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D’Orbigny named the Callovian stage after Kellaways in Wiltshire, UK, in the 1850 s. However, agreement
on its boundaries and, more recently, on the position and location of the Global Boundary Stratotype
Section and Point (GSSP) for the base of the Callovian has proven difficult for the last 170 years. This is
mainly due to the lack of agreement on the appropriate index fossil and its regional and global correla-
tions, as well as the location of the stratotype section. Stable carbon isotope chemostratigraphy and event
stratigraphy are now essential tools for aiding in the definition of GSSPs. In this study, stable carbon iso-
topic analysis of 91 samples from east Greenland’s Middle Jurassic shallow marine sandstones of the
Pelion Formation (Store Koldewey and Hold with Hope) and correlative and well-dated offshore silt-
stones and mudstones of the Fossilbjerget Formation (Jameson Land) is used to discriminate several iso-
topic events previously observed in other European basins and propose the early Callovian (d13CTOC)
positive carbon isotopic excursion as a secondary marker for defining the Callovian GSSP. The early
Callovian (d13CTOC) positive carbon isotopic excursion is a fundamental tool for superregional correlation
between candidate GSSPs and Standard Auxiliary Boundary Stratotypes. It can also help establish a
chronological order (synchronous vs diachronous) of species occurrences between different locations.
� 2024 The Author(s). Published by Elsevier B.V. on behalf of International Association for Gondwana
Research. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/

4.0/).
1. Introduction

The Callovian stage was named after Kellaways inWiltshire, UK,
by D’Orbigny in 1849–1852. To formally define this stage and its
Global Boundary Stratotype Section and Point (GSSP), J.H. Cal-
lomon established and directed the Callovian Working Group in
1983 (Mönnig, 2014). However, over the next four decades, an
agreement on the index fossil and its regional and global linkages
and the location of the stratotype section has proven difficult. In
the latest Geologic Time Scale 2020, and in the absence of a GSSP,
the base of the Callovian was placed at the base of K. keppleri/B. bul-
latus ammonite chronozone (ACZ, Fig. 1a) and within a normal
polarity-dominated interval tentatively correlated with Chron
M39n.3n and with a projected age of 165.3 Ma (with � 1 Myr
uncertainty) (Hesselbo et al., 2020).

The main issue so far has been that no Callovian section has
been put forward that complies with all the International Commis-
sion on Stratigraphy criteria for establishing a GSSP (Remane et al.,
1996). In 1990, the Callovian Working Group ratified the Albstadt-
Pfeffingen section in the Baden-Wurttemberg region of southwest
Germany as the Callovian GSSP candidate, with the ‘‘golden spike”
in the first appearance datum (FAD) of Kepplerites keppleri at the
base of the M. herveyi ACZ (Mönnig, 2014; Mönnig and Dietl,
2017). However, concerns regarding the condensed nature of the
succession and numerous hiatuses have prevented a formal sub-
mission to the International Subcommission on Jurassic Stratigra-
phy. The expanded sections from the Volga region in Russia
(Kiselev and Rogov, 2007) and East Greenland (Callomon et al.,
2015) have been considered Standard Auxiliary Boundary Strato-
type (SABS cf. Head et al., 2023) candidates on account of their
more expanded nature and abundance of ammonites (Mönnig,
2014) (Fig. 1a and 1b).

Stable carbon isotopes chemostratigraphy and event stratigra-
phy are essential tools for the definition of many, if not all, GSSPs.
Stable carbon isotopic records determined in a multitude of sub-
strates are helpful for superregional correlation between sections
and can also help with establishing a chronological order (syn-
chronous vs diachronous) of species occurrences between different
locations (Weissert et al., 2008). In this study, based on the stable
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Fig. 1. (A) Ammonite correlation chart with the European and Boreal standard chronostratigraphy for the middle Bathonian–upper Callovian (Callomon et al., 2015). (B)
Middle and Late Jurassic paleogeography of the Euro-Boreal region (Torsvik et al., 2002). (C) Simplified geological map of East Greenland with location of the study areas
(Bojesen-Koefoed et al., 2023).
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carbon isotopic analysis of 91 samples from the Middle Jurassic
successions from Jameson Land (Fig, 1b), Hold with Hope, and
Store Koldewey in East Greenland, we (1) update the d13CTOC

chemostratigraphy framework for the upper Bathonian–lowermost
upper Callovian and (2) propose the early Callovian (d13CTOC) pos-
itive carbon isotopic excursion (CIE) (cf. Silva et al., 2020) as a sec-
ondary marker for the Callovian GSSP and a primary or secondary
marker for the Callovian SABSs.
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2. Geological background

Jurassic rocks are widely distributed in central East and North-
East Greenland, occupying approximately 800 km of coast, from
Jameson Land in the south to Store Koldewey in the north
(Fig. 1b and 1c). The East Greenland basins formed the western-
most segment of a major north–south oriented system of rift
basins situated between Greenland and Norway (Fig. 1c)
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(Engkilde and Surlyk, 2003). Deposition in the area during the Early
Jurassic occurred under a period of relative tectonic quiescence,
ensuing Late Permian–earliest Triassic and Early Triassic rift
phases. This was followed by a long-term extensional phase in
the Middle Jurassic (Late Bajocian), which peaked in the Late Juras-
sic (Kimmeridgian–Volgian) and waned in the earliest Cretaceous
(Valanginian) (Surlyk, 2003, 1977). The Middle Jurassic of Green-
land is a well-exposed example of the inshore to offshore succes-
sions characteristic of the rifted seaways in the Northwest
European–North Atlantic region (Engkilde and Surlyk, 2003).

The upper Bajocian–middle Callovian early-rift succession of
interest for this study comprises the offshore siltstones and mud-
stones of the Fossilbjerget Formation (Jameson Land, Supplemen-
tary Data, Fig. S1) and the correlative shallow marine sandstones
of the Pelion Formation (Store Koldewey and Hold with Hope, Sup-
plementary Data, Figs S2 and S3). Deposition was characterized by
southwards progradation of the sediments now comprising the
Pelion Formation in the late Bajocian, followed by major backstep-
ping in Bathonian–Callovian, and drowning of the sandy deposi-
tional system in the middle-late Callovian (Alsen and Surlyk,
2004; Engkilde and Surlyk, 2003; Surlyk, 2003, 1977; Surlyk
et al., 2021, 1973). The Jameson Land successions are rich in
ammonites and allow for detailed bio- and chronostratigraphic
correlation at local and superregional scales (e.g. (Callomon,
1993; Callomon et al., 2015; Mönnig and Dietl, 2017) (Fig. 1a).
2.1. A brief description of the study sections

2.1.1. Fossilbjerget, Jameson Land
The Fossilbjerget section is located in the heart of Jameson Land,

central Greenland (Fig. 1c). The type section of the Fossilbjerget
Formation is defined here, framed by the Pelion Formation at the
base and the Olympen Formation at the top (Surlyk et al., 2021).
In the studied section, the Fossilbjerget Formation consists of
approximately 100 m of silty, micaceous mudstones with subordi-
nate fine-grained sandstone horizons (Supplementary Data,
Fig. S1). Sandy horizons, sometimes glauconitic, are more promi-
nent at the base of the section. Phosphatic nodules and sandy/cal-
careous concretions are also present. Several levels are rich in
ammonites, belemnites, Brachiopods, bivalves, and Thalassinoides
burrows, indicating an offshore marine depositional environment
(Surlyk et al., 2021). The abundance of ammonites allows for
ammonite biozonation at the horizon scale, indicating several
minor hiatuses in a clearly cyclical sedimentary succession. The
standard chronostratigraphy for this section is presented in Sup-
plementary Data, Figure S1, and is discussed in detail in several
studies (Alsen and Surlyk, 2004; Callomon, 1993; Surlyk et al.,
2021, 1973). The boundary between the Upper Bathonian and
Lower Callovian is placed around 13–20 m from the base of the
Fossilbjerget Formation.
2.1.2. Steensby Bjerg, Hold with Hope
The Steensby Bjerg section is located on the north coast of the

Hold with Hope area (Fig. 1c). The study interval is assigned to
the lower sandstone unit and Spath Plateau Member of the Pelion
Formation (Surlyk et al., 2021) (Supplementary Data, Fig. S2). The
lower sandstone unit consists of sandstone with trough cross-
bedding and pebble lags at their base. The Spath Plateau Member
consists of several coarsening-upward sandy beds. Frequently,
the base is silty and has planar and cross-lamination (lower shale
unit). Upwards, each sequence becomes sandier with planar and
trough cross-bedding. The contact with the framing lithostrati-
graphic units is erosive. The observed lithologies and diversity
and abundance of dinoflagellates suggest that deposition occurred
in tidally influenced deltas with distributary channels and mouth
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bars in the lower–middle shoreface (Piasecki et al., 2004b; Surlyk
et al., 2021).

This section and its standard chronostratigraphy presented in
Supplementary Data, Figure S2, are discussed in detail in several
publications (Callomon, 1993; Piasecki et al., 2004b; Surlyk et al.,
2021; Vosgerau et al., 2004). Ammonites are rare in the study
interval, with P. koenigi being identified at the top of the lower
sandstone unit (Callomon, 1993). Dinoflagellate chronostratigra-
phy indicates a Lower–Upper Callovian age, equivalent to the C.
apertum–P. athleta ammonite chronozones (Piasecki et al., 2004b;
Surlyk et al., 2021).
2.1.3. Ravn Pynt, Store Koldewey
The Ravn Pynt section is located on Store Koldewey Island

(Fig. 1c). The study interval corresponds to the Pelion Formation
(Surlyk et al., 2021) (Supplementary Data, Fig. S3). The base of
the section is predominantly fine-grained sandy, although with
ammonites, belemnites, bivalves, and bioturbation. At around
17 m, the succession becomes more mud-rich, with rare ammo-
nites at the base. The succession becomes sandier again at around
30 m and with planar cross-stratification. Ammonites, belemnites,
oysters, fossil wood, and bioturbation, are common throughout
this interval. Deposition occurred in tidally influenced deltas with
distributary channels and mouth bars in the lower–middle shore-
face (Piasecki et al., 2004a; Surlyk et al., 2021).

This section and the standard ammonite chronostratigraphy
presented in Supplementary Data, Figure S3, are discussed in detail
in (Piasecki et al., 2004a). These authors date this succession from
the mid-Bathonian to Callovian based on ammonites and dinoflag-
ellate cysts. Although a possible depositional break between the
Bathonian and the Callovian parts of the Pelion Formation was sug-
gested (Piasecki et al., 2004a), field campaigns by P. Alsen and J.
Hovikoski in 2010 and 2014 recovered several ammonites from
the base of the Spath Plateau Member, indicating that no major
hiatus is discernible at this location around the Bathonian–Callo-
vian boundary.
3. Materials and methods

Rock samples were sourced from the Geological Survey of Den-
mark and Greenland (GEUS) sample archive and sent to the Univer-
sity of Manitoba (Canada) for processing and analysis. All samples
are referred to GEUS archive number and stratigraphic position
(Supplementary Data, Table S1). The analyzed samples were col-
lected during several fieldwork campaigns in East and North-East
Greenland between 1974 and 2014.

Analysis of carbon % of the decarbonated fraction (Cdecarbonated

%) and d13CTOC (‰) was performed on 91 samples from Fossilbjer-
get (37 samples), Ravn Pynt, Store Koldewey (15 samples), and
Hold with Hope (39 samples) section using an Eltra Helios Carbon
Analyzer (Cdecarbonated %) and a Thermo Scientific Delta V Isotope
Ratio Mass Spectrometer (IRMS) coupled with a Costech Elemental
Combustion System-ECS 4010 (d13CTOC ‰) at the Stable Isotope
Laboratory (Manitoba Isotope Research Facility) of the University
of Manitoba, Canada (Table S1). Before analysis, about 2–3 g of
each powdered sample was decarbonated with � 40 ml HCl
(1 M) in a water bath at 80 �C for two hours to ensure the complete
reaction of all carbonate species. After allowing the reaction to con-
tinue for at least 24 h, the residue was rinsed three times (cen-
trifuged) with deionized water until reaching neutral pH and
dried at 35 �C. After drying, all decarbonated samples were first
analyzed for carbon % of the decarbonated fraction using the Eltra
Helios Carbon Analyzer (Supplementary Data). This was done to
determine the amount of sample needed to ensure good linearity
and signal intensity for the stable carbon isotopic analyses. After
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Cdecarbonated % determination, the appropriate amount of decarbon-
ated sample was weighed into 8 � 5 mm tin capsules for d13CTOC

analyses. Tin capsules containing decarbonated sample aliquots
or the two standards, B2151 (sediment) and B2153 (soil) from Ele-
mental Microanalysis, were loaded into an auto-sampler on the
Costech Elemental Combustion System and combusted in an
oxygen-rich environment. Calibration was performed by analyzing
two international standards (USGS40, USGS41) at the beginning,
middle and end of each run. A calibration line was calculated by
least squares linear regression using the known and measured iso-
tope values of the calibration standards. Replicate analyses of the
two QC standards yielded the results of d13CVPDB=-26.34 ± 0.17 ‰

(n = 10) for B2151 and d13CVPDB=-26.94 ± 0.14 ‰ (n = 24) for
B2153. Isotope ratios are reported in standard delta notation rela-
tive to Vienna PDB (Coplen, 1994).
4. Results

The carbon content of the decarbonated fraction (Cdecarbonated %)
and determined d13CTOC for each of the studied sections is pre-
sented in Supplementary Data, Table S1 and plotted in Figures
S1, S2, and S3. The carbon content of the decarbonated fraction
(Cdecarbonated %) from Fossilbjerget (Jameson Land, Supplementary
Data, Fig. S1) ranges from 0.2 to 2.0 %, averaging around 0.6 %.
The highest Cdecarbonated % was determined in the middle of the sec-
tion. The determined d13CTOC values range from �25.5 to –22.4 ‰.
LOESS (locally estimated scatterplot smoothing) modelling indi-
cates that a negative d13CTOC characterizes the upper Bathonian
succession. A sharp positive shift of about 1.5–2 ‰ is initiated at
the base of the C. apertum ACZ (ammonite horizons J24-C. apertum
a – J27-K. tenuifasciculatus and terminates in the C nordenskjoeldi
ACZ (ammonite horizon J29 � C. nordenskjoeldi a and J30-C.
nordenskjoeldi b (Callomon, 1993). The d13CTOC record is relatively
constant up the top of the studied part of the section, dated from
the S. calloviense ACZ (ammonite horizons J34/35, K. galilaeii/S.
calloviense (Callomon, 1993). There is no appreciable correlation
between Cdecarbonated and d13CTOC (r2 = 0.22).

The carbon % of the decarbonated fraction (Cdecarbonated %) from
Steensby Bjerg (Hold with Hope, Supplementary Data, Fig. S2)
ranges from 0.004 to 8.8 %, averaging around 0.7 %. The highest Cde-

carbonated % was determined in one sample from the top of the sec-
tion. The determined d13CTOC values range from �29.1 to –22.0 ‰

and LOESS modelling indicates that a negative d13CTOC character-
izes the lower Callovian part of the succession. The d13CTOC trend
is relatively stable in the lower and middle (K. jason ACZ) Callovian.
A sharp positive shift of about 2–2.5 ‰ is observed in the
mid-P. athleta ACZ. There is no appreciable correlation between
Cdecarbonated and d13CTOC (r2 = 0.17).

Cdecarbonated % from the Ravn Pynt (Store Koldewey, Supplemen-
tary Data, Fig S3) section ranges from 0.1 to 2.1 %, averaging around
0.69 %. The highest Cdecarbonated % was determined in the middle of
the section, dated as S. koenigi ACZ. The determined d13CTOC values
range from �24.9 to –23.0 ‰. LOESS modelling shows a sharp pos-
itive shift of about 1–1.5 ‰ initiated in the upper Bathonian, peak-
ing in an undated interval. Afterwards, the d13CTOC trend remains
stable throughout the S. koenigi ACZ. There is no appreciable
correlation between Cdecarbonated and d13CTOC (r2 = 0.16).
5. Discussion

5.1. Source of organic matter and meaning of the d13CTOC record

Records of d13CTOC often represent a mixed d13C signal from ter-
restrial and aquatic organisms, microbial biomass, and diagenesis,
which can result in a highly variable d13C signature (Silva et al.,
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2020; Suan et al., 2015). The carbon isotopic composition of OM
mainly depends on the carbon source, process of carbon assimila-
tion (e.g., photosynthesis vs heterotrophy), metabolism, and cellu-
lar carbon budgets (e.g., Hoefs, 2015). Despite limitations, d13CTOC

profiles are useful for tracing changes in the global carbon cycle,
thus, their widespread use in chemostratigraphic studies (Silva
et al., 2021; Suan et al., 2015; Weissert et al., 2008).

One of the difficulties in interpreting d13CTOC profiles is deter-
mining the carbon source. This is important because marine and
terrestrial/continental carbon sources have different d13C values;
therefore, changes in OM can lead to stratigraphic variation in
d13CTOC (Suan et al., 2015). Upper Bajocian–Bathonian fossil wood
from Yorkshire (UK) presents an average d13C around –23
to –22 ‰ and ranges between �24.2 to �21.6 ‰ (Hesselbo et al.,
2003). In the mid-Callovian Oxford Clay Formation (UK), eleven
fossil wood samples have an average d13C of –23.8 ‰ (Kenig
et al., 1994). These authors estimated an average d13C of –23.5 ‰

for terrestrial OM (d13Cterrestrial) and between �29.1 to �26.6 ‰

for primary marine OM. The above-mentioned estimate for d13-
Cmarine is corroborated by the d13CTOC record from the marine upper
Bathonian–lower Callovian from the Lusitanian Basin, ranging
between �27.0 to �26.5 ‰. Based on the studies of Kenig et al.
(1994) and Hesselbo et al. (2003), a d13Cterrestrial range
between � -25 and –22 ‰ is assumed for the Bathonian–Callovian
interval.

Palynological studies indicate that terrestrial woody material
and palynomorphs dominate the kerogen assemblages of the Fos-
silbjerget Formation at Fossilbjerget and Spath Plateau Member
of the Pelion Formation at Hold with Hope and Store Koldewey,
despite the occurrence of minor amounts of dinoflagellate cysts
(Piasecki et al., 2004b, 2004a; Smelror, 1988). The upper Batho-
nian–lower Callovian d13CTOC from Greenland ranges between
�25 and –22 ‰, averaging –23.7 ‰ at Fossilbjerget, �24.3 ‰ at
Hold with Hope, and –23.8 ‰ at Store Koldewey (Table S1). The
overall depositional environment of the study sections (Piasecki
et al., 2004b, 2004a; Smelror, 1988; Surlyk et al., 2021) and the
good correspondence between the Bathonian–Callovian range for
d13Cterrestrial and the d13CTOC record from the Greenland sections
suggest that the kerogen assemblages of the studied samples are
dominated by terrestrial organic matter. This indicates that the
observed d13CTOC trends are not related to major changes in the
type of organic matter, i.e., marine vs terrestrial.

5.2. Stable carbon isotope chemostratigraphy of the upper Bathonian–
middle Callovian

The regional carbonate d13C profile for the Bathonian–Callovian
boundary includes the early–late Bathonian (d13Ccarb) negative CIE,
late Bathonian–early Callovian (d13Ccarb) positive CIE, and the early
Callovian (d13Ccarb) negative CIE (e.g., Bartolini et al., 1999; Jach
et al., 2014; Jenkyns et al., 2002; Kenig et al., 1994; Koevoets
et al., 2016; Nunn et al., 2009; O’Dogherty et al., 2006; Silva
et al., 2020) (Fig. 2). In the well-dated La Cornicabra section of
the External Subbetic Basin (Spain), the early–late Bathonian (d13-
Ccarb) negative CIE has an amplitude of about 0.5‰, the late Batho-
nian–early Callovian (d13Ccarb) positive CIE has an amplitude of � 0.
8 ‰, and the early Callovian (d13Ccarb) negative CIE has an ampli-
tude of about 0.9 ‰ (O’Dogherty et al., 2006) (Figs. 2 and 3). The
record of d13C in organic matter for the lower Callovian is discussed
below.

Stable carbon isotope datasets from total organic matter that
cover the middle Callovian are scarce and usually have low tempo-
ral resolution (e.g., Kenig et al., 1994; Nunn et al., 2009; Jach et al.,
2014; Koevoets et al., 2016) (Fig. 2). Kenig et al. (1994) presented a
characterization of the Peterborough Member of the Oxford Clay
Formation, uppermost lower Callovian (S. calloviense ACZ)–mid-



Fig. 2. Composite d13C curve for the middle Bathonian–Callovian (ages as in
(Hesselbo et al., 2020), generated using TSCreator V8.0). Data from East Greenland
is from this study (Fossilbjerget, Jameson Land, and Steensby Bjerg, Hold with
Hope) Portugal is from (Silva et al., 2020) and Scotland is from (Nunn et al., 2009).
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upper Callovian (P. athleta ACZ, K. proniae ammonite subchrono-
zone, ASCZ). The lower Callovian d13CTOC presents some variation,
recording an overall negative trend in the S. calloviense ACZ (S. cal-
loviense ASCZ). The interval between S. calloviense ACZ (S. enodatum
ASCZ) and K. jason ACZ (K. grossouvrei ASCZ) (middle Callovian) has
more stable d13CTOC values. Except for one sample, d13CTOC in this
interval varies within � 1 ‰, between � -27.5 to � -26.5 ‰. A pos-
itive shift of similar amplitude is apparent from LOESS modelling of
the d13CTOC data from Hold with Hope (Fig. S2). Upwards, a positive
shift of approximately 1.5 ‰ characterizes the transition between
the E. coronatum ACZ (K. grossouvrei ASCZ) and P. athleta ACZ (K.
phaeinum/K. proniae ASCZs). The top of the lower Callovian–middle
Callovian was also analyzed at Staffin Bay, Isle of Skye, Scotland, at
a relatively low resolution. Here, the interval dated from P. koenigi
to P. athleta ACZs is characterized by a � 2 ‰ positive excursion,
from �25 to –23 ‰ (Nunn et al., 2009). The middle–late Callovian
(d13Ccarb-TOC) positive CIE is recorded in the upper part of the Hold
with Hope section (Fig. 2 and S2).

Broadly, the Bajocian/Bathonian is interpreted as an interval of
high eccentricity, high carbonate production, relatively low d13C,
and lower temperatures and annually dry climate interrupted by
short periods of intensive rainfalls (Andrieu et al., 2016; Lécuyer
et al., 2003; Martinez and Dera, 2015; Price, 1999). It was postu-
lated that these conditions favoured the export of 12C and carbon-
ates from land to the oceans and promoted high evaporation,
oceanic carbonate supersaturation, and oligotrophic conditions
(Andrieu et al., 2016). The d13Ccarb–TOC minimum during the Late
Bathonian (Figs. 2 and 3) is interpreted to have resulted from the
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overall efficient oxidizing conditions in seawater and low carbon
burial efficiency under oligotrophic conditions (Andrieu et al.,
2016; Martinez and Dera, 2015) during a secular sea-level low
(Haq et al., 1987). The recovery towards more positive d13Ccarb val-
ues and decoupling of the paired d13Ccarb–TOC with invariant d13CTOC

coincides with the onset of the transition to the Middle Callovian–
Early Oxfordian paleoenvironmental mode. This time interval is
characterized by low eccentricity, higher d13C, low carbonate pro-
duction, more eutrophic conditions, and humid and more season-
ally contrasting climates (e.g. (Alberti et al., 2017; Andrieu et al.,
2016; Lécuyer et al., 2003; Martinez and Dera, 2015; Price, 1999)).

In detail, Silva et al. (2020) suggested that the Early Callovian
d13CTOC positive CIE (and recoupling with d13Ccarb) resulted from
increased export of oceanic organic carbon into sediments, materi-
alized by lower Callovian black-shale and organic-rich intervals
observable in Spain (B. bullatus ACZ, Lower Callovian, Gräfe,
2005), Northeast Scotland (M. macrocephalus ACZ, Lower Callovian,
Nagy et al., 2001), central North America (Lower Callovian, Imlay,
1981), Himalayas (C. discus?–P. gracilis ACZs, Upper Bathonian–
Lower Callovian, Yin, 2007), east Greenland (Lower Callovian,
(Callomon, 1993), Atlantic Canada (Lower Callovian,
Mukhopadhyay and Wade, 1990), west-Gulf of Mexico (Cantú–
Chapa, 1969) and Japan (Handa et al., 2014; Kusuhashi et al.,
2002). The apparent superregional and synchronous nature of the
early Callovian (d13CTOC) positive CIE supports this interpretation.
Increased organic carbon burial is also assumed as the cause of
the middle–late Callovian (d13Ccarb-TOC) positive CIE. Organic-rich
facies of Middle Callovian age are known from Southern England
(K. jason, E. coronatum, and P. athleta ACZs Kenig et al., 1994),
northeast Scotland (Calloviense and Jason zones, Lower-Middle
Callovian, Nagy et al., 2001), Isle of Skye (K. jason and E. coronatum,
Middle Callovian, Fisher and Hudson, 1987), and Belarus (S. callo-
viense ACZ, Lower Callovian, Makhnach and Tesakova, 2015).

5.3. The early Callovian (d13CTOC) positive CIE: An aid in the quest of
the Callovian GSSP and SABSs

A detailed d13CTOC curve for the Bathonian–Callovian boundary
was published from Portugal (Silva et al., 2020) and allows for
comparison with East Greenland (Fig. 3). In Portugal, a minimum
in d13Ccarb-TOC is recorded around the H. julii/E. histricoides ASCZs
(H. retrocostatum ACZ), interpreted as the d13C minimum interval
of the early–late Bathonian (d13Ccarb) negative CIE. The d13Ccarb-

TOC dataset is then characterized by decoupling the carbonate
and TOC records, from the upper Bathonian (H. retrocostatum
ACZ, E. histricoides ASCZ)–lower Callovian?. The termination of
the decoupling event is materialized by the 1.5 ‰ amplitude early
Callovian (d13CTOC) positive CIE, associated with the later stages of
the late Bathonian–early Callovian (d13Ccarb) positive CIE.

In the Fossilbjerget section of Jameson Land, a positive CIE of
about 1.5 ‰ initiates around ammonite horizons J24-J26, the base
of the C. apertum ACZ, and is here interpreted as the early Callovian
(d13CTOC) positive CIE (cf. (Silva et al., 2020). The early Callovian
(d13CTOC) positive CIE extends until the C. nordenskjoeldi ACZ, ter-
minating between ammonite horizons J30-J31?. Relatively stable
d13CTOC values characterize the interval just below J31? and J34-
J35, signalling the end of the positive CIE. A slight negative trend
of about 1 ‰ is observed in the M. herveyi–S. koenigi ACZ interval.

The East Greenland data shows that the early Callovian (d13-
CTOC) positive CIE spans the Bathonian–Callovian boundary.
Despite the relatively low resolution of the dataset (a reflection
of available samples from the GEUS archives), the positive CIE is
constrained to the last zone of the Bathonian and the first zone
of the Callovian. In conjunction with the Portuguese dataset, the
only two datasets of good density and coverage, the early Callovian
(d13CTOC) positive CIE (cf. (Silva et al., 2020) is here posited as a



Fig. 3. d13CTOC record of the middle Bathonian–lower Callovian in East Greenland, (chronostratigraphy according to (Callomon, 1993; Callomon et al., 2015) and comparison
with the d13C record from the Lusitanian Basin (Silva et al., 2020), Umbria-Marche Basin (Bartolini et al., 1996); Southern Alpes (Jenkyns, 1996), External Subbetic Basin
(O’Dogherty et al., 2006) (LOESS modelling was applied to the Greenland and Lusitanian Basin datasets, smoothing factor = 0.2, confidence interval = 95 %). The Fossilbjerget
section is used here as it is the most complete section and has the most detailed bio- and chronostratigraphic framework of all three sections from Greenland.
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marker for the Bathonian–Callovian transition, thus adding a new
criterion (secondary marker cf. Murphy and Salvador, 1999) for
the establishment of the Callovian GSSP. Because of the now appar-
ent superregional and synchronous nature of the early Callovian
(d13CTOC) positive CIE, this event will contribute to the enlighten-
ment of superregional faunal relationships between different geo-
graphic domains, and candidate GSSP and SABSs (Fig. 1A and 1B).
The lack of accessibility would, a priori, refrain any Greenland sec-
tion from being a candidate for the Callovian GSSP. However, since
requirements for SABSs follow ICS guidelines for GSSPs but can be
applied with greater flexibility (Head et al., 2023), the (i) expanded
and continuous sedimentary record, (ii) recognition of the early
Callovian d13CTOC positive CIE, and (iii) paleontological richness
makes the Fossilbjerget section a candidate for the Callovian SABS
for the Boreal Province.
6. Conclusions

We analyzed 91 samples from east Greenland’s middle Jurassic
shallow marine sandstones of the Pelion Formation (Store Kold-
ewey and Hold with Hope) and correlative offshore siltstones
and mudstones of the Fossilbjerget Formation (Jameson Land).
The obtained data allowed us to discriminate several isotopic
events. We recognize the early Callovian (d13CTOC) positive CIE as
a superregional isotopic event that straddles the Batonian–Callo-
89
vian boundary, thus adding an important chemostratigraphy mar-
ker for the establishment of the elusive Callovian GSSP and its
SABSs.
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