 

valves, and turnover in ammonites and belemnites, but the ex- 

tinction event appears to be a phenomenon of regional, not 

global, extent (Hallam, 1986). The base of the Toarcian is 
marked by a massive surge of Dactylioceratide (Eodacyliter) 
ammonites and extinction of the Boreal amaltheid family. Sea- 

water strontium isotope ratios, which had been declining since 

the Hettangian, reach a minimum in the latest Pliensbachian. 

The baseof the Toarcian strataat Thouars, and throughout 
northwest Europe, is an important maximum flooding surface 

and associated condensation or gaps above a major sequence 

boundary (P18 in Fig. 18.1) in the Dactyliocerar tenuicostatum 
ammonite zone. This widespread hiatus necessitates selection 

ofcandidate GSSPs in the Mediterranean region where gaps in 
the succession are less pronounced (Elmi, 1999). The primary 

marker of the Toarcian GSSP will be the lowest occurrence 
ofa diversified Eoda~rylires ammonite fauna (Simplex horizon, 

rensu Goy et al., 1996; Table 18.1). The best profile currently 
available is in Peniche, Portugal, where the Tethyan Eodactylites 

fauna is succeeded by an "English" Orthodactylites succession 

(Elmi, 2003). 

Toarcian rubrtages There is no agreement on the number 

of substages of the Toarcian. A binary subdivision follow- 

ing that by Oppel (185G8) places a substage boundary u 
the base of the Haugia variabilis ammonite zone, at the ap 
pearance of abundant Phymatoceratinae group of ammonites, 

particularly the Haugia genus (e.g. Krymholts et al., 1982- 

8; Burger, 1995). An alternate three-substage division (CS 
Groupe Franqais d'Etude du Jurassique, 1997) groups the 
Haugia variabilis and underlying Hildoceras bifronr Zones  in^ 
a Middle Toarcian, and places the limit of an Upper Toarckm 

at the base of the ~rammoc&as thouarsense Zone. There ur 
no recommendations for a potential GSSP(s) for the s u b s a g  

boundary(s). 

18.1.3 Middle Jurassic 

The black clays that are typicalof the Early Jurassic(Schwarzc 

Jura) are overlain in southwestern Germany by strata contah 

ing clayey sandstone and brown-weathering ferruginous oolh 
Therefore, these strata were grouped as the Brown J u n d  

(BraunerJura) by voo Buch (1839), and this lithologic c h a q  

has been retained in the assignment of the base of the Mid 
dle Jurassic (the base of the Aalenian). This Middle Jura 
sic interval is characteiized by shallow-marine carbonates r 
siliciclastics in southern England, which comprised the h 
Oolite group of Conybeare and Phillips (1822) or the expan& 

"Bathonian Stage" of d'omalius d'Halloy (1868, p. 4 4  
The lower portion (Lower Oolite or Dogger strata) of 

"Bathonian" of southern England was classified as a s e w  

Bajocian Stage by d'orbigny (1842-51,1852). In turn,& 

Eymar (1864) separated the lower portion of d'Orhi 
"Bajocian" into a distinct Aalenian Stage. 

1 
The upper limit of the Middle Jurassic or Dogger of a 

pel(185W) n r s  placed at the base of the Kellaway Rock 
England, hence at the base of the associated Callovian !h 
of d'orbigny (1842-51, 1852). The Colloque du Jorassiqr 

Luxembourg 1962 (Maobeoge, 1964) reassigned the C a l G  
Stage into the Middle Jurassic series as preferred by 
(1956). 

The bases of the Aalenian and Bajocian stages (and p 4 
soon the Bathonian) have been marked by GSSPs in expad 

sections of rhythmic alternations of limestone and marl. P 
placement of a base for the Callovian Stage has been h i  

by a ubiquitous condensation or hiatuses in strata of no* 
Europe. 
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AALENIAN 

Hirrocy, definition, and boundary rtratotype The Aalenian 
Stage was proposed by C. Mayer-Eymar (1864) for the lowest 
part ofthe "Braunjura" in thevicinity ofAalenat thenortheast- 

m margin ofthe Swabian Alh (southwestern Germany) where 
b n o r e  wasmined from theassociated ferruginousoolite sand- 

#ones (Diet1 and Etzold, 1977; Rieher, 1984). His lithologic- 
based definition truncated the Bajocian Stage of d'orbigny 

[1842-51, 1852) at the base of the Sonninia somerbyi ammonite 
mne. 

The biostratigraphic recognition of the base of the Mid- 
dle Jurassic was traditionally assigned to the evolution of the 

rmmonite subfamily Grammoceratinae and Leioceratinae, in 
particular the first occurrence of species of the genus Leio- 

mar ,  which evolved from Pleydellia. The Aalenian GSSP in 
Ibe Fuentelsaz section in Spain corresponds to this ammonite 
mrker (Goy et al . ,  1994,1996; Crestaet al., 2001; Tahle 18.1). 

~issectionofalternatingmarlandlimestone yieldedamagne- 
mstratigraphy thatcould becorrelated toacompositemagnetic 
pnern  derived from other sections in Europe. A secondary 
kference section for the base of Aalenian is at Wittnau, near 
Fmburg, south Germany (Ohmert, 1996). 

e i a n  substages The four ammonite zones of the Aale- 

Ihn are grouped into three suhstages: the Lower Aalenian is 
quivalent to the Leioceras opalinum Zone, the Middle Aalenian 
mpr i ses  the Ludmigia murchisonae and Brarilia bradfordensis 
b e s ,  and the Upper Aalenian is the Graphocerar concavum 

lone. 

Rkrory, definmon, and boundary stratotype The Bajocian 
hge was named by d'orbigny (1842-51,1852) after the town 
CBPyeux, Normandy (Bajoce in Latin). The abandoned quar- 
h from which the stage was first described are now over- 
pm, and the nearby coastal cliff section of Les Hachettes 
M a t e s  that most of the lower Bajocian is a hiatus and ero- 

surface, and the upper Bajocian is largely condensed in a 
h - t h i c k  layer (Rioult, 1964). Ammonite lists of d'orbigny 
b t e  that he erroneously assigned species ofthe upper Toar- 
h to the lower Bajocian and vice versa. This confusion was 
B reason why Mayer-Eymar (1864) distinguished the Aale- 
h Stage for the deposits between the Toarcian and Bajocian. 
1 The Colloque du Jurassique a Luxembourg 1962 
bubeuge,  1964) defined the Bajocian Stage to begin at the 
Cc of the Sonnrnra somerbyt ammonite zone and to extend to 

the top of the ParkinsoniaparkinsoniZone. However, the holo- 
type of the Sonninia somerby index species was later discov- 
ered to he a nucleus of a large Sonniniidae (Papilliceras) from 

the overlying Otoites sauzei Zone (Westermann and Riccardi, 
1972). Therefore, the basal ammonite zone of the Bajocian 
was redefined as the Hyperlioceras discites Zone, with the zonal 

base marked by the lowest occurrence of the ammonite genus 
Hyperlioceras (Toxolioceras), which evolved from Graphoceras 

(both in ammonite family Graphoceratidae). 
Two sections recorded this ammonite datum with sup- 

plementary hiostratigraphic and magnetostratigraphic data: 
Murtinheira at Caho Mondego, Portugal (selected for the 

GSSP), and Bearreraig Bay on the Isle of Skye, Scotland (se- 
lected as an auxiliary stratotype point), (Pavia and Enay, 1997). 

The GSSP at coastal Caho Mondego (Table 18.1) comprises 
rhythmic alternations of gray limestone and mar1 (Henriques, 
1992; Henriques et al . ,  1994), and was ratified in 1996 (Pavia 
and Enay, 1997). 

Bajociansubstages The baseof the Upper Bajocian is the base 
of the Strenocerar (Strenoceras) niortense ammonite zone. (In 
older literature, the base was assignedas the base of the "Streno- 
ceras"subfurcatum Zone, until it was recognized by Diet1 (1981) 
that the holotype of the index species belongs to Garantianu 
and had originated from the overlying zone, therefore this zone 
became invalid.) A major turnover of ammonite genera occurs 

at this level (Tahle 18.1). 

BATHONIAN 

History, definition, andproposed boundary stratotype The for- 
mer Bathonian Stage of d'omalius d'Halloy (1843) was named 

after the town ofBath in southern England, where strata char- 
acterized by oolitic limestone are exposed in a number of quar- 
ries, but these are incomplete and lack adequate characteri- 
zation by ammonites (Torrens, 1965). The lower half of the 
originally "Bathonian" exposed in Normandy was reclassified 
as the Bajocian Stage in the system of d'orhigny (1842-51, 
1852), but he did not specify a revised stratotype for the short- 
ened Bathonian, nor provide an unambiguous lower bound- 
ary. Indeed, d'orbigny's description suggests that he included 
the present "Lower Bathonian" substage within his Bajocian 
(Rioult, 1964). A century of confusion ended when the base 
of the Bathonian Stage was defined by the Colloque du Juras- 
sique d Luxembourg 1962 (Maubeuge, 1964) as the base of the 
Zigzagiceras zigzag ammonite zone. 

The basal-Bathonian is well developed in southeastern 
France. A GSSP was suggested within inter-bedded limestone 
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and marlat Ravin du Bb-Bas Auran, near Digne, Basses-Alpes 

(Innocenti et al., 1988; Table 18.1). However, the strata do not 

preserve a primary magnetostratigraphy and are barren of di- 

noflagellate cysts (Mangold, 1999). In addition, the uppermost 

Bajocian (Parkinsonia (Parkinsonia) bomfordisubzone) may he 

absent, indicating that the proposed GSSP level is a hiatus 

(Dietl, 1995, as reported by Mangold, 1997). Another GSSP 

candidate is Cabo Mondego, Portugal, the same section that 

defines the base of the underlying Bajocian, hut its uppermost 

Bajocian zone is poorly preserved (Fernandez-Lopez, 2003). 

Bathonian substages The Bathonian is generally divided into 

three substages, with the base of the Middle Bathonian placed 

at the base of the Procentesprogracilis ammonite zone. 

A divergence ofammoniteassemblages in the upper Middle 

Bathonian has resulted in different bases of an Upper Batho- 
nian substage in each province. In the sub-Mediterranean 

province (Tethyan domain), a Middle-Upper Bathonian 

boundary is assigned to the base of the Hecticoceras (Prohertico- 

ceras) retrocostatum Zone. In the northwest European province 

(Boreal domain), a substage boundary is commonly assigned 
to the base of the Procerites (Procerites) hohoni Zone, which is 

a significantly older level (Groupe Franqais d'Etude du Juras- 

sique, 1997). 

History, definition, and proposed boundary strutotype The 
Callovian Stage was named by d'orbigny (1842-51, 1852) af- 

ter the village of Kelloway, Wiltshire, England, 3 km north- 

east of Chippenham. The "Kelloways Stone" contains abun- 

dant cephalopods, including Ammonites callouiensis(Sigaloceras 

calloviensis in current taxonomy), and d'orhigny considered 

"Calloviens" to be a derivative of Kelloway. Oppel (185W) 
placed the base of his "Kelloway gruppe" at the base of the 

Macrocephalites macrocephalus Zone, or at the lithologic con- 

tact of the Upper Cornbrash with the underlying Forest Marble 

Formation (currently the upper part of the C(ydoniceras discus 
subzone of uppermost Bathonian). At this contact, ammonites 

of the genus Macrocephalites replace Clydonicerar, but much 
of the upper Cornbrash is condensed and/or a deposit "rep- 

resenting but a fraction of the time-intervals involved" (Cope 
et aL, 1980a). 

Callomon (1964, 1999) noted that the base of the Macro- 
cephalites macrocephalus subzone in "standard chronostratig- 

raphy" was initially defined by Arkell (1956) as the base of 
Bed 4, at the Sutton Bingham section, near Yeovil, Somerset, 

England; therefore, this served as the de facto GSSP for the 
base of the Callovian Stage. However. the lowest occurrena 

of Macrocephalites genera was later discovered to be in stran 

equivalent to the Upper Bathonian (Dietl, 1981; Dietl and GI- 
lomon, 1988), therefore the "standard" Macrocephalites mam- 

cephalus Zone was abandoned, and the base of the Calloviam 

was assigned to the lowest occurrence of the genus Kepp le r i~  

(Kosmoceratidae), which defined a basal horizon of KeppleriUI 

(Kepplerites) keppleri (base of K. keppleri subzone of M a m -  
, 

cephalites herveyi Zone) in the sub-Boreal province (UK m 
southwest Germany). The uppermost Bathonian is the h o A  
stetteri horizon (var. hockstetreri of CIJ~doniceras discus) of the C 
discus subzone, C. discus Zone. 

A continuous transition between the uppermost Bat& 

nian and basal-Callovian is rarely preserved. A proposd 

GSSP with an apparently complete boundary at the resol* 

tion level of ammonite successions is in the Alhstadt d i s t d  

of the Swabian Alb, southwest Germany (Dietl, 1994; 

lomon and Dietl, 2000; Table 18.1). The Macrocephalab 

Oolith Formation (Unit E of the Brown Jura facies) is r 
condensed facies of iron-oolite-hearing clay to marly lime 
stone, and the compact Bathonian-Callovian boundary intend 
is bounded by unconformities and may contain minor hi 
tuses (Table 18.1). Therefore, this suggested GSSP has m 
yet been adopted by the International Stratigraphic Cd 
mission. 

In the sub-Mediterranean province (southern Paris B& 
to north Africa and Italy), the basal-Callovian zone is the Lfd 
Iatimorphites (Kheraiceras) bullatus Zone defined by the nq 
of the index species (Groupe Franqais #Etude du Jurassiqa 

1997). Strong ammonite biogeographic differences requim 

these two regions to have distinct and poorly correlated zoa 
tions until the middle of the Callovian. 

CaNov~an substages The Callovian Stage is generally d i d  
into three substages. The substage boundaries correspond I 

two important changes in ammonite fauna, but a m m o d  
provincialism and utilization ofdifferent fauna1 successionsb 

to different placements within each realm that do not n e m r  

ily coincide (Groupe Fran~ais d'Etude du Jurassique, 1997). 

In the sub-Boreal province, the Lower-Middle Callori 
boundary i s p k d  at the base of the Kosmoceras (Zugokaa 
ceras) jason Zone (base of Kosmoceras (Zugokosmoceras) d 
subzone), above the Sigaloceras (Sigaloceras) callovienre Za 
(Sigaloceras (Catasigaloceras) enodatum subzone). In the d 
Mediterranean province, the Lower-Middle Callovian b o d  
ary is placed at the base of the Reineckeia anceps Zone ( R d  
eia stuebeli subzone), above the Macrocephalites (Dolikephali 
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pacilis Zone (Indosphinctespatina subzone). These two levels 

are considered approximately coeval. 

The MiddlcUpper Callovian boundary in the sub-Boreal 

province is assigned to the base of the Peltoceras (Peltoreras) 

ithieta Zone (Kosmoceras (Lobokosmoceras)phaeinum subzone), 

above the Erymnoceras coronatum Zone (Kosmoceras (Zugokos- 

rorerai) grossouvrei subzone). The Middle-Upper Callovian 

boundary in the sub-Mediterranean province is assigned to 

d~ base of the Peltoceras (Peltoceras) arhleta Zone (Hectico- 

m a s  (Orbignyiceras) trezeense subzone), above the Erymnoceras 

rnonntum Zone (Rehmannia (Loczycerar) rota subzone), or ap- 

proximately a subzone higher than in the sub-Boreal province 

(Groupe Fran~ais #Etude du Jurassique, 1997). 

18.1.4 Upper Jurassic 

The brownish-weathering deposits of the Middle Jurassic 

(BraunerJura) in southwestern Germany are overlain by units 

dominated by calcareous claystone and limestone. Therefore, 

h e  carbonates were grouped as the White Jurassic (Weisser 

Jura) by von Buch (1839), and the base of the current Upper 

Jurassic (the base of the Oxfordian) coincides approximately 

with this lithologic change. This UpperJurassicinterval, or for- 

mer "Malm," is approximately equivalent to the Middle and 

Upper Oolite group of Conybeare and Phillips (1822) in Eng- 

hnd. Both the White Jurassic of southwest Germany and the 

English strata undergo a shallowing upward in the IatestJuras- 
ric, and are erosionally truncated or areoverlain by non-marine 

deposits. Southern England provided the reference sections 

when d'orbigny (1842-1851, 1852) subdivided the Upper 

Jurassic into four stages (Oxfordian, Corallian, Kimmeridgian, 

and Portlandian), and designated the base of the Cretaceous as 
the Purbeck Stage, followed by the Neocomian Stage. Oppel 

(18561858) eliminated d'orbigny's Corallian and Portlandian 

Stages, and extended the Kimmeridgian to the base of the 
Purbeckian(alsoconsidered tobe Cretaceous). Oppelleftanin- 

m a l  "unassigned" between his Oxfordian and Kimmeridgian 
gmups (his Diceras arietina Zone, approximately equivalent to 

rbe Upper Calcareous Grit Formation of Dorset, England). 

Later, Oppel (1865) created a new uppermost Jurassic stage, 

the Tithonian, in the Mediterranean region that encompassed 
the upper part of his previous "Kimmeridgian group" and ex- 

tended to the base of the Neocomian Stage. However, Oppel 
did not specify the limits or reference sections for the Titbo- 

nian Stage concept. The situation was further distorted when 
the "Berriasian" Stage of Coquand (1871) came into common 

mse to designate the lowermost Cretaceous, even though itover- 
lapped with the original concept of the Tithonian Stage. 

The combination of (1) the shuffling of Upper Jurassic 

stage nomenclature coupled with imprecise definitions, (2) a 

pronounced fauna1 provincialism during the majority of the 

Upper Jurassic that precluded precise correlatiun even within 

northwest Europe, and (3) widespread hiatuses in the refer- 

ence sections resulted in a proliferation of regional stage and 

substage nomenclature. Finally, after a century of debate, the 

Colloque du Jurassique a Lwembourg 1962 (1964) voted to 

"return to the original sense of this stage [Oxfordian] as de- 

fined by A. d'orbigny and given precision by W. J. Arkell" 

and to discontinue regional usage of a "Purbeckian" Stage, he- 

cause it was primarily a local facies. However, the controversy 

over other Upper Jurassic stage definitions or the placement of 

the Jurassic-Cretaceous boundary led the Collogue to "refer 

the question back for consultation among interested special- 

ists." During the 1980s and 1990s, the International Subcom- 

mission on Jurassic Stratigraphy established that the Upper 

Jurassic consists of the Oxfordian, Kimmeridgian, and Titho- 

nian stages. Through a fortunate episode of biogeography, an 

inter-regional hiostratigraphic definition of the base of the Ox- 
fordian is well established with ammonites. However, it has 

proven difficult to correlate potential definitions for the bases 

of the Kimmeridgian and Tithonian stages, and long-held tra- 

ditions of regional equivalence have proven to he erroneous. 

OXFORDIAN 

History, definition, and boundary stratotype candidutes The 

Oxfordian Stage of d'orbigny (1842-51, 1852) was named 

after the town of Oxford, Oxfordshire, England, with refer- 

ence to the Oxford Clay Formation, and was overlain by his 

"Coralline Stage." Oppel(18568) incorporated the majority 
of the "Corallian Stage" into his expanded Oxfordian group. 

Oppel assigned the base of his "Oxfordian Stage" to both the 
contact between the Oxford Clay Formation and the underly- 

ing Kelluway Rock in Yorkshire (now considered to be approx- 

imately the Lower-Middle Callovian boundary) and to the top 

of the Peltoceras athleta ammonite zone (now considered to be 
middle of the Upper Callovian). He also left "unassigned" a 

suite of strata between his "Oxfordian" and overlying "Kim- 

meridgian Stage." . -- 
Ammonites across the Callovian-Oxfordian boundary in- 

terval were studied by Arkell (1939, 1946), who placed the 

boundary at the contact of the range zones of Vertumniceras 

mnriae (now placed in the Quenstedtoceras genus) above Quen- 
stedtoceras lamberti, or the base of the Oxford Clay Formation 
in Yorkshire. This is consistent with the historical usage in 
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southwest Germany, where the Upper or "White" Jurassic 

begins just above the Lamherti Knollen bed. The Colloque 
du Jurassique a Luxembourg 1962 (Maubeuge, 1964) selected 

Arkell's hiostratigraphic definition for the base of the Oxfor- 
dian Stage. The Colloque also assigned the upper limit of the 
Oxfordian as the top of the Ringsteadiapseudocordara ammonite 

zone in the Boreal realm. 

The ammonite succession across the Q lamberti-Q mariae 
interval has been studied in expanded dark clay sections in 
southeast France (e.g. Fortwengler and Marchand, 1994) and 

two complementary sections were recommended as basal- 
Oxfordian GSSPs (Melendez, 1999; Table 18.1). The hasal- 

Oxfordian was proposed as the Brighria thuourensis Horizon at 
base of the Cardioceras scarburgense 'subzone (Quenstedtoceras 
mariae Zone), above the uppermost Callovian Cardioceraspau- 
cicostarum Horizon. However, except for dinoflagellates, these 
French sections have not yet proved suitable for other strati- 
graphiccorrelationmethods, therefore theGSSPproposal was 

suspended (e.g. Melendez, 2002,2003). A m t a l  sec,tion near 
Weymouth (Dorset, southern England) is in a facia suitable 
for magnetostratigraphy, where the hase of the Oxfordian is 
correlated to a brief normal-polarity marine magnetic anomaly 
M36An (Coe and Ogg, unpublished), and is being considered 
as a reference section for the Callovian-Oxfordian boundary 
in the Boreal domain (Melendez, 1999; Table 18.1). 

Oxfordian substages Traditionally, the base of the Middle 
Oxfordian suhstage is placed at base of the Perisphinctes 
(Arisphincres) plicatilis Zone. 

Beginning with the Middle Oxfordian, faunal differentia- 
tion in separate basins became more pronounced and has in- 
hibited standardization and correlation of regional ammonite 
zones. In addition, even though regional zonal nomenclatures 
have commonly remained constant, the assigned boundaries of 
biostratigraphic units have undergone re-definition (e.g. Glow- 
niak, 1997; Groupe Fran~ais d'Etude du Jurassique, 1997). 

In the sub-Mediterranean province (Tethyan domain), the 
base of an Upper Oxfordian substage is commonly assigned to 

the base of theperisphinctes (Dichotomoceras) bifurcarusZone. In 
the sub-Boreal province (Boreal domain), this substagebound- 
ary is assigned to the hase of the Perisphinctes cautisnigrac Zone. 
These two levels may he approximately synchronous (Groupe 
Fransais d'Etude du Jurassique, 1997). 

History, revised definition, and boundary stratotype candidates 
The Kimmeridgian Stage was named by d'orhigny (1842-51, 

1852) after the coastal village of Kimmeridge in Dorset, E.( 
land, where the spectacular cliffs of dark gray Kimmerid( 

Clay expose a continuous record of that interval. Oppel(185d 
8) expanded the Kimmeridgian downward by incorponm 
a portion of d'orhigny's former Corallian Stage, but, ntL 
than assigna boundary between the Oxfordian and Kimmail 
gian, he left the interveningupper Calcareous Grit F o d  

"unassigned." Oppel initially indicated that the Kimmeridgi 
"group" would continue upward to the hase of the P u h  
(his hase of the Cretaceous), hut later, Oppel(1865) i n s a l  
a Tithonian Stage as the uppermost Jurassic stage. T h e r e k  

neither boundary of the Kimmeridgian Stage was adequvd 
defined. 

The Oxfordian-Kimmeridgian boundary was defined I 
Salfeld (1914) after studying the Perisphinctidae a m m 4  

succession from the boundary interval. He proposed that d 
boundary should be placed between the Rinfsteadia a& 
Zone (now called Ringsteadia pseudocordata Zone) in the 
permost Oxfordian and the appearance of Pictonia at the b 
of the Kimmeridgian. The Colloque du Jurassique a h 
embourg 1962 (Maubeuge, 1964) fixed the base of the K h  
meridgian as the hase of the Picronia baylei Zone. Ho- 
due to faunal provincialism that began in the middle 06 
dian, the ammonite zonation ofEngland (Boreal domain)ed 

not be correlated to the subMediterranean province ( T e w  
domain). The Colloque du Jurassique a Luxembourg l* 
(Maubeuge, 1964) indicated that this level was equivalent Col 
base of the Sutneriaplatynota Zone of the s u b - M e d i t e d  
province. 

However, this presumed equivalence was later d e d  
strated to be incorrect from comparisons of dinofla* 
cyst assemblages (Brenner, 1988; Melendez and Atrops, 191 
and rare incursions of ammonites from the Boreal d d  
into the subMediterranean successions in Poland and 1 
Swabian Alb (Atrops et al., 1993; Matyja and W i e r z b d  
1997; Schweigert and Callornon, 1997). The chain of 
from ammonite assemblages is (1) ammonite Pictonia dd 
costara (SALFELD) occurs in the lower Pictonia baylei Za 
which is the basal zone of the "Kimmeridgian" Stage as a 
rently used in subBoreal province, in Dorset; (2) P i c t o n L L  
sicorrata occurs with Amoeboceras bauhini (OPPEL) in S d  
Ferriby in eastern England and on the Isle of Skye in north- 
Scotland; and (3) Amoeboceras bauhini occurs in the Tar- 
liceras hauflanum subzone of the Epipeltoceras bimammam 
Zone (middle of the "upper Oxfordian" as currently uxdi 
the sub-Mediterranean province) in southwest Germany .I 
in Poland. Assuming a narrow and synchronous range dl 

bauhini among these localities, then the current p l a w  
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d the hase of the "Kimmeridgian" Stage in Britain is sig- 
nilicantly younger (approximately one-and-a-half ammonite 

zones, or ahout 1 myr) than the hase of the "Kimmeridgian" 
Sage as used in the subMediterranean province (Fig. 18.1). 
This hiostratigraphic conclusion is supported by comparing 
magnetostratigraphy andsequencestratigraphy panernsofthe 

L J  with different regions in the subMediterranean province 

(Ogg and Coe, 1997, and in prep.). 
This temporal offset has created a dilemma in selecting a 

GSSP for the hase of the Kimmeridgian Stage, because an ini- 
thlchoice must he made between faunal provinces and the cor- 

mpondingdefinitionofthe Oxfordian-Kimmeridgian hound- 
ary (reviewed in Atrops, 1999; Melendez and Atwps, 1999; and 
Wierzbowski, 2001). 

In the Boreal realm, the leading candidate for a GSSP is 
tbe coincident hase of the Plcronia baylei Zone (sub-Boreal 
p v i n c e )  and Amoeboceras bauhini Zone (Boreal provinc*) 
m a succession of medium-gray clays at S t a f i  Bay (Isle of 
Skye, northwest Scotland) containing abundant ammonites 

md dinoflagellate cysts (Wright, 1973, 1989; Riding and 
Thomas, 1997; Melendez and Atrops, 1999; Wierzbowski, 
2002, 2003). At this Staffin Bay section, the hase of the P 
k y l e i  Zone is just above the hase of a reversed-polarity zone 
s i g n e d  to lower Chron M26r (Ogg and Coe, 1997, and in 

P P . ) .  
In the sub-Mediterranean province, southwestern France 

hs two main candidates for a GSSP at the hase of the S. 
)htynota Zone in inter-bedded limestone and marl: Crussol 
mountain on the Rh6ne river just west ofvalence (Auops, 1982, 
1994) and Chiteauneuf d'Oze in the Haute Provence district 
(Atrops, 1994; Melendez and Atrops, 1999). The hase of the 
S plarynota Zone at Crussol is just above the base of reversed- 
plarity zone M25r (Ogg and Atrops, in prep.). Chdteauneuf 
d'Oze did not yield a magnetostratigraphy, hut appears more 
suitable for microfossil hiostratigraphy (dinoflagellate cysts) 
md chemostratigraphy. 

Kimmeridgiansubstoge The dichotomy in defining the base of 
the Kimmeridgian Stageamongpaleogeographic faunal realms 
precludes standardizing substages. Traditional usage places a 
base of an Upper Kimmeridgian suhstage in the sub-Boreal 
rralm at the hase of the ammonite Aulacosrephanoides mutabilis 
Zone, whereas in the sub-Mediterranean realm it is typically as- 
Plgned to the hase of the Aspidoceras acanthicum Zone. Magne- 
hsuatigraphy suggests that the subMediterreanean suhstage 
base is ahout 0.9 myr younger than the sub-Boreal assignment 
[Ogg et al., in prep.). 

History and revised dejinition In an enlightened departure 
from the stratotype concept, Oppel(1865) defined the Titho- 

nian Stage solely on hiostratigraphy. In mythology, Tithon is 
the spouse of Eos (Aurora), goddess of dawn, and Oppel used 

this name in a poetic allusion to the dawn of the Cretaceous. He 
referenced characteristic Tithonian sections in western Europe 

from Poland to Austria. 
The hase of Oppel's Tithonian was placed at the top of 

the Kimmeridgian Aulacostephanus eudoxw ammonite zone, 

which can he recognized in both the subBoreal and sub- 

Mediterranean realms. Later, Neumayr (1873) established the 
Hybonoticeras beckeri Zone above the A .  eudoxus in the suh- 
Mediterranean realm and also assigned it to the Kimmeridgian 

Stage. 
Neumayr's revised placement of the Tithonian- 

Kimmeridgian boundary corresponded closely with the 

boundary between the "Portlandian" and Kimmeridgian 
stages as initially assigned by Alcide d'orhigny (1842-51, 
1852). who had assigned "des Ammonites giganteus et Irius" as 
Portlandian index fossils. However, d'orhigny did not visit 
England, and he inadvertently combined fossil assemblages 
from outcrops at Bologna in Italy with a name derived from 
a "type section" on the Isle of Portland in England. The 

"Ammonite irius" is one representative of the Gravesia genera, 
which have a lowest accurrence in the hasal Hybonoticeras 
hybonotum Zone of the revised Tithonian. Accordingly, the 
Gravesia gravesiana ammonite zone was assigned as the 
basal zone of the British Portlandian (Tithonian) Stage 
by Salfeld (1913). Following Salfeld's oral presentation to 
the Geological Society of London, it was noted that the 
chronostratigraphic term "Kimmeridgian" only partially 
encompassed the "Kimmeridgian Clay" Formation, therefore 
it was recommended that Salfeld "should invent a dual 
nomenclature - one for the stratigraphical and another 
for the zoological sequence" and replace 'Kimmeridgian 
Stage" with a new name (in Salfeld, 1913). Unfortunately, 
this enlightened recommendation was not pursued, and a 
confusing equivalence of a "Kimmeridgian" Stage with the 
"Kimmeridge Clay" Formation and associated lifting of the 
base of d'orhigny's "Portlandian" Stage became common 
usage in England, but a lower Tithonian-Kimmeridgian 
boundary was used elsewhere in Europe. The Kimmeridge 
Clay Formation was arbitrarily subdivided into a lower and 
upper member at the approximate Kimmeridgian-Tithonian 
boundary level at the lowest occurrence of Gravesia gravesiana 
at the "Maple Ledge" bed (reviewed in Cox and Gallois, 1981). 
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The "Tithonian" was formally adopted as the name of the 

uppermost stage of the Jurassic by a vote of the International 

Commission on Stratigraphy in September 1990. 

The Second Colloquium on the Jurassic System, held in 

Luxembourg in 1967, recommended that the top of the Kim- 

meridgian be assigned to the hase of the Gravesia gravesiana 
Zone (Anonymous, 1970). However, Cope (1967) subdivided 

the lowermost Tithonian portion of the Upper Kimmeridge 

Clay into several ammonite zones based on successive species of 

his reconstituted Pectinatites genera and abandoned Salfeld's 

two Gravesia Zones. Cope raised the upper limit of the u p  

permost Kimmeridgian Aulacostephanus autissiodorensis Zone 

to the base of his new Pectinatites (Virgatosphinctoides) elegans 
Zone, thereby effectively lifting the associated biostratigraphic 

division between Lower and Upper Kimmeridge Clay. Cox and 
Gallois (1981) note that the top oftheinternational Kimmerid- 

gian Stage now falls within the middle of Cope's expanded A. 
autissiodorensis Zone in the sub-Boreal realm, therefore, they 

suggest reinstatingatruncated Gravesiagrauesiana Zonebelow 

the P (C!) efegans Zone. 

Boundary stratotype candidates The Tithonian- 

Kimmeridgian boundary interval in the Tethyan faunal 

realm is marked by the simultaneous lowest occurrence of 
the ammonites Hybonoticeras aff. h,ybonotum and Glochiceras 

lithoyraphicum (the base of the H. hj~bonotum Zone), imme- 

diately followed by the lowest occurrence of the Gravesia 
genera. Candidate sections in southeast France for the GSSP 

include thick pelagic limestone outcrops at Crussol mountain 
on the Rh6ne river just west of Valence (Atrops, 1982, 1994) 

and at a quarry at Canjuers (Var district, southeast; France; 

Atrops et al., in prep.). The base of H. hybonotum Zone is at 

the hase of normal-polarity Chron M22An at Crussol (Ogg 
and Atrops, in prep.). The Canjuers quarry did not yield a 

magnetostratigraphy, but its ammonite succession is better 
estahlished. Other potential GSSP sections are in the Swabian 

region of southern Germany. 

Tithonran substages In the Tethyan faunal domain, the hase 

of an Upper Tithonian substage is traditionally assigned to a 
major turnover in ammonite assemblages at the hase of theMi- 

rracanthoceras microcanthum Zone. This level is approximately 
where calpionellid microfossils become important in the bio- 

stratigraphic correlation ofpelagic limestone and is at the base 
of normal-polarity Chron M20n. 

In theBoreal realm, the boundary hetweenLower andMid- 

dle "Volgian" regional suhstages assigned at the base of the 
Dorsoplanites panderi ammonite zone may he approximately 

coeval. However, in the sub-Boreal faunal province in Britain, 

the base of the "Portlandian" regional stage is traditionally 

placed at the base of the Progalbanites albani ammonite zone, 

at the hase of the Portland Sand Formation, which may be 

significantly higher. 

Bolonian-Portlandian and Volgian regional stages of Europe 
The century of controversy over the subdivision and nomen- 

clature for the uppermost Jurassic and lowermost Cretaceous 

stages, coupled with markedly distinct ammonite assemblages 

in different regions ofEurope, led to extensive usage ofregional 

stages (see Fig. 19.2). 

Though the Portlandian was used in Russia, the Volgiau 

Stage was later established in western Russia by Nikitin (1881). 

capped by a Ryazanian horizon (Bogoslovsky, 1897), and ex- 

tended downward so as to equate with the Tithonian (Res- 
olution, 1955; reviewed in Krymholts et al., 1982-8). Tbc 
Volgian is zoned by continuous ammonite assemblages (h 
generally containing several stratigraphic breaks) that are ex- 

tensively distributed in the Boreal faunal realm, therefore it 
became another widely used standard in the northern hig 
latitudes outside of Britain. In 1996, the Russian Interdep* 

mental Stratigraphic Committee resolved to equate the Lowu 

and Middle Volgian (Ilowaiskya klimovi through EptuirgatiPa 
nikitini ammonite zones) to the Tithonian Stage, assign t4 
Upper Volgian (Kachpurites fulgenr through Craspedites nod* 

ammonite zones) to the lowermost Cretaceous, and use o y  

Tithonian and Berriasian as chronostratigraphic units in 

Russian geological time scale (Rostovtsev and Prozorowh 

1997). I 
The "Bolonian" and "Portlandian" have been promotedd 

"secondary standard stages" of a Tithonian "superstage" 

usage in English and French regional geology, especially L 
Dorset (e.g. Cope 1993, 1995, 2003; Taylor et al., 2001). 121 
"Bolonian" is equivalent to the upper Kimmeridgian Clay 

mation between the Tithonian-Kimmeridgian boundary 4 
the base of the Portland Sand, or Pectinatites (VirgatospW 
toides) elegans through Virgaatopauiovia fittoni ammonite 

The overlying "Portlandian" is traditionally equivalent m 4 
Portland Group in Dorset, or Progalbanites albani t h rough l  
Titanites angutformis ammonite zones. 1 

18.2  J U R A S S I C  S T R A T I G R A P H Y  
1 

The ammonite successions of Europe have historically m 
as the global primary standard for the Jurassic. B i m  

graphic, magnetostratigraphic, chemostratigraphic, and a+ 
events are typically calibrated to these standard E u w  
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mmonite zones. However, especially during the middle Ox- 

brdian through Tithonian, different faunal assemblages occur 

m the x~arious paleogeographic realms, such as Boreal (Arc- 

tic and northernmost Europe), sub-Boreal (northern Europe), 

.mbMediterranean (southern Europe), and Tethyan (south- 

onmost Europe and margins of the former Tethys seaway). An 

atensive compilation and inter-currelation ofJurassic stratig- 

nphy of European basins was coordinated by Hardcnbol et al. 

(1998), and Fig. 18.1 is a summary of a purtion of their com- 

p h e n s i v e  chart series. These European basins contain the 

majority of the proposed GSSP sites and alternative sites for 

*R ch~onost~atigraphic framework of the Jurassic. 

l8.2.1 Macrofossil zonations 

b m o n i t e s  dominate the historical zunatiun of the Jurassic. 

hch iopod  and bivalve assemblages provide important re- 

@nal markers. Terrestrial biostratigraphy of dinosaurs and 

pl!nology has a less-precise calibration to the marine stratig- 
why.  

Ufred Oppel (18568) developed the concept of a hiostrati- 

p p h i c  zone, and used ammonites to define two-thirds of his 

DJurassiczones. Jurassicammonitezonations haveundergone 

m t a n t  revision since Oppel, and the Jurassic is currently 

bdivided into 70-80 zones and typically has 160-170 sub- 

in each faunal realm. Reviews of the derclopment, defi- 

irions,and inter-correlationofEuropean ammonitezonations 

L presented in Thierry (in Hardenhol et al., 1998, pp. 7 7 6  

Ri plus correlation charts), Krymholts et al. (1982-S), and 

b u p e  Franpais d'Etude du Jurassique (1997). Correlation 

f the  regional ammonite zones of western North America to 

k northwest European standard is summarized in Palfy et al. 

W). 
In contrast to standard hiostratigraphic usage and most 

b c e o u s  ammonite zones, the "index" or "name" species 

lsome Jurassic ammonite zones is not always an indicator 

rthe definition of those zones. The hiostratigraphic range of 

B index species, such as Aulacostephanoides mutabilis, can he 

b e l y  independent uf the limits of the designated "mutabilis 
(ae" (Callomon, 1985,1995). Partly to alleviate the resulting 

h i o n ,  several British workers have advocated designating 
b d a r d  chronozones" with regional equivalents of GSSPs 

kplace the former associated ammonite zones (e.g. see tables 
&X, 1990). It was believed that the evolutionary rates of the 

m n i t e s  were relatively fast that so there was no practical 

difference between an ammonite-hascd biostratigraphy (zona- 

tion) and chronostratigraphy. Therefure, a standard Eudoxus 

Chronozone (capitalized, non-italics, no genus designation) 

of the Kimmneridgian in southern England has a hase defined 

at bed E l  at a quarry near Westbury, Wiltshire (Birkclund 

er al., 1983), and continues to the hase of the Autissiodorensis 

Chronozone, which is assigned as the top of Flats Stone Band 

bed at beach exposures of the Kimmeridgc Cla)- near Kim- 

mcridge village, Dorset (Cox and Gallois, 1981; Cox, 1990). 

However, the hase of the "Eudoxus" ammonite assemblage 

zone, as independently used in France has been assigned to 

the lowest occurrence of Orthuspidoccras orthocera, which is 

significantly lower than the base uf the Eudoxus Chronozone 

of England (Ogg et al., in prep.), and neither is delimited by 

the observed range (hiozone) ofAulacostephanus eudosus. Both 

systems - the nomenclature of Jurassic ammunite assemblage 

zones and the regional designation of standard chronozones - 

have defenders (mainly Jurassic ammonite specialists) and crit- 

ics. For clarity in the chart in Fig. 18.1 (see also Table 18.2), 

we have included the genera of the ammonite "index" species, 

but with caution that these are not always the "guide" species 

of the named zone. 

O T H E R  M A R I N E  hlACROFAUN.4 

Brachiopod zonations for northwest Europe and for the north- 

ern part of the Tethyan province provide important mark- 

ers within individual basins and approach the resolution of 

ammonite zones in some stages of the Jurassic (e.g. Almbras 

el al., 1997; Laurin, 1998). The correlation potential of hra- 

chiopods and the slower-evolving successions of hivalves and 

gastropods arc compromised by their henthic habits which can 

he reflected in ecological-facies associations and provincialism 

(reviewed in Cope et al., 1980h). Belemnite zones within the 

Jurassic can provide correlation to the stage or substage level 

(e.g. Comhemorel, 1998). 
Ostracodes are small (0.2-1.5 mm) crustaceans with bi- 

valved, calcified shells, which are a major constituent of 

shallow-marine and brackish henthic fauna. Ostracode datums 

can approach the resolution of ammonite zones, especially 

within portions of the Lower and Middle Jurassic (e.g. see 
reviews by Cox, 1990; Colin, 1998). 

D I N O S A U R S  .\NI> OI'HFR VERTEBRATES 

Dinosaurs are the most famous Jurassic fauna. This summary 
ofmajor trends is from Lucas (1997). Dinosaurs dominated the 

land herbivores and carnivores during the Early and Middle 



Table 18.2Jurassic time scalefor ammonite zone? 

Age 
Zone: Boreal (or (base of 
Cosmopolitan for zone) 

Stage early Jurassic) Method Calibration (Ma) Comments 

Berriasion 
Subcraspedirrr magstrat M18n.2 144.5 
(Volgidi~~us) - (A 0.5) 
lamplughi 

JURASSIC (Tithnnian) (rop) 
Subcraspedires magstrat 

( S . )  
preplicomphalur 
Subcraspedires magstrat 
(Swinnerton&) 
primiriuus 
Poracrarprdirer magstrat 
oppressus 

Titanirrr magstrat 
angutyormis 

Galbaniter magstrat 
(Kerbcrires) 
kerberus 
Golbanirrs magstrat 
okurensis 

M19r8 
(i0.5, 
hiatus) 
M20n. 111.5 
(f 0.5, est.) 

Base of B.;acobi Zone 

Base Oppressus = Base 
of Lulworth Beds 
(Purbeck) in Dorset; but 
usefulness of this zone is 
disputed 
Anguiformis = Portland 
Freestone Member in 
Dorset 
Kerberites = Upper 
Cherty Beds in Dorset 

Okurem&Clnurolithur = 
West Weare "sandstone" 
(dolomite) and overlying 
Lower Cherty Member 
in Dorset 

Age 
(base of 

Zone: Tethyan zone) 
(sub-Mediterranean) Method Calibration (Ma) Comments 

Berrinrinn 
Berriasello jocobi magstrat M19n.2n.55 144.5 

(f 0.05) 

JURASSIC (Tithonian) (rop) 

Durangires magstrat M19r.l 
(*0.2) 

146.1 Base Colpionellid Zone 
A2 is base of 
Durongirer Zone 



148.0 Alhanl = haul-Portland 
Sand = Black Noire and 
Exogyra Bed in Dorset, 
hiatus is common 

M~rraranrhortru~ 
microcnnrhlrm (lower 
subzone is 
Simplisphinires and upper 
is Pnraulacorphinrter 
rransirorius) 
Micraranthoceras 
ponrtBurckhardticerar 

magstrar base M2On 147.2 Base CalpioncllidZone 
( i0 .1 )  AI is just above base 

of Microcanthum Zone 

Virguropaulouia 
jttoni (top of 
Kimmeridge Clay 
formation) 
Povlovia rorundo 

magstrat 148.3 Base of ?!jrtoni = top of 
Kimmeridge Clay 
formation in Dorset 

magstrat M2Or.S 147.5 
(*0.1) 

magstrat 

magstrat 

M21r.8 
(i0.3, est.) 
M22n.95 
(*0.1) 

magstrat M21n.4 148.2 Base Chirinoidella is 
(50.1) near top of 

Admirendum Zone 
magstrat M22n.95 149.0 

(f 0.05) 
magstrat M22n.6 149.4 

(fO.l) 

Pertinatiter ( F )  
prrtinatur 
Pertinatiter 
(Arkelliter) 
hudlrsroni 
~ecrinarit& (Ylr- 
gotosphimroides) 
mhearley~nsis 

magstrat 

magstrat Semi/ormicerar remt~orne 

(= zone of Haplocerar 
(Volanitrr) verrucr/erum) 
S r m i f o r m i ~ e r  domini 
(= zone of 

magstrat M22n.25 149.9 
(hO.05) 

Vtrgorosrmorerns 
albrrnnum) 

Hybonntrceras hybnnofum 

magstrat M22r.8 
(f 0.2, est) 

M22r.2 
(+0.2, est) 

150.6 Projects to middle of 
M22r 

magstrat magstrat base M22An 150.8 
(zkO.1) 

I immeridgion (top) 
Hybonoriceras brckeri 

150.8 
magstrat M23r2rl  152.2 

(h0.05) 

magstrat 
(for zone 
base) 
magstrat 

M23n.5 
(f0.5, est.) 

magstrat M24r.lr.8 152.6 
(10.1) 

magstrat M24r.2r.6 153.1 
(*0.1) 



Rarrniu cymodoce magstrat base 155.0 
M25An.3n 
(50.1) 

Ptctonio haylei rnagstrat M26r.2 155.7 Marine anomaly model is 
(+0.2) uncertain for M26 

subchrons 

Table 18.2 (cont.) 

Oxfnrdtun (sub-Boreal usage) (ropj 
Rinxsreadia magstrat 
preudocordata 
Perlsphinctes magstrat 
rautisnigrae 

Age 
Zone: Roreal (or (base of 
Cosmopolitan for zone) 

Stage early Jurassic) .Method Calibration (Ma) Comments 

Aulacmtcphunoidrs magstrat base M24Bn 153.9 
murnhilis (10.3) 

(estimate) 

Pertiphtnctes magstrat 
pumilur 
Prrisphinrte.5 magstrat 
(Arisphtncte.s) 
pliiati1i.r 
CrrrJloreras (C. )  magstrat 
cnrdarurn 
Quensredtocerar magstrat 
(Q) marine 

Age 
(base of 

Zone: 'lethyan rune) 

(sub-Mediterranean) Method Calibration (Ma) Comments 

Cru.~.rolicenrs dinifurn magstrat M24Ar.7 153.4 
(10.1) 

Atarloc~ras ( A .  j magstrat M25n.8 154.1 
hyps~locyclurn ( h 0  1) 
Sutneriu plalynnta magstrat .M25r.l 154.5 

base M28Bn 
(estimate) 
base 
M28Dn 
(estimate) 
M31r.5 
(10.2) 
M33Rn.3 
(*0.2) 

M34Bn.lr3 
(10.3) 
base M36An 
(k0.3) 

158.6 Assumed to be same as 
base of Trnnsvrrrorium 

159.5 

).zfo~.diun 154.5 
(sub-Mediterranean 
usage) (rop) 
S u b n e b r ~ ~ d i t e . 1  magstrat base 155.4 Marine anomaly 

M26n.3n model is uncertain far 
(10.1) .M26 subchrons 

Curd~oceras ( C . )  
cordarum 
Qurnrtedtoceras (Q) 
mvrivr 

magstrat base M28Cn 157.0 
(10.1) 

magstrat M2Yn.ln.l 157.4 
(10.2) 

magstrat M31r.S 158.6 
(*0.2) 

159.5 



Callovian = 161.2 
18 subzones 
M37.2n.3 162.0 
(*0.2) 

~ l l o t ~ i u n  (top) 

Lamberti (2 suhzones) 
base set by magstrat. 
Rest of Callovian zones 
proportioned to 
subzones ( l6  subzones) 
Athlrta-Coronaturn zonal 
boundary in Boreal 
zonation is placed one 
subzane lower than in 
Tethyan 

magstrat 

(Lamberticeras) lambcrtr 

Peltocerur (E!) athleta 

Erymnoceras coronaturn 

Peltocerns (E! j 
athiera 

equal 
subzones 

Erymnoceras 
coronarum 
Kormoceras 
(Zugokosmocerar) 

jason 
Sigaloreras (S.) 
calloviense 
Pmoplanuliter 
koenigi 
Macmrephnlites 
herveyi '' 

equal 
subzones 
equal 
subzones 

Reinerkeia nncepr 

equal 
subzones 
equal 
subzones 
equal 
subzones 

Bathonian 161.7 
= 15 
subzones 

Bai+Bath-Callov zoncs 
are proportionally scaled 
according to their 
component subzones 

equal 
subzones 
equal 
suhzones 

He~tiioreras 
(Prnherticoceras) 
I ~ I I O C O S ~ ~ I U ~  

Cadomitc.< ( C )  brrmert P,o,e,",reI (l?) 
hodsoni 
Morrlrireras ( M .  j 
morrisi 
Tultter (%) 

~ubcontraitur 
Pr,,~e,cerrr~r (l?) 
pr,,p~<ilix 

equal 
subzones 
equal 
subzones 
equal 
suhzones 
eqval 
subzones 

Procrril<,.< (l? j pryracrlis 



Arphinttirer 
tenuiplicotur 
Zigzagireras ( Z . )  
z i g v g  

Table 18.2 (cont.) 

Bajocian (top) 

Age 
Zone: Boreal (or (base of 
Cosmopolitan for zone) 

Stage early Jurassic) Method Calibration (Ma) Comments 

Parkinsonia (I?) 
pnrkinsoni 
Garanriana (C.) 
garantiana 
Strenoreror (S.)  
xiortense 
Stephanocrras ( S . )  
humphrirsianum 
Sonninio 
propmquns (=, 
former zone of 
Emileia (Otoitcs) 
rouzri) 
WitcheNia 
laeviusrula 
Hyperliocerar 
(H . )  disiites 

Age 
(base of 

Zone: Tethyan zone) 
(sub-Mediterranean) Method Calibration (Ma) Comments 

Aalenian (top) 

equal 
subzones 
equal 
subzones 

equal 
subzones 
equal 
subzones 
equal 
subzones 
equal 
subzones 
equal 
subzones 

equal 
subzones 
equal 
subzones 

Bajocian 167.7 
= 20 
subzones 

168.3 

Total 171.6 
duration of 
Aalenian set 
by cycle 
stratigraphy 
u 4 m y r  

Procerires (Siemiradzkia) 167.3 
nurigerus 
Zigzagireras ( Z . )  zigzag 167.7 

Bajocian (top) 

Tethyan zones are the same as Boreal zones from Hettangian through Bajocian 

, 
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T d e  18.2 (cant.) 

l 

Zone: Boreal (or Cosmopolitan Age (base of 

sbge for early Jurassic) Method Calibration zone) (Ma) Comments 

Graphoceros concavum equal subzones 
Brazilia bradfirdemis equal subzones 
Ludmigia murchironae equal subzones 
L~ioceras opalinum equal subzones 

Hnugia variabilis 
Hildocerar bi/lons 
Harpocerar serpentinurn (= 
former zone of Harporeras 
filtlferum) 
Dactyliurera (0rthodart)dites) 
tenuicostatum 

equal subzones 
equal subzones 
equal subzones 
equal subzones 

Linear Sr isotope trend 
Linear Sr isotope trend 
Linear Sr isotope trend 

Linear Sr isotope trend 

Duration of Toarcian is set 175.6 
by cycle stratigraphy 

176.6 
177.6 
178.5 

Control on upper Toarcian 180.5 
equal-subzone scale 

180.7 
181.2 
182.7 

k b a c h i o n  (top) Cycle-scaled linear Sr 183.0 
isotope trend 

Pleuroceras spinarum Linear Sr isotope trend 184.2 
Amultheus margarita fus Linear Sr isotope trend Control on lower 187.0 

Pliensbachian equal-subzone 
scale 

Prodacfyliocerns davoei equal subzones 187.7 
Tragophylloceras ibex equal subzones 188.5 
Uptoniu jamrsoni equal subzones 189.6 

hmzurian (top) Cycle-scaled linear Sr 189.6 
isotope trend 

Echiocerar raricostatum equal subzones 191.2 
Orynoliceras oxnntum equal subzones 192.0 
Asteroceras obtusum equal subzones 193.3 
Caenisites tuneri equal subzones 194.1 
Arnioceras semicostaturn equal subzones 195.3 
Corontceras (Arierites) buchlandi equal subzones 196.5 

Wcttongian (top) Cycle-scaled linear Sr 196.5 
isotope trend 

Srhlotheimia ongulata equal subzones 197.7 
Almtites liosicur equal subzones 198.8 
Psiloccrar planorbis equal subzones .. 199.6 

CRIASSIC (Rhaetian) (topj Radiometric age 199.6 

' Methodology for derivingeach age for primary ammonite zones and associated stage boundaries are given with summary of computational details. For ammonite 
mne. tha~arescaled~sin~relativenumbersofsubzones, thesesubzonalcountsare from ~om~ilation by J. Thierry(inGradsteinrral., 199% 1995,andillustrated 
in Hardenbol a al., 1998). 
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Jurassic, but left only a sketchy record. In contrast, rich fossil 

deposits of the Late Jurassic document the evolution of the 

largest land animals that ever lived. Plant eaters included huge 

sauropods, large stegosaurids, and moderate-sized ornithopids 

(iguanodontids and hypsilophodontids). The kings of the car- 

nivores were allosaurid thernpods. 

18.2.2 Microfossil zonations 

Major microfossil biostratigraphic zonations for the Juras- 

sic incorporate dinoflagellate cysts, calcareous nannoplankton, 

benthic foraminifera, calpionellids, and radiolaria. 

0INOFLAGF.I.LATE CYSTS 

Organic-walled cysts of dinoflagellates are an important cor- 

relation tool for the North Sea, and the datums are correlated 

directly to ammonite zones of the Boreal realm (e.g. Wool- 

lam and Riding, 1983; Riding and Ioannides, 1996). A few 

selected markers and associated dinoflagellate zones for the 

Boreal realm are shown in Fig. 18.1 (extracted from Ioannides 

et al., 1998). Several of these markers also occur in theTethyan 

realm, but the ranges and correlation to ammonite zones are not 

as well established (Habib and Drugg, 1983; Ioannides et al., 

1998). Independent dinocyst zonations have been developed 

for the Jurassic of Australia (Helby er al., 1987), for the Upper 

Jurassic of New Zealand (Wilson, 1984), and for other basins. 

CALCAREOUS NANNOFOSSILS 

The beginning of the major transgression during the late Tri- 
assic coincides with the earliest known calcareous nannofos- 

sils. Themajor radiation ofJurassicplacolith coccoliths (plates 

from coccolithophorid algae) took place during the late Sine- 

murian to Pliensbachian (reviewed in de Kaenel et al., 1996). 
A major re-organization of Tethyan nannofossil assemblages 

took place in the late Tithonian, followed by the initiation of 

the nannofossil-rich limestone that characterizes the pelagic 

realm in the Cretaceous. Jurassic nannofossil zonations and 

markers in the Boreal-sub-Boreal realm are calibrated to am- 
monite zones in northwestern Europe (e.g. Bown et al., 1988; 

Bown, 1998), and the generalized scale in Fig. 18.1 is modified 
from the compilation by von Salis et al. (1998). Nannofossil 

datums in the Tethyan-sub-Mediterranean realm are partially 

calibrated to ammonite zones (de Kaenel et al., 1996) and to 
latest Jurassic magnetic polarity zones (e.g. Bralower et al., 

1989). 

FORAlMINIFERA AND CALPIONELLIDS 

Planktonic foraminifera did not evolve until the Middle 

Jurassic and are localized in occurrence, therefore Jurassic 

foraminifera assemblages are dominated by calcareous and ag- 

glutinated benthic forms. Compilations of foraminifer zona- 

tions and events are available for the British and North Sea m- . 
gion(e.g. Copestakeetal., 1989), forlargerbenthicforaminifm 

in the Tethyan domain (Peybernes, 1998b), and generalized for 

smaller benthic foraminifera in European basins (Ruget and 
Nicollin, 1998). The benthic foraminifer zonation in Fig. 18.1 

is generalized from the later compilation. 

Calpionellids are vase-shaped pelagicmicrofossils of uncer- 

tain origin, which appeared in the late Tithonian and continued 

until the middle of the Early Cretaceous (Remane, 1985). Thq 
provide important correlation markers, especially in pelagic 

carbonates of the Tethyan-Atlantic seaway (reviewed by b 
mane, 1998). 

RAOIOLARIA 

Siliceous radinlaria are a major component of Jurassic pelagi 

sediments deposited under high-productivity conditions, b 
their tests are rarely preserved jointly with aragonitic am 
monite shells. Detailed radiolarian zonations for the Midd 
and Late Jurassic have been developed for the western 4 
of North America (e.g. Pessagno er al., 1993), for Japan (MI 
suoka and Yao, 1986; Matsuoka, 1992), for the former Teth- 
seaways exposed in Europe (Baumgartner, 1987; INTERRN 

Jurassic-Cretaceous Working Group, 1995; De Wever, 1994 
and for the North Sea (Dyer and Copestake, 1989; Dyer, 1994 
These zonations can be partially correlated to each other(q 

Pessagno and Meyerhoff Hull, 1996). 
However, calibration of the radiolarian assemblages t o m  

dard geological stages and reference ammonite scales o f E q  
has been challenging and controversial. An example is the4 
verFent correlations for the radiolarian assemblage o+ 

basalt at Ocean Drilling Program (ODP) Site 801, which v 
vided a key age control on the Callovian-Oxfordian p o d  

the marine magnetic anomaly M-sequence and global s p u  

ing rates. The basal sediment assemblages were o r i g i d y l  

terpreted as "lare Bathonian-early Callovian" (Shipboard J 
entific Party, 1990; Matsuoka, 1992; reviewed in Ogg a 
1992), interpreted as equivalent to the "middle Oxf o r 4  

of western North America by Pessagno and Meyerhoff 4 
(1996), and assigned to "Bajocian" in the zonal calib* 
developed by the INTERRAD Jurassic-Cretaceous W 4  
Group (1995) for the Mediterranean region (Bartolini U I  
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2000; Bartolini and I.arson, 2001). Possible contributing fac- 

mrs to this divergence are diachroneity of radiolarian or am- 

monite datums and ranges among basins, errors in taxonomy 

mignments, imprecise correlation ofradiolarian markers to re- 

gional ammonite stratigraphy, and miscorrelation ofammonite 

memblages among paleogeographic provinces (Pessagno and 

Meyerhoff Hull, 1996). 

18.2.3 Physical stratigraphy 

H.%GSf TOSTRATIGRAPHY 

The  M-sequence of marine magnetic anomalies is the tem- 

plate for calibrating magnetostratigraphy from Upper Juras- 

dc fossiliferous sections. Several high-resolution studies of 

Kimmeridgian and Tithonian strata have correlated am- 

monites, calpionellids, and calcareous nannofossils from the 

rubMediterranean faunal province and DSDP cores from the 

central Atlantic to polarity chrons M25 through M18 (e.g. 

BraloweretaL, 1989: synthesesinogg, 1988;Oggeral., 1991a; 

Ogg and Atrops, in prep.). Calibration of Boreal sections to 

Ibis magnetic time scale has been partially achieved for the 

Tithonian (Ogg et al., 1994) and the middle Kimmeridgian 

(Ogg and Coe, in prep.). (Based upon magnetostratigraphy of 

oovtal sections along the French side of the English Channel 

(Ogg and Wimbledon, in prep.), the reversed-polarity inter- 

val of the Progalbanites albani ammonite zone at the base of 

the Portland Sand is now assigned as Chron MZOr, instead 

d MZlr as interpreted by Ogg et al. (1994).) The suite of 

calibrations shown in Fig. 18.1 is scaled to a variable spread- 

mg model of the Pacific M-sequence during the Kimmerid- 

gian through lower Cretaceous (see Chapters 5 and tables 

therein). These calibrations constrain the relative duration of 

a c h  ammonite zone within the Kimmeridgian and Tithonian 

sages. 
The oldest magnetic anomaly that is documented in all 

a r a n  basins is M25, which has heen correlated to the base 

d the Sutneria pla(ynora Zone, which is the base of the Kim- 

meridgian as traditionally assigned in the sub-Mediterranean 

p v i n c e  (Ogg et al., 1984; Ogg and Atrops, in prep.). Mag- 
r t i c  profiles over pre-M26 oceanic crust in the Pacific (Hand- 

rhumacher et al., 1988) have heen supported and extended 
by deep-tow surveys (Sager et aL, 1998), thereby indicating a 
possible set of between 50 and 100 polarity chrons within the 

Gllovian and Oxfordian stages. In contrast to the well-resolved 

major magnetic anomalies younger than M25, it is uncertain 
b w  many of the modeled short-duration, low-amplitude po- 

k i t y  intervals in the deep-tow dataare paleomagnetic intensity 

fluctuations rather than actual geomagnetic reversals. An ar- 

ray of magnetostratigraphic studies in Oxfordian strata with 

sub-Mediterranean ammonite zonation in Spain and Poland 

yieldedreversalpattcrns that wereconsistent with thecxtcnded 

Pacificmodcl(e.g. Steineret al., 1986; Juarezetal., 1994,1995; 

Ogg and Gutowski, 1996). The magnetostratigraphy of a suite 

of overlapping sections in Great Britain with sub-Boresl and 

Boreal ammonite zones, coupled with a relised correlation of 

the Oxfordian-Kimmeridgian boundary interval hetween the 

sub-Mediterranean and Roreal provinces, enabled cunstruc- 

tion of a complete Oxfordian magnetic polarity time scale for 
the combincd Boreal and Tcthyan faunal realms and corre- 

lation to the main features of the Pacific magnetic anomaly 

pattern from M25 through M36 (Ogg and Coe, 1997; Ogg 

and Coe, in prep.). This calibrated M-sequence scale for the 

Oxfordian is illustrated in Fig. 18.1 with ammonite zones of 

both faunal realms scaled to a spreading-rate model for M25 

through M41 (see Chapter 5). Minor divergences of the mag- 
netostratigraphic pattern (right-hand scale) with the modeled 

deep-tow signature (left-hand scale) are generally consistent 

with uncertainties in the marine magnetic model (Sager er al., 

1998). 
The magnetostratigraphy of the Upper Callovian in Euro- 

pean sections is also consistent with the simple marine mag- 

netic anomaly pattern of M36 through 12138. However, the 

marine magnetic profiles of the presumed Callovian portion 

of the "Jurassic Quict Zone" older than M38 display a very 

low-amplitude short-wavelengthoscillation ofmagnetic inten- 

sity of uncertain origin (Sager et al., 1998). Magnetographic 

investigations of 1,ower and Middle Callurian strata in Eng- 

land, France, and Poland (c.g Ogg et al., 1991b; Bclkaaloul 

et al., 1995, 1997; Ogg with Garcia, Coe, and Dictl, unpuh- 

lished) are generally dominated by normal polarity with only 

a few correlative reversed-polarity intervals, mainly within 

the Macrocephalites (Dolikrphulires) jiratilis and Clydonicerar 
drscris ammonite zones. Therefore, it remains to he demon- 

strated that the modklcd short-uavelength fluctuations over 

Pacific crust older than Late Callovian are a reliable indicator 

of the history of the geomagnetic field. Figure 18.1 displays 

the tentative common polarity pattern derived from French 
and English sections scaled to equal-duration ammonite 

suhzones. 
The Early and Middle Jurassic magnetic polarity patterns 

are primarily compiled from ammonite-bearing sections in Eu- 

rope. A suite of Bathonian and Bajocian sections in Spain dis- 

plays a rapidly changing magnetic polarity pattern (Steiner 

et al., 1987), but this has not yct been fully verified else- 
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The Aalenian, Toarcian,andPliensbachianpolarity pattern 

is primarily derived from a detailed study in southern Switzer- 

land (Horner, 1983; Horner and Heller, 1983). This pattern has 

been consistent with later magnetostratigraphy work across the 

baseaajocian GSSP at Caho Mondego, Portugal (Henriques 

et al., 1994; Pavia and Enay, 1997), the base-Aalenian GSSP 

at Fuentelsaz, Spain (Goy et al., 1996; Cresta, 1999), and the 

relatively condensed type Toarcian section at Thouars, France 

(Galbrun et al., 1988, using the inter-province ammonite zone 

correlation in Hardenhol et al., 1998). The Pliensbachian por- 

tion has been enhanced and recalibrated using boreholes in the 

Paris Basin (Moreau et al., 2002; Fig. 18.1). 

The Hettangian and Sinemurian stages have not yet yielded 

a verified magnetostratigraphy. The Sinemurian and Henan- 

gian appear to be dominated by reversed polarity (Steiner 

and Ogg, 1988; Gallet et al., 1993). with perhaps several mi- 

nor normal-polarity zones (Yang et aL, 1996), and the basal- 

Hettangian may be dominated by normal polarity (Kent et al., 

1995; Yang et a/ . ,  1996; Posen er al., 1998; Kent and Olsen, 

1999). Only a possible schematic pattern, not correlated to 

biostratigraphy, is shown in Fig. 18.1. 

Polarity chrons prior to the Callovian do not have a cor- 

responding marine magnetic anomaly sequence to pmvide 

an independent nomenclature or scaling system. A compi- 

lation by Ogg (1995) suggested using abbreviations derived 

from the corresponding ammonite zones or stage. However, 

until the polarity pattern spanning each stage has been ade- 

quately verified, a standardized nomenclature system is not 

possible. 

CHElMICAL STRATIGRAPHY 

A comprehensive review of Jurassic cbemostratigraphy trends 
and excursions is compiled by Jenkyns et al. (2002). Only the 

major features are summarized below. 

Stable isotopes of carbon Two major negative excursions in 

carbon isotopes, accompanied by an abundance of organic- 

carbon-rich sediments, are recognized in the Jurassic in the 

Toarcian and Oxfordian, and lesser anomalies occur in other 
intervals (reviewed in Jenkyns et al., 2002; Fig. 18.2). 

Lower Toarcian pelagic limestone in the upper Har- 
pocerus serpentinus ammonite zone (also known as upper Har- 
poceras falciferum ammonite zone) display a major positive 
carbon-13 excursion (e.g. Jenkyns and Clayton, 1986, 1997). 

High-resolution isotope stratigraphy (McArthur et al., 2000) 
suggests that the positive excursion consists of multiple os- 

Figure 18.2 Smoothed trends and excursions in carbon and ox)- 
stable isotopes and in marineR7Sr/86Sr ratio during the Jurassic T b  

schematic carbon isotope curve is generalized from the c o m p i l a q  
in Bartolini er al. (1996) and Jenkyns er al. (2002). with details on 
complex Toarcian and the Oxfordian excursions from McArthur 

'9 
er al. (2000) and Padden t t  al. (2001), respectively The strontium 

C 

isatape curve is a LOWESS fit to data from several sources -we 
text and Chapter 7. The schematic oxygen isotope curve is mady 
from helemnites from Europe, but the main trends are also ob 4 in New Zealand (late Jurassic) and Canada (middleJurassic) (frm., 
Jenkyns er al., 2W2). Overall global shifts to higher oxygen-18 4 
values in carbonates are generally interpreted as cooler seawatm, *iJ 

l there are many other contributing factors. The data for these i( 
schematic carbon and oxygen isotope curves have significant 9 
and should be considered as only general indications of the tr- 

cillations, but identification of global trends may be c o m d  

mised by superimposed local and basinal effects Uimeneznd 
1996). This carbon isotope excursion in carbonates f o M  

a widespread occurrence of organic-carbon-rich marine 

posits, such as the Posidonienschiefer of Germany and tbcg 
Rock of England, that are associated with a major t r ansg i  

sion during the upper Dactylioceras tenuicostutum and l o a s d  

serpentinus Zones (e.g. Hallam, 1981b; Jenkyns, 1988). '1Y 
organic-rich sedhnents are associated with pronounced 

tive carbon-13 excursions in both organic and ca rbona te4  
ponents, which is one of the largest of the Phanerozoic 

Hesselbo et aL, 2000b, 2003; Schouten er al., 2000). Thisd 
Toarcian "oceanic anoxic event" at approximately 183 hiam 
sisted for only about 0.5 myr (McArthur et al., 2000). 1 
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event seems to have been coincident with the eruption of the 

KarowFerrar flood hasalts across South Africa and Antarctica 
(Kerr, 2000; Palfy and Smith, 2000)anda methane release from 
undersea destahilization of frozen methane hydrates may have 
contributed to this excursion (Hesselbo er al. ,  2000b; Cohen 

et al., 2004). 
Middle Oxfordian pelagic sediments indicate a broad peak 

in carbon-13 Uenkyns, 1996) that contains a pair of brief (50 

kyr) major negative excursions within the upper Gregoryc- 
eras transversarium ammonite zone (Padden et al. ,  2001,2002). 
Other major features areanegative excursion in carbon-13 near 
the Sinemurian-Pliensbachian boundar); and generally low 

values in the Bathonian-Bajocian boundary intervalandTitho- 

nian Uenkyns et al., 2002). Excursions in this general trend 
in carbon isotope are reported within the Triassic-Jurassic 
boundary interval (e.g. Palfy et al., 2001; Hesselbo et al. ,  2002; 
see Chapter 17), and in the lower Bajocian and upper Bathonian 
to lower Callovian pelagic sediments in Italy (Bartolini et al., 
1996, 1999; Morettini er al. ,  2002). However, these postulated 
excursions have not yet been calibrated to ammonite zones. 

The Jurassic-Cretaceous boundary interval lacks any carbon 
isotope excursions to aid in global correlation of the system 
boundary (Weissert and Channell, 1989). 

Stable isotopes ofoxygen and temperature trends The Jurassic is 
generally considered as an interval of sustained warmth with- 
out any documented glacial deposits. Oxygen isotope records 

of oceanic temperature trends are patchy and heavily biased 
toward records from Europe and Russia (e.g. Veizer et al., 
MOO, Jenkyns et al. ,  2002). These suggest an overall warm pe- 
riod (lighter oxygen-l8 values) from Hettangian to Toarcian, 
moler temperatures during Aalenian through Oxfordian (but 
with potential anomalies), and moderate temperatures dur- 
mg the Kimmeridgian and Tithonian (Fig. 18.2). Except for 
the implied "cold snap" during the Callovian-Oxfordian from 
the isotope compilation, these general temperature trends are 
consistent with other paleoclimate indicators uenkyns et al. ,  
MO2). 

Stronhum and osmium rsotope ranos The curve of marine 
" S I / ~ ~ S ~  through the Jurassic is a broad valley centered on 
&early Oxfordian, with a subordinate trough in latest Pliens- 
bchian time (Fig. 18.2). Both minima broadly coincide with 
major carbon isotope excursions. Except within the Aalenian 
a d  the Oxfordian, the rapidly changing ratios enable global 
=elation at high resolution (McArthur et al. ,  2001). 

At the end of the Triassic, an abrupt downturn in marine 

87Sr/n6Sr from the latest Triassic peak (0.707 95) coincided 
with major flood basalt outpouring of the "Central Atlantic 
Magmatic Province" along the future Central Atlantic seaway 

(McArthur etal. ,  2001). The strontium isotope ratiocontinued 
a steady decline through theEarly Jurassic to a trough (0.707 

08) in the latest Pliensbacbian Uones et al., 1994a; McArthur 
et al., 2000; Jones and Jenkyns, 2001). By assuming that this 
decrease was linear through the Hettangian, Sinemurian, and 

Plienshachian stages, and scaling the slope with cycle stratig- 
raphy in the lower Pliensbschian, Weedon and Jenkyns (1999) 
estimated that the minimum duration of these three stages was 

2.86,7.62, and6.67 myr,respectively,for a totalof 17.15 myr. A 
similar calculation using an expanded Lower Jurassic database 
(McArthur et al., 2001) yields 3.10,6.90, and 6.60 myr, respec- 
tively, for a total of 16.90 myr. 

Strontium isotope ratios progressively rose during the 

Toarcian to a sustained plateau (0.707 30) through the Aale- 
nian. If the Pliensbachian fall and Toarcian rise are assumed 

to be linear segments, then a high-resolution time scale can be 
constructed for scaling ammonite suhzones and carbon isotope 
excursions (McArthur er al., 2000). Strontium isotope ratios 
again decreased through the Bajocian to middle Callovian, with 
a shoulder spanning the Bajocian-Bathonian boundary Uones 
et al. ,  1994h; M. Engkilde, unpublished) that may be real or 
may be an artifact of differential rates of sedimentation and the 

imposed time scale. 
During the early Oxfordian, marine 87Sr/86Sr reached 

its lowest ratio (0.706 86) throughout the entire Phanerozoic 
(McArthur et aL, 2001). This pronounced episode may in- 
dicate a major pulse of seafloor hydrothermal activity uones 
et al., 1994b; Jones and Jenkyns, 2001), which is supported 
by interpretations of other geochemical, deep-sea sediment, 
and spreading-rate evidence (e.g. Ogg et al., 1992). From the 
middle Oxfordian, the strontium isotope ratio began a long- 
term increase that peaked in the F elegans ammonite zone of 
the Barremian Stage of Early Cretaceous. 

As with Sr, the 1"Os/1880s value of marine OS reflects 
competing fluxes of 0 s  from the input of I8'0s-rich fluids, 
from continental weathering, and of non-radiogenic IsnOs- 
rich fluids from hydrothermal alteration of oceanic crust and 
from dissolution dextraterrestrial material from meteorites, 
hut with a shorter residence time (about 40 kyr). Jurassic 
1870s/18n0s ratios have been derived from organic-rich shales 
in southern England (Cohen et al., 1999). The  extremely non- 
radiogenic 1870s/'nnOs ratio of 0.15 in the basal-Hettangian 
(Psilocerasplanorbis ammonite zone) is similar to the anomalous 
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end-Cretaceous excursion produced by the 'X80s-rich holide 

impact, but is interpreted as hydrothermal activity associ- 
ated with the eruption of the Central Atlantic Magmatic 
Province (Cohen et al., 1999; Cohen and Coe, 2002). In con- 

trast to the descending strontium trend, the '8'0s/1880s ratio 
progressively rises through the Hettangian and Sinemurian, 

and attains a ratio of 0.8 in the lower Toarcian. The aver- 
age upper Kimmeridgian and lower Tithonian ratio is about 

0.6. 

CYC1.E STRATIGRAPHY AND ESTIMATES OF ST.4GE 

DUR4TIONS 

Period oscillationsin composition or physical properties within 
several marine successions in the Jurassic have been interpreted 
as Milankoritch orbital-climate cycles. Sudden shifts in the 
relative dominance of obliquity (37-38 kyr in Jurassic) and 

precession (20 kyr) within Jurassic cyclostratigraphy sections 
in England and Italy (30"-35" N paleolatitude) can be asso- 
ciated with times of significant global environmental change 
(e.g. Hinnov and Park, 1999; Weedon et al., 1999). 

HettangianundSinemurian Obliquity-dominated cyclicity in 
the Blue Lias Formation of southern England yields min- 
imum durations of 1.29 myr for the Hettangian Stage and 
0.34 myr for the Arierites buucklandi ammonite zone of low- 
est Sinemurian, but these estimates incorporate known strati- 
graphic breaks (Weedon et al., 1999). Assuming that marine 
XiSr/x%r had a linear decrease through this interval identi- 
cal to the precession-cycle-scaled trend of the lower Pliens- 
bachian (-0.000 042 per myr), this yields minimum durations 
of 2.86 myr for the Hettangian Stage and 7.62 myr for the total 
Sinemurian Stage (Weedon and Jenkyns, 1999), or 3.10 and 
6.90 myr using the LOWESS-fit Sr-curve of McArthur er al. 

(2001). 

Pliensbachian Precession-dominated cyclicitg in the Belem- 
nite Marls of southern England, combined with linear stron- 
tium isotope trends and cyclostratigraphic data from Robin 
Hood's Ba); northeast England (van Buchem etal., 1994), and 
Breggia Gorge, southern Switzerland (Weedon, 1989), indicate 
a minimum duration of 6.67 myr for the Pliensbachian Stage 
(Weedon and Jenkyns, 1999). This is consistent with the min- 
imum estimate of 5 myr derived from precession-dominated 
strata in northern Italy (Hinnov and Park. 1999). 

Toarctan and Aalentan Obliquity-dominated cyclic carbon- 

ates of the Sogno Formation in northern Italy yielded a com- 

bined duration of 11.37 + 0.05 myr for the Toarcian and A a l c  
nian stages (Hinnov and Park, 1999; Hinnov et al., 1999). A 
mid-Toarcian date of 181.4 i 0.6 Ma (l-sigma; Pilfy er d, 
1997) is projected to fall 132 obliquity cycles (4.9 myr) be- 

low the Aalenian-Bajocian boundary, implying an age for the 
boundary of 176.5 + 0.6 Ma (Hinnov and Park, 1999). Tbi 
age estimate for the Aalenian-Bajocian boundary is iden t id  
to an earlier statistical fit of combined radiometric ages ad 
biozones by Gradstein et al. (1995). 

Kimmeridgian and Tithonian Lithologic and magne& 
susceptibility variations within the Kimmeridge Clay Fomm- 

tion of southern England appear to be associated with obliq* 
with perhaps minor contributions from precession (e.g. 
terhouse, 1995; Weedon et al., 1999). Tuning all suscep t ib i i  
peaks to a fixed 38-kyr obliquity cycle implies that the A* 
cosrephanus autissiodorensis ammonite zone of the u p p e d  

Kimmeridgian Stage spans 1.35 myr and the overlying Pc 
natites (Virgatosphinctoides) elepns Zone of basal-Titho ' 
spans 0.55 myr (Weedon et al., 1999). However, ifthis ohliq ' 
tuning is applied to all overlying susceptibility peaks, then 
upper portion of the Kimmeridgian Clay (I! elegans th 
Vir~atopaaiooiafiftoni ammonite zones) spans a minim 

j 
-4.3 myr (Weedon, 2001; Weedon er al., 2004). Ifverified, 
cycle tuning would imply that the "Upper Kimmeridgian" 
gional stage of classical usage in England coincides with 
entire Tithonian Stage of the sub-Mediterranean (Teth 
fauna1 realm. This equivalency has not been incorporated 
our Jurassic time scale (Fig. 18.1), pending satisfactory 
tency with other correlation constraints. 

SEQUENCE STRATIGRAPHY 

Jurassic sea-level trends have been compiled for different 
(e.g. Partington er al., 1993; Coe, 1996; Sahagian et al., 

Gygi et al., 1998; Hesselbo and Jenkyns, 1998) and on a 

scale (e.g. Hallam, 1978, 1981b, 1988, 2001; Haq er al., 

Hardenbol er al., 1998). 
The main Jurassic sea-level trend is a progressive 

gression from rbe latest Triassic until the late Ki 
A major regressive trend begins in the Tithonian an 
a minimum in the late Berriasian. 

Superimposed on these main cycles are several 
sequences (especially a lesser regressive trend during 
dle Toarcian and Aalenian). The larger-scale d e e p e n 4 4  
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shallowing trends compiled by Hardenbol et al. (1998) are sum- 18.3.1 Selection o f  radiometric ages 
marked in Fig. 18.1. Assignments of small-scale sequendes 

depend on interpretation models for the response of sediment 
facies (other than obvious relative sea-level falls or flooding 
surfaces) to relative sea-level changes, therefore interpretations 

vary among stratigraphers for assigning small-scale sequences 
within a given region (e.g. comparison charts within Hesselbo 

and Jenkyns, 1998; Newell, 2000; and Taylor et al., 2001). 

OTHER MAJOR STRATIGRAPHIC E V E N T S  

Large igneous provinces The Central Atlantic Magmatic 
Province has ages centered on 200 Ma (Olsen et al., 2003), 

and probably peaked just before the Triassic-Jurassic bound- 
ary as recognized in the marine realm (Pilfy et al. ,  2000h), 
and may be the largest known flood basalt (e.g. Marzoli et al. ,  
1999; Hames et al., 2000). (This major volcanic outpouring is 
summarized in Chapter 17.) 

The majority ofthe Karoo flood hasalts in South Africaand 

the Farrar volcanics in Antarctica erupted at 183 2 Ma (Palfy 
and Smith, 2000). This large igneous province coincides with 
major geochemical anomalies, organic-rich strata, and fauna1 
extinctions within theearliest Toarcian(e.g. Jonesand Jenkyns, 
2001; Wignall, 2001; Cohen and Coe, 2002; Pilfy er al. ,  2002h). 

Large impacr events The Puchezh-Katunki crater in Russia, 
with an apparent diameter of 80 km, has an age reported as 

-167 k 3 Ma, implying a large impact within the Bathonian- 
Bajocian interval. 

A modest iridium anomaly has been reported from near 
the palynology-defined Triassic-Jurassic boundary in eastern 
USA, and associated features, such as a fern spike and appar- 
ent suddenness of the terrestrial extinctions suggest a possible 
impact relationship (Olsen et al., 2003). 

18.3 J U R A S S I C  T I M E  S C A L E  

The time scale for the Jurassic Period and the scaling of 
events within each geological stage combines many types of 
stratigraphic information: a selection of key radiometric dates, 
constraints on durations from cycle stratigraphy, applying lin- 
ear trends to strontium isotopic variation within certain inter- 
vals, proportional scaling of some ammonite zone successions 
according to their subzonal numbers, and applying the M- 
sequence magnetic polarity time scale derived from estimates 
of Pacific seafloor-spreading rates. Table 18.2 summarizes the 
scalingmethods and assumptions for each stage and each com- 
ponent ammonite zone. 

Suites of high-precision U-Ph and *Ar/"Ar ages from 

ammonite-zoned strata have largely rendered obsolete Juras- 
sic time scales published before 1996, which had incorporated 
ages from less precise K-Ar and R b S r  methods. Palfy (1995) 

critiqued the databases and methodology of previous Jurassic 
time scales, and his team began a systematic effort to estab- 

lish a detailed Early and Middle Jurassic age array from U- 
Ph analysis of zircons from volcaniclastics inter-bedded with 

ammonite-zoned strata in British Columbia and Alaska (Pilfy 
et al., 1997, 1999, 2000h,c; Palfy and Smith, 2000). A series 

of studies have calibrated North American ammonite zones or 
specific ammonite datums to the standard northwest European 

zones and associated definition of geological srages (summa- 
rized in Pilfy er al., 2000a). This effort required re-evaluation 
of biostratigraphic material (e.g. Palfy et al. ,  1997, observed 
that there were approximately 25% erroneous identifications 

of Toarcian ammonites at the species level in other reference 
hiostratigraphic sections). 

Palfy et al. (2000a) compiled a database of 55 latest Tri- 
assic through Tithonian ages that were derived solely from 
U-Pb and NAr/3yAr methods, of which only 12 were from 
publications of pre-1995 vintage. Their detailed analysis of the 
stratigraphic control and radiometric hehavior of each item 
(Appendix 1 in Pilfy et al. ,  2000a) is partially summarized in 

Table 17.1. 
Ten other U-Pb and *Ar/19Ar ages from the Jurassic that 

had been used in Harland et al. (1990), and hence also in- 
corporated into Gradstein et al. (1994a, 1995), did not meet 
the more rigorous standards for radiometric behavior or strati- 
graphic control of Palfy er al. (2000a, their Appendix l). They 
also excluded all previous high-temperature-mineral ages de- 
rived by the K-Ar (and Rb-Sr) method, which are considered 
less reliable and do not easily allow detection of a geochemical 
error, in which loss of radiogenic daughter isotopes produces 
a younger apparent age (e.g. see comparisons in Palfy, 1995). 
Unexpectedly, after rejecting all K-Ar ages in favor of a select 
U-Ph and *Ar/"Ar database, their statistical estimates of all 
Jurassic stage boundaries (Pilfy etal. ,  2000a) are systematically 
shifted to younger ages relative to the previous all-inclusive 
fit by Gradstein e$-al. (1994a, 1995). This result suggests 
that some K-Ar ages may provide useful age approximations, 
albeit with greater analytical uncertainties, of stratigraphic 
units. 

With these caveats, our selected ages for constructing the 
Jurassic time scale are summarized in Table 17.2. This suite 
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was selected from a larger compilation of published ageson the 
basis of both stratigraphic and radiometric precision. 

18.3.2 Hettangian through Aalenian 

The Early Jurassic time scale integrates radiometric ages with 

cycle stratigraphy, linear trends in strontium isotope ratios, 

and relativenumbersofammonitesubzones. Inmost cases, this 
integrated stratigraphy yields estimates for the stage hound- 
aries that are close to a statistical fit of U-Pb age dates by 
Palfy et al. (2000a), hut our procedure also yields a high- 

resolution scaling of component ammonite zones within some 

stages. 
The base oftheJurasstc (base of the Hettangian) is tightly 

constrained by a U-Pb age of 199.6 i 0.3 Ma (95% confi- 
dence limits) from zircons in a tuff directly below the Triassic- 

Jurassic boundary in British Columbia (Pilfy et al., 2000h). 
This is currently the only well-documented U-Pb zircon age 

with narrow 95% confidence limits (2-sigrna) that directly con- 
strains a stage boundary within the Jurassic! The Hettangian 
spans 3.1 myr according to the cycle-scaled Sr trend (Wee- 
don and Jenkyns, 1999, applied to LOWESS fit of McArthur 
et aL, 2001). Therefore, the bade of the S~nemurinn is at 196.5 
Ma.  The three Hettangian ammonite zones are proportionally 
scaled relative to suhzones (Table 18.2). 

The Sinemurian spans 6.90 myr according to the cycle- 

scaled Sr trend (Weedon and Jenkyns, 1999, applied to 
LOWESS fit of McArthur et al., 2001). Therefore, the base 
ofthe PIKnsbachian is at 189.6 M a .  The six Sinemurian am- 
monite zones are proportionally scaled relative to suhzones. 

The Plienshachian spans 6.60 rnyr according to the cycle- 
scaled S r  trend (Weedon and Jenkyns, 1999, applied to 
LOWESS fit of McArthur et al., 2001). Therefore, the base of 
the Toarcian is at 183.0 M a .  This is only slightly younger, hut 
within the narrow error bars, than the 183.6 Ma (+1.7/-1.1 
myr) estimate from a statistical fit of U-Ph age dates (Palfy 
er aL, 2000a). Cycle stratigraphy implies that the lower Pliens- 
hachian spans 2.65 myr; and we have proportionally scaled the 
durations of its three ammonite zones relative to their suh- 
zones. The two ammonite zones of the upper Plienshachian 
(spanning 3.95 myr) are proportions scaled according to their 
placement along a linear Sr trend (McArthur et al., 2000; 
Table 18.2): Amaltheus margaritatus = 2.75 myr, Pleuroceras 
spkatum = 1.20 myr. 

Zircons from strataof British Columhia that are equivalent 
to the lower part of the Haugia variabilis ammonite zone of the 
upper Middle Toarcian yield a U-Ph age of 181.4 i 1.2 Ma 
(95% confidence limits; Pilfy et al., 1997). The younger limit 

(-180.5 Ma) of the standard deviation on this age was used 

to scale the four ammonite zones.(l4 subzones) of the Early 
and Middle Toarcian according to their relative proportions 

along a linearly increasing Sr curve (McArthur et al., 2000; 
Table 18.2): Dactylioceras tenuicostatum = 0.3 myr, Harpoceias 
falciferum = 1.5 myr, Hidoceras bifrons = 0.5 myr, and Haugia 

variabilis = 0.2 myr. 

The combined Toarcian and Aalenian spans 11.37 i 0.05 
rnyr according to obliquity-cycle stratigraphy (Hinnov and 
Park, 1999; Hinnov et al., 1999), which projects the Aalenian- 
Bajocian boundary as -171.6 Ma. This assignment is younger, 

hut within the large uncertainty of the estimated 174.0 Ma 
(+1.2/-7.9 myr) from a statistical fit of U-Ph age dates (Palfy 

er al., 2000a). Cycle stratigraphy inpelagicstrata froma former 
seamount at Bugarone, central Italy, suggests that the Aalenian 
spans only 4 rnyr (L. Hinnov, pers. comm., 2001). Therefore, 
the base of the Aalenian is estimated as 175.6 Ma.  Durations of 

the four Late Toarcian and the four Aalenian ammonite zones 
are proportionally scaled relative to equal subzones. 

(Note: Pilfy et al. (2000a) estimated the base of the Aalenian 
as 178.0 Ma (+1.0/-1.5 myr), but this estimate was mainly 
constrained by a U-Pb date from a possible late Aalenian vol- 
canic unit in British Columhia of 177.3 i 0.8 Ma (95% confi- 
dence limits), of which only one of the four samples yielded a 

concordant analysis.) 

18.3.3 Bajocian through Callovian 

The Callovian, Bathonian, and Bajocian stages are poorly con- 
strained by radiometric dates. The Toarcian-Aalenian cyck 
stratigraphy implies that the base of the Bajocian is at 171.6 
M a .  TheM-sequencecalibrationof theammonitezones within 
the Oxfordian Stage, coupled with the age model for the cor- 
responding magnetic anomalies in the Pacific (see Chapter 5) 
imply that the base of the Oxfordian is approximately 161.1 
Ma. Therefore, the Callovian, Bathonian, and Bajocian stages 
span 10.5 myr. 

Durations of the seven Bajocian, eight Bathonian, and 
seven Callovian ammonite zones are scaled proportional m 
their suhzones in the selected standard zonation (e.g. see d i  
grams in Hardenhol et al., 1998; Table 18.2). Using this sim- 
plistic asslunption of equal average subzones, the Bajocian (U) 
subzones) spans 3.9 myr. The base ofthe Bathonian is therefore 
estimated as 167.7 Ma (which is within the estimate of 166.0 
Ma (+3.8/-5.6 myr) by Palfy et al., ZWOa), and this stage 
spans 3.0 rnyr ( l5  subzones). 

The base ofthe CaNovian is therefore assigned as 164.7Ma. 
and the Callovian (18 suhzones) spans 3.5 myr. Palfy et al. 
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(2000a) assigned a much younger age of 160.4 Ma (+l.l/-0.5. 
myr) to the base of the Callovian, which was largely derived 

from a reported U-Pb date of 160.5 iz 0.3 Ma (95% confi- 
dence limits) from the equivalent of the Bathonian-Callovian 
boundary in Argentina (Odin et al., 1992). However, it is 

difficult to reconcile this Bathonian-Callovian boundary age 
with the age model for the Oxfordian through Callovian M- 

sequence magnetic anomalies in the Pacific, which is con- 
strained by an Ar-Ar age on oceanic crust at Pacific ODP 
Site 801. 

18.3.4 Oxfordian through Tithonian 

The Late Jurassic time scale is based on the magnetostrati- 
graphic correlation of Tethyan and Boreal ammonite zones to 
the M-sequence polarity time scale. The radiometric age con- 
straints and associated assignment of absolute ages to the M- 
sequence magnetic anomaly pattern in the Pacific is explained 

in detail in Chapter 5. 
There are no high-precision ages obtained directly on vol- 

canogenic units within middle Callovian through Tithonian 
marine sediments. Volcanic ash horizons within the continen- 

tal facies of the upper Morrison Formation of western USA 
bave several "Ar/39Ar ages spanning the 148-151 Mainterval 

(Kowallis et al., 1998), and palynology, ostracode, and charo- 
phyte assemblages are interpreted as Kimmeridgian to early 
Tithonian (Litwin et al., 1998; Schudack et al., 1998). The 
Morrison Formation has several magnetostratigraphic studies 
(eg. Steiner et al., 1994), but unambiguous correlation and 
mociated age control on the M-sequence has not yet been 
possible (E Peterson, pers. comm., 2001). 

The  ages of the Oxfordian through Tithonian stages are 
determined by the calibration of their magnetostratigraphy. 
The base of the Oxfordian (base of polarity Chron M36An; 
Ogg and Coe, 1997, and in prep.) is at 161.2 Ma.  The base 
&he Kimmeridgian as currently assigned in Boreal realm am- 
monite stratigraphy (lower part of polarity Cbron M26r; Ogg 
.ad Coe, 1997, and in prep.) is at 155.65Ma, whereas its base 
S currently assigned in Tethyan (sub-Mediterranean) stratig- 

' nphy (base of polarity Chron M25r; Ogg et al., in prep.) is at 
154.55 Ma.  This base-Kimmeridgian age agrees with an inde- 
pendent statistical estimate of 154.7 Ma (+3.8/-3.3) for the 
Oxfordian-Kimmeridgian boundary derived from a radiomet- 

; ric age database by Palfy et al. (2000~). 
The base ofthe Tithonian (base of polarity Chron M22An; 

Ogg and Atrops, in prep.) is at 150.8 Ma.  Oxfordian, Kim- 
d d g i a n ,  and Tithonian ammonite zones are scaled accord- 
'%g to their calibration to the magnetic polarity time scale 

(Table 18.2). TheJuranic-Cretaceous boundary or the base of 
the Berriasian, which is assigned here asthe base of Berriasella 
jacobi ammonite zone (middle of polarity Chron MlYn.Zn), is 

at 145.5Ma. 

18.3.5 Estimated uncertainties on  stage ages and  

dwat ions  

A variety of methods were applied to estiniate Jurassic stage 
boundaries, and each of these has different degrees of impre- 

cision. In general, owing to a dearth of verified high-precision 
radiometric ages between the Aalenian and the Albian, the 
Jurassic age assignments are the least accurate for any portion 

of the Phanerozoic time scale. In the following discussion, 
the uncertainties are expressed as 2-sigma (95% confidence 

limits). 
TheEarly Jurassicscale merged high-precision radiometric 

ages, Milankovitch cycle tuning, and linear strontium isotope 
segments, therefore the precision of the interpolated stage ages 
are approximately the same as the radiometric constraints - 
from H . 6  myr for base-Hettangian (after increasing the cited 
f 0 . 3  myr uncertainty on theU-Pbage toincorporate potential 
systematic errors) increasing to +1.5 myr for base-Toarcian. 
The  early part of the Middle Jurassic is scaled by cycle stratig- 
raphy relative to the base-Toarcian age, but these duration 
estimates have not yet been verified in independent sections, 
therefore a conservative uncertainty of zk2 myr was applied 
to the base-Aalenian age and h 3  myr for the base-Bajocian 

age. 
The choice ofspreading-rate model forthe synthetic profile 

of the M-sequence magnetic anomaly lineations, coupled with 
the uncertainties on the two constrainingages on Chron M26n 

(155 f 6 Ma) and Site 801 (167.7 f 1.4 Ma; see Chapter S), 
implies that the magnetostratigraphiccalibration of theoxfor- 
dian through Tithonian stage boundaries have a high degree of 
uncertainty (estimated as f 4  myr), which is the highest uncer- 
tainty on the age ofany stage boundary within the Phanerozoic 
(see Chapter 23). The choice of a spreading model will also af- 
fect the durations by expanding or contracting the reference 
scale. Weconservatively estimate this uncertainty on durations 
as being f3S0h for a realistic range of spreading models (Table 
18.3). 

The  base-Bathonian and base-Callovian are proportion- 
ally scaled according to their component ammonite sub- 
zones between the calculated ages for the base-Bajocian 
(from cycle stratigraphy) and base-Oxfordian (from the 
spreading model), and therefore have equivalent or greater 
uncertainties. 



Table 18.3 Ages and duration ofJurassic stages (seefootnote) 

Estimated Estimated 
uncertoint) uncertainty 

Age on age Duration on duration 
Boundary Stage (Ma) (Z-xigma) ( m y )  (2-sigma) Status; primary marker Calibration and comments 

CRETACEOUS 
(Berriasian) 

Top of JURASSIC 145.5 4.0 
(base ofBerriasian) 

Tithonian 5.3 1.8 

Base ofTithonian 150.8 4.0 

Base of 154.6 4.0 
Kimmeridgian 
(Tethyan) 

Base of 155.7 4.0 
Kimmeridgian 
(Bnreal) 

Oxfordian 

Callovian 3.5 1.0 

Base of Callorian 164.7 4.0 

Bathonian 3.0 1.0 

Base of Bathonian 167.7 3.5 

Bajocian 3.9 1.0 

Base ofBajocian 171.6 3.0 

Not defined. Base of Cretaceous 
(base of Berriasian) placed here 
as the leading candidate afthe 
base of Brrnorrlln~arobi 
ammonite zone or base of 
Calpionellid Zone B; which is 
calibrated as Chron 
M19n.Zn(0.55) 

Not defined, but candidate 
marker is the lowest occurrence 
of ammonite Hybonotirrrar afl 
hybenotum, which is at base of 
Chron M22An. 

Tradirional usage is ba\c of 
Surmriaplaynola Zone, which 
is just above base of Chron 
M251 

Traditional usage is base of 
P ~ t o n i a  bayin Zone, which is 
lower part ofpolarity Chron 
1M26r 

Chron ages and durarion of Tithonian 
through Oxfordian srages depend upon 
selected Pacific spreading rate model. Not 
well constrained. A slower spreading rate 
would yield a longer duration. 

Uncertainties on Tithonian through 
Oxfordian durations are assigned as 35% of 
duration, which is probable range of realistic 
spreading models. 

Computed from M-sequence spreading 
model. 

Duration of Kimmeridgian depends on 
eventual decision for Kirnm/Oxf boundaq 
definition. 

Computed from M-sequence spreading 
model. 

Computed from M-sequence spreading 
model. 

Duration of Orfordian depends on eventud 
decision far KimmlOxf boundary 
definition. 

Not dcfined, bur candidare Computed from Miequence spreading 
marker is Q~nrlrdrocnor manar model. 
ammonite none, which is 
correlated to base of Chron 
M36An. 

Equal subzone in Bajo-Bath-Callov (53 
subzones span 10.5 myr). Calhvian ha3 I8 
subzones. 

Not defined, but candidate Scaled according to equal-subzones fmm 
marker is base of Moiroieph&litrr computed ages for base-Bajocian and 
hrmeyi ammonite zone k o x f o r d i a n .  

Equal subzones in Baj-Bach-Callov (53 
subzones span 10.5 myr). Bathonian hs IS 
rubzones 

Not defined, but cmdidarc Scaled according to equal-subzones fmm 
marker is base of Z$gzagirrrar computed ages for base-Bajacian and 
zlpWp ammonite zone. b-Oxfordian. 

Equal subzones in Bajo-Bath-Callov (53 
subzones span 10.5 myr). Bathonian ha b 
subzones. 

GSSP; lowest occurrence of the Age derived from cycle-scaling from 
ammonite genus Hyprrliocrror mid-Toarcian U-Pb dates. 
(Toroliorrrar). 
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Table 18.3 (cont.) 

Estimated Estimated 
uncertainty uncertainty 

Age on age Duration on duration 
Boundary Stage (Ma) (2-sigma) (myr) (2-sigma) Status; primary marker Calibration and comments 

Aalenian 4.0 1.0 Tutal duration of Aalenian is estimated as 
4.0 myr from cycle stratigraph) 

&se of Aalalenian 175.6 2.0 GSSP; lowest occurrence of the Age derived from cycle-scaling from 
ammonite genus Latocrras. mid-Tuarcian U-Pb dates. 

Toarcian 7.4 1.0 Total durarion of Taarcian is estimated as 
-7.4 myr from cycle stratigraphy 

Bue ofToarcian 183.0 l.? Not defined, but candidate Agc derived from cycle-scaling from 
marker ie lowest occurrence of basal-Jurassic and mid-Toarcian U-Pb dates. 
the diversified Eodacr,y/ilri 

ammonite fauna. 

Pliensbaehian 6.6 0. 8 Total duration of Pliensbachian is estimated 
as 6.6 myr from assumed linear Sr trend, 
scaled by cycle stratigraph!. 

Bue of 189.6 1.5 GSSP pending; lowesr Age derived from cycle-scaling from 
Pliensbachian occurrence of the ammonite basal-Jurassic and mid-Toarcian U-Pb dates. 

species Blferiirror ilonoooni and 
Apodernirras genera. 

Sinemurian 6.9 0.8 Total duration of Sinemurian is estimated as 
6.9 myr from assumed linear Sr  trend, 
scaled by cycle stratigraphy. 

Bue of Sinemurian 196.5 1.0 GSSP; louesr occurrcncc of the 4ge derived from cycle-scaling from 
ammonite genera Vrrmrcerur and basal-Jurassic U-Pb date. 
Mrtopkzoierur. 

Hettangian 3.1 fl. 4 Total duration of Hettangian is estimated as 
4.1 myr from assumed linear Sr  trend, 
scaled by cycle srratigraphy. 

Brx of JURASSIC 199.6 0.6 Not defincd, but tradirionall) L-Pb age on ruff near candidate GSSP level 
lhse of Hettangian) assigned m the first occurrence is 199.6 f 0.3 Ma(2-sigma); increased ra 

of the smoorhplanorbtr group + 0.6 (2-sigma) to incorporate potential 
within the ammonite genus external errors. 
Prrlorrror 

TRIASSIC 
(Rhaetian) 

Fw stages that lack a ratified definition (as of Nov 2004) the computed age is for the indicated primary marker See text for discussion of derivation of uncertrint! 
raimates. 

18.3.6 Summary of t h e  Jurassic t i m e  scale impruved time scale for the Jurassic would require addi- 

tional high-precision radiumetric ages with reliable strati- 

The Jurassic spanned 54 myr, between 199.6 f 0.6 and graphic control, especially a data set that can be used to 

l45.5&4.0Ma.TheEarly,Middle,andLateJurassicsegments calibrate the Late Jurassic magnetic polarit) scale, and ap- 

lasted 24, 14.4, and 15.7 myr, respectively. Ages fur the Mid- plication of Milankovitch cycle stratigraphy to upper Jurassic 

dle and Late Jurassic segments are relatively uncertain. An deposits. 
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