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ARTICLE INFO ABSTRACT

Editor: Dr. A Dickson During the Middle and Late Jurassic, Europe and the Boreal regions formed a network of semi-restricted, rela-
tively shallow marine basins. Consequently, stable oxygen (5'0) and carbon (5'3C) isotope records from bel-
emnites were strongly influenced by changes in palaeoceanography and climate. New data from eastern
Greenland, which formed the western margin of the critical Viking Corridor (the narrow seaway that linked the
Tethys to the Boreal realm), and compiled data from the Subboreal Province and Tethys Realms are examined
together. In both territories, increases in slsobel across the Lower and Middle Jurassic boundary indicate that

cooling occurred, although this appears to be temporally offset and of variable magnitude across the western
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Boreal Subboreal Province and Tethys Realm. This suggests that changes in ocean current patterns played a major role
VOICE in governing the 880y signal. The Middle to Upper Jurassic transition is characterised by relatively heavy

580y, values in the Subboreal Province, but is less pronounced in the northwest Tethys, suggesting that this
trend may have been caused by a strengthening of a southward current bringing colder Boreal waters south-
wards. The uppermost Jurassic shows increases in both 5180bel and 513Cbe1, consistent with the observed VOICE
event as recorded in Boreal terrestrial organic matter 5'°C, and supporting this evidence that the Boreal realm
become isolated from the lower latitudes across the Jurassic — Cretaceous boundary.

1. Introduction

The break-up of the supercontinent Pangaea during the Middle and
Late Jurassic led to dramatic changes in oceanography, which in turn
governed equator-to-pole heat transport, extent of species area and de-
gree of provincialism, and regional to global climatic conditions. The
narrow seaway of the Viking Corridor formed during this period of
continental break-up, and connected the Boreal Realm with the Tethys
Realm (Fig. 1; Torsvik et al., 2002). During the Jurassic, the Viking
Corridor was variably open or closed (e.g. Doré, 1991; Torsvik et al.,
2002; Callomon, 2003; Page, 2008), which markedly affected marine
palaeobiogeographic distribution patterns and potentially regional to
global climatic and environmental trends (e.g. Page, 2008; Nunn et al.,

2009; Price and Rogov, 2009; Nunn and Price, 2010; Korte et al., 2015;
Georgiev et al., 2017; Wierzbowski et al., 2018; Rogov et al., 2020;
Vickers et al., 2020). These changes in climate and circulation are
documented in the stable oxygen (8'%0) and carbon (5'3C) isotopic
signatures of calcifying organisms, and in the carbon stable isotopes of
organic matter. Among the marine calcifiers, belemnites, bivalves and
brachiopods are frequently used in Jurassic studies due to their ubiq-
uitous spread across high to low latitudes, and their high preservation
potential (Veizer et al., 1999; Jenkyns et al., 2002; Dutton et al., 2007;
Dera et al., 2011; Alberti et al., 2012; Wierzbowski et al., 2013; Korte
et al., 2015). Yet, it rapidly became apparent that belemnites recorded
different isotopic values than co-occurring non-cephalopod molluscs (e.
g. Voigt et al., 2003; Dera et al., 2011). In part, this is likely due to their
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different habitats, as belemnites were free-swimming and different
genera are believed to have inhabited different water depths, with many
being pelagic (e.g. Klug et al., 2016; Hoffmann and Stevens, 2019;
Vickers et al., 2019, 2021), whereas bivalves and brachiopods are
benthic organisms. Thus, sedimentologically co-occurring belemnites
and benthic calcifiers were precipitating their shells from different water
depths, with bottom waters expected to be colder and have potentially
different 5'%0g, to photic-zone waters. However, contradictorily, bel-
emnites consistently show the same or “cooler” §'80 than co-occurring
benthic organisms (e.g. Voigt et al., 2003; Dera et al., 2011). Recent
work has shown that belemnites fractionate 80 differently to other
molluscs, and therefore direct comparison between belemnites and
other molluscan isotope records cannot be made (Bajnai et al., 2020;
Vickers et al., 2021), although trends in the records may be compared
(Korte and Hesselbo, 2011). Examination of the belemnite stable isotope
record can reveal information about temporal and spatial
palaeo-oceanographic and climate trends in the upper part of the water
column. Yet, caution must be used when interpreting 5'80 trends as both
changes in salinity and temperature affect the 5'80 of calcite, which may
dampen or magnify the signal recorded (e.g. Wierzbowski et al., 2018;
Vickers et al., 2020). As Europe was essentially a series of restricted
basins during the Jurassic (Fig. 1), the basins were likely to have seen
strong changes in salinity, linked to changes in paleocurrent directions
and climate-related changes in the hydrological cycle, making it often
very difficult to untangle climatic and palaeoceanographic signals.

This study investigates the magnitude, duration and spatial extent of
stable isotopic perturbations in the northern hemisphere during the
Middle and Late Jurassic (Fig. 1), through examining belemnite stable
isotope trends from the western margin of the crucial Viking Corridor,
and comparing them to compiled data from the Boreal Realm, Subboreal
Province and Tethys Realm. We discuss the possible relative influence of
changes in palaeoceanography and climate to the stable isotope records
of the broader Euro-Boreal region.

A Middle Jurassic (ca. 170 Ma)
Bajocian - Bathonian
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1.1. Geological setting

Jurassic sedimentary rocks along the western margin of the Viking
Corridor are exposed in the coastal ice-free areas of East and North-East
Greenland along a ca. 700 km long stretch from Jameson Land in the
south to Store Koldewey in the north (Fig. 1B).

A relatively complete upper Triassic-lowermost Cretaceous succes-
sion is preserved in the Jameson Land Basin, whereas the areas north of
Jameson Land only include Middle and Upper Jurassic sedimentary
rocks. The Lower Jurassic succession of Jameson Land was deposited in
a gently subsiding basin during thermal contraction, and comprises the
organic-rich Ostreaelv and Sortehat Formations. Subsidence became
differentiated and asymmetric with the initiation of a major rift phase in
the Bajocian (Middle Jurassic) with greater subsidence to the west
(Surlyk et al., 2021). The configuration of the southern Jameson Land
Basin was largely a gently tilted platform, whereas the north was
characterised by half-graben rift basin geometry (Fig. 1B; Surlyk, 2003;
Surlyk et al., 2021). This is particularly evident in the Wollaston Fore-
land Basin (Surlyk, 1978). The sedimentary strata reflect northwards
younging on progressively older rocks with Triassic strata in the south
and crystalline peneplaned basement in the north. This onlap toward the
north may reflect late Early Jurassic domal uplift in northern North-East
Greenland, with subsequent erosion of the dome followed by the Middle
Jurassic rifting and transgression (Surlyk, 1977, 1978; Surlyk et al.,
2021).

The Middle Jurassic succession of the Jameson Land and Wollaston
Foreland basins is dominated by shallow-marine sandstone (the wide-
spread Pelion Formation) deposited in large embayments bordered to
the east by peninsulas, which were controlled by the uplifted shoulders
of inherited fault blocks tilted to the west (Surlyk, 1977).

Sea level rose during the Middle and Late Jurassic, and the succes-
sion accordingly forms an overall backstepping stacking pattern pro-
gressively fining upwards into offshore marine organic-rich mudstone
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Fig. 1. Maps of the Viking Corridor palaeogeography and section distribution in the studied East Greenland basins. (A) Middle and Late Jurassic palaeogeography of
the Euro-Boreal region (modified from Torsvik et al., 2002). The map for the Middle Jurassic indicates that shallow waters could potentially have constituted a
barrier between the Arctic and Tethys Oceans. By the Late Jurassic, the seaway had reopened due to sea-level rise. (B) Geological map of East Greenland showing
outcrops and distribution of the studied gross sedimentary basins (modified from Surlyk, 2003). JLB, Jameson Land Basin; WFB, Wollaston Foreland Basin.
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reflecting deep and relatively tranquil deposition in the Kimmeridgian
(Late Jurassic) (Surlyk, 2003). This came to an abrupt end in the latest
Jurassic during middle-late Volgian maximum rifting that resulted in a 2
to 3 km thick, marine succession of coarse-grained gravity-flow deposits
in the deepest parts of the half-grabens along the western major
bounding fault (Surlyk, 1978; Surlyk et al., 2021).

2. Materials and methods
2.1. Materials

Belemnite samples were sourced from the Geological Survey of
Denmark and Greenland (GEUS) sample archive, originally from the
collections of M. Enkilde and P. Alsen, and are available to be loaned on
request. The samples were collected during several fieldwork campaigns
in East and North-East Greenland between 1990 and 2017, by a number
of colleagues from the Geological Institute (now Department of Geo-
sciences and Natural Resources Management), University of Copenha-
gen and GEUS. Much of the material from Jameson Land was compiled
by M. Engkilde.

Due to the spread of the samples across five sub-regions of East
Greenland and the difficulty in correlating outcrop sections, the samples
were collected with stratigraphic reference to the ammonite faunal ho-
rizon, rather than with reference to a sedimentary log. In total, 79 low-
Mg calcite belemnites were selected from five East Greenlandic sub-
regions spanning palaeolatitudes of 50-55°N: Jameson Land, Milne
Land, Traill @, Hold with Hope and Store Koldewey (Fig. 1B). The bel-
emnites are not determined taxonomically but Jurassic belemnites from
East Greenland typically belong to the Subboreal genera Cylindroteuthis
and Pachyteuthis (Spath, 1932, 1935, 1936; Doyle, 1987), two genera
which are believed to have inhabited the same water depths (Vickers
et al., 2020).

The stratigraphic placement of the specimens is based on a compi-
lation of Greenlandic ammonite biostratigraphy using the Lower
Jurassic zonation of Koppelhus and Hansen (2003), the Middle Jurassic
zonations of Callomon (1993, 2003) and Callomon et al. (2015), and the
Upper Jurassic zonation of Surlyk (1978, 1991), Sykes and Callomon
(1979), Callomon and Birkelund (1980), Birkelund et al. (1984), and
Birkelund and Callomon (1985). Ammonites are limited in some sections
in East Greenland, and where ammonites are not found, palynostratig-
raphy is used for age assessment instead (e.g. Piasecki and Stemmerik,
2004; Piasecki et al., 2004a, 2004b; Alsen and Piasecki, 2018). The
palynostratigraphic events and ranges have been meticulously analysed
within the ammonite stratigraphy, often with palynomorphs derived
directly from ammonite samples, providing the closest possible corre-
lation between ammonites and palynomorphs (Milner and Piasecki,
1996; Piasecki, 1996). Regional stratigraphic ties are based on correla-
tion with the Russian Platform and with the Subboreal Province (Rogov,
2010; Hesselbo et al., 2020).

2.2. Sample screening

Surface examination of selected belemnite rostra were undertaken by
secondary electron Scanning Electron Microscopy (SE SEM). Sub-
millimetric solid pieces from the sampled rostral area were placed on
SEM stubs. The stubs were gold-coated using a Polaron Equipment
Limited SEM coating Unit E5000 to avoid electronic build-up during
analysis. Examination of the crystal morphology was undertaken using
backscattered electrons on an FEI Quanta Inspect 250 Scanning Electron
Microscope under high vacuum of 1.8-2.2 ptorr and an electron beam
with 95-97 pA current at 20 kV at the Geological Museum, Natural
History Museum of Denmark, University of Copenhagen.

All samples were screened for diagenetic alteration using inductively
coupled plasma-optical emission spectrometry (ICP-OES) analysis. For
ICP-OES analysis, aliquots of 300-700 pg were weighed into plastic
tubes. Samples were diluted with 2% nitric acid to a nominal Ca
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concentration of 25 pg/g and analysed for element/Ca ratios against a
set of matrix-matching calibration solutions using an Agilent 5110 VDV
ICP-OES at Camborne School of Mines, University of Exeter. Measure-
ments were repeatedly controlled against certified reference materials
and synthetic quality control solutions (see Ullmann et al., 2020 for full
analytical detail).

2.3. Carbon-isotope and oxygen-isotope analyses

A total of 234 stable carbon-isotope and oxygen-isotope analyses
were performed on the 79 belemnite rostra, whereby two to three sub-
samples were collected per specimen. Additionally, one sub-sample of
macroscopically visible diagenetically altered material was taken from
the porous apical line of the rostra. This region of the rostra is believed to
be representative of the diagenetic signal, because it typically contains a
high percentage of infilled diagenetic sparry and/or recrystallised
calcite (Ullmann et al., 2015). The dorsal side of belemnite rostra was
preferentially taken for sampling and prepared following preparation
techniques documented by previous authors in detail (Ullmann et al.,
2013a). Analytical procedures by Spotl and Vennemann (2003) were
adopted and performed using an IsoPrime Triple Collector Isotope Ratio
Mass Spectrometer with continuous flow setup at the stable-isotope
laboratory of the Department of Geosciences and Natural Resource
Management, University of Copenhagen.

Belemnite rostra were drilled using a handheld drill with a diamond-
sintered drill bit of approximately 1 mm diameter, and extracted sample
material equivalent to 0.6 mg carbonate was placed into glass Labco
vials and sealed with plastic lids. Vials were flushed with helium to
remove atmospheric gasses and subsequently reacted with nominally
anhydrous phosphoric acid at 70 °C for 90 min. The measured 3C/12C
and 80,90 ratios were normalised against a CO, reference gas. The
reproducibility of the analyses was 0.04%o for s'3¢ (1 o, n 84) and
0.06%o for 5'%0 (1 0, n = 84) based on 15 standards to 45 samples in each
batch of analyses. Isotope ratios were corrected with the in-house
reference material LEO (8'3C = +1.96%0; 580 = —1.93%0; see Ull-
mann et al., 2013a), which is calibrated to the international reference
materials NBS-18 and NBS-19, ensuring accurate determination of
isotope ratios.

2.4. Statistical treatment of the data

A generalised additive model (GAM) was fitted to the data to capture
trends in the data through time. Only samples that passed the screening
for diagenetic alteration were included in the estimation of stable
isotope trends and the fit was undertaken against time, derived by
binning the data into discrete biozones. The same method was used on a
compilation of published data to compare trends across the Tethys and
Boreal realms. The correlations between the Boreal, Subboreal, and
Tethyan biozones are as given in Hesselbo et al. (2020).

A GAM was used in preference to other approaches, such as LOESS
curve fitting, as it is more suitable for data with categorised predictor
variables (in this case the age - the samples were binned into discrete
biozones). The pyGAM package (Servén and Brummitt, 2018) was used
to construct the GAM using an identity link function and normal dis-
tribution, with a single spline term and intercept. The number of splines
(nspline parameter) was chosen apriori to reflect the variation in the
data across the timescale studied using, for the stable isotope data,
nspline = 25, with the exception of the southwest Tethys which repre-
sents a considerably shorter time period (nspline = 10). For the Sr/Ca
data, npsline = 10 was chosen to show the lower resolution of variation
observed in the record. The curve fit was then optimised using the
PyGAM gridsearch function to find the optimal value for the Lambda
parameter. This parameter is a penalty on the second derivative which
ensures the smoothness of the curve. The confidence interval for the
model was estimated using the confidence_interval method in pyGAM,;
this confidence interval is for the fit of the model given the data and
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therefore primarily reflects the density of the data. Additionally, this
method assumes that the smoothing parameters are fixed, whereas we
have optimised the Lambda parameter based on the data which will tend
to lead to an underestimation of the p value.

3. Results
3.1. Element concentrations and optical investigations

Ultra-structure examination under SE SEM shows, for most rostrum
sub-samples, preservation of the obelisk-like morphology of the rostrum
crystal, with rare occurrences of slight dissolution or recrystallisation
(Fig. 2).

Strontium and manganese concentrations in belemnite rostrum can
be used as proxies for diagenesis (e.g. Ullmann and Korte, 2015). The Sr/
Ca ratios of the dataset range between 0.21 and 2.54 mmol/mol. A clear
diagenesis trend occurs in the Sr/Ca ratios in altered apical-line samples,
with progressively lower Sr/Ca ratios relative to more negative %0
values (Fig. 3A), although the variations are not large and in some cases
Sr/Ca ratios may even be higher than ratios from rostrum samples
(Fig. 3A).In the unaltered samples, highest Sr/Ca ratios occur in the
Toarcian and decrease in the Middle Jurassic before increasing again in
the Late Jurassic (Fig. 4).
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In general, Mn/Ca ratios are significantly lower in rostrum samples
compared to the apical-line samples. Mn/Ca ratios range between 8.27
and 0.0 mmol/mol, with the highest Min/Ca ratios in the apical line sub-
samples relative to adjacent sub-samples of the rostrum (Fig. 3B). The
highest Mn/Ca ratios (0.03-0.31) in rostrum occur in belemnites from
the organic-rich Aalenian-Bajocian Sortehat Formation.

High Mg/Ca ratios only occur in altered sub-samples. Correlation
between 580 and 5!3C ratios show that lower 5'3C ratios coincide with
negative 580 ratios in altered apical line subsamples (Fig. 3C).

3.2. Carbon-isotope and oxygen-isotope trends

The Greenland Jurassic belemnite §'80 values (averaged per sample
after screening for alteration) range from —4.03 to 1.50%o, with a mean
of —0.54%o (Fig. 4). The belemnites show a mean standard deviation of
0.41%o between subsamples of the well-preserved specimens. The GAM
shows lowest average 6180be1 in the Toarcian (although data are sparse),
increasing to the Bajocian and remaining higher (c. -1) into the Oxfor-
dian (Fig. 4). The data are fairly scattered in this interval, with most
negative values occurring in the Bajocian and Bathonian and most
positive values found in the upper Callovian. The GAM for the Upper
Jurassic 5'®0, is almost invariable, with an average remaining con-
stant around c. -1 (Fig. 4). Though the data is sparse in this interval, the

Fig. 2. Secondary electron (SE) scanning electron microscopy (SEM) images of belemnite rostra. (A) Well-preserved belemnite from the C. pompeckji Zone, Traill @,
showing single crystal with obelisk-like morphology and the more porous growth band (red arrow). (B) Well-preserved belemnite from the A. rosenkrantzi Zone,
Milne Land, showing single crystal with obelisk-like morphology. (C) Slightly dissolved crystals in a rostrum from the K. jason Zone, Hold with Hope. (D) Partially
recrystallised rostrum from the C. pompeckji Zone, Traill @. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 3. Common proxies for diagenesis from altered apical line and rostrum samples, to evaluate the preservation degree of the belemnites. (A) Belemnite 580
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variables increasing scatter with higher ratios (e.g. Nunn and Price, 2010). Cut-off limits for screening the rostral samples are indicated by dashed lines.

scatter is lower throughout the interval than observed in the Middle
Jurassic (Fig. 4).

The Greenland Jurassic belemnite 5'3C values, averaged for indi-
vidual specimens, range from —0.71 to 4.55%o, with mean of 1.88%o
(Fig. 4). Individual belemnite specimens show a mean standard devia-
tion of 0.44%0 between subsamples of the well-preserved regions. The
GAM shows 813Cbe1 decreasing from the Toarcian to the Middle Jurassic
(Fig. 4). There is an increase into the Callovian, with the GAM dropping
down again in the Upper Jurassic (Fig. 4). However, the data are sparse
and fairly scattered in the Upper Jurassic and lower resolution variations
may have been missed.

4. Discussion
4.1. Preservation

The preservation of the belemnite rostra was evaluated for any post-
burial and/or meteoric diagenesis. Isotope ratios, element concentra-
tions and ultra-structure examination collectively indicate whether the
degree of preservation of the belemnites is pristine or if post-
depositional overprinting biased them significantly (e.g. Ullmann and
Korte, 2015; Ullmann et al., 2015). Decreasing Sr/Ca ratios, increasing
Mn/Ca and Fe/Ca ratios and negative correlation between §'2C and §'%0
(Brand and Veizer, 1980, 1981; Veizer, 1983; Marshall, 1992; Nunn

et al., 2009; Nunn and Price, 2010; Ullmann and Korte, 2015; Ullmann
et al., 2015) are common indicators for diagenetic alteration in belem-
nite rostra. Comparison of the “well-preserved” belemnite rostral data to
the data from the apical line sub-samples helps to distinguish diagenetic
trends (Fig. 3), as this central porous part of the rostrum is rapidly
infilled with diagenetic minerals after deposition, including diagenetic
calcite phases. For the present study, the upper limit for Mn/Ca ratio is
conservatively placed at 0.15 mmol/mol, based on where apical line
values dominate the signal (Fig. 3D), comparable to literature Mn/Ca
limits between 0.06 and 0.46 mmol/mol for well-preserved Jurassic
belemnites (e.g. Ullmann and Korte, 2015). An upper limit for Fe is
placed at 2 mmol/mol (Fig. 3D).

The 580} and 8'3Cpe; show a slight negative correlation (Fig. 3A),
with r? values of 0.41 for the apical line samples and 0.26 for the rostrum
samples. We place a limit of —5%o on slsobel for rostrum to be consid-
ered in the compiled data since apical line values dominate below this
(Fig. 3A).

Decreasing strontium incorporation into the calcite may also be an
indicator of diagenesis, yet it is also related to the growth rate (whereby
fast precipitation results in Sr enrichment), and the amount present in
the seawater (Lorens, 1981; Shen et al., 2001; Ullmann et al., 2013b;
Ullmann and Korte, 2015; Korte et al., 2017). Likewise, the Sr/Ca ratio
of seawater can be affected by seawater temperature resulting in higher
concentrations with increasing temperatures (Dodd, 1965; Korte and
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Fig. 4. Belemnite 5'%0 and §'3C values and Sr/Ca ratios from this study plotted against Subboreal ammonite stratigraphy and relative sea level (Surlyk, 2003). The
belemnite data are binned according to their Subboreal ammonite zone (due to the lithostratigraphic variation between outcrops making it impossible to plot the data
against lithostratigraphic height). Each data point represents an average of the unaltered subsamples, and the error bars indicate the standard deviation.

Hesselbo, 2011). These other influences therefore complicate the
interpretation of the Sr/Ca ratios; a vague positive correlation is
observed between 8'80p¢ and Sr/Ca in apical line samples (% = 0.45),
suggesting a diagenetic trend, whereas the rostral samples show, if
anything, increasing Sr/Ca with decreasing %0y (r2 = 0.2 excluding
the 4 outliers; Fig. 3C). This may be related to temperature or changing
seawater Sr/Ca (i.e. change in ocean current patterns), both of which
may result in the observed covariance of Mg/Ca and 5'80pe1.
Magnesium incorporation into calcite may similarly be affected by
growth rate, temperature, degree of alteration and seawater Mg/Ca
values (Nunn and Price, 2010; Ries, 2010; Ullmann et al., 2015). As
seawater Mg/Ca ratios are believed to have varied significantly
throughout the Jurassic (e.g. Ries, 2010), and as a positive correlation
between Mg/Ca and 5180y is most clear in the altered apical line

samples (Fig. 3B; Ullmann et al., 2015), we do not consider that pre-
cipitation temperature was the main control on Mg/Ca of the belemnite
rostra analysed.

4.2. Effect of local processes on the stable isotope record

It is necessary to evaluate if local processes affected the belemnite
stable isotope signal in the East Greenlandic basins, as the depositional
environments across these basins were temporally and spatially variable
(Fig. 5), which may have dampened or amplified the broader regional
isotope trends along the Viking Corridor. Such effects may be respon-
sible for the unusually heavy §'3C values for the belemnite rostrum in
the proximal shallow-marine sand at Store Koldewey (>3.5%o),
compared to the other localities which represent more distal
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Fig. 5. Palaeogeographic evolution of East Greenland during the Middle and Late Jurassic showing the transgressive trend from the Aalenian to the early Volgian

(Surlyk, 2003). Red stars mark location of belemnites from that interval. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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environments (Fig. 4). The §'3C signals may indicate that the water
masses in the northern Wollaston Foreland Basin and the southern
Jameson Land Basin were not fully connected. The 8'3C signal of the
Wollaston Foreland Basin may predominantly have been influenced by
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Lower Cretaceous succession of south-eastern France (Bodin et al.,
2016). Erosion of the proposed late Early Jurassic doming in North-East
Greenland (Surlyk, 1978) may also explain the offset in §!3C. The
Bathonian-Callovian data fill a gap in the Subboreal and Boreal

belemnite isotope record enabling comparison to coeval datasets
(Fig. 6). Therefore, further investigation is needed to establish if the
cause for this lateral variation in the Bathonian §'3C signal is of local or
regional extent.

water exchange from the Arctic Ocean with a heavier §'3C composition
compared to the dissolved inorganic carbon ratio (613CDIC) of the
southern Viking Corridor, which was connected to the Jameson Land
Basin. Alternatively, spring blooming may have played a role in the §'3C
offset between the sections and possibly affecting the shallow areas
more (e.g. Ullmann et al., 2013c). Previous authors have also suggested
a strong lithological control on 8'3Ceyy, due to local variation in car-
bonate composition causing an offset between 5'3Cear and 613C0rg ina

4.3. Paleoceanographic and climatic trends

Both the §'%0 of the seawater from which a calcite grew (51803w),
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Fig. 6. Belemnite §!°0 trends across the Euro-Boreal region. Only belemnite §!%0 records are shown as it has been demonstrated that belemnites fractionate 20
closer to equilibrium than other molluscs (e.g. brachiopods), and therefore direct comparison of belemnites with other molluscan 5'%0 should not be undertaken
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Province from Anderson et al. (1994); McArthur et al. (2000); Jenkyns et al. (2002); Wierzbowski (2002, 2004); Price and Page (2008); Nunn et al. (2009); Price
(2010); Li et al. (2012); Ullmann et al. (2014); and Korte et al. (2015). Northwest Tethys from Podlaha et al. (1998); Wierzbowski (2002, 2004), Wierzbowski et al.,
2009, Wierzbowski and Joachimski (2007); Metodiev and Koleva-Rekalova (2008); Dera et al. (2009b); Korte et al. (2015). Southwest Tethys from Jenkyns et al.
(2002); van de Schootbrugge et al. (2005); Gomez et al. (2008, 2009). Eastern Subboreal Province from Podlaha et al. (1998); Riboulleau (2000); Riboulleau et al.
(1998); Grocke et al. (2003); Price and Rogov (2009); 74k et al. (2011); Wierzbowski et al. (2013); Wierzbowski and Rogov (2011). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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and the temperature at which it was precipitated, are known to affect its
5'%0 (e.g., Anderson and Arthur, 1983). For this reason, we have not
converted raw 580y, to temperature as this requires making assump-
tions regarding the 61805W which cannot be justified (e.g. Wierzbowski
et al., 2018). During the Middle and Late Jurassic, the Euro-Boreal re-
gion (consisting of the Boreal Realm, Subboreal Province and Tethys
Realm) was comprised of a series of semi-restricted basins (Fig. 1). As
such, these basins are likely to have experienced strong changes in
salinity, linked to changes in paleocurrent directions and climate-related
changes in the hydrological cycle, all of which could lead to a local
618Osw value different from the global average (e.g. Zhou et al., 2008).
The possibility of the waxing and waning of small polar ice-caps (as
proposed by Dromart et al., 2003) would further exacerbate this effect as
it pushes the global average 5!%0, to lower values (e.g. Shackleton and
Kennett, 1975). Recent clumped isotopic studies demonstrate that a
broad range in 61805w (>3%o) is recorded by belemnites from a single
biozone at a single location (Vickers et al., 2021) and across high to low
latitudes in a single time slice (Price et al., 2020), and that a broader
range (>6%o) is observed at a one locality over geological time (e.g.
Middle to Late Jurassic or Late Jurassic to Early Cretaceous; Wierz-
bowski et al., 2018; Vickers et al., 2019, 2020). Thus, in order to un-
tangle the climatic palaeoceanographic signals in the Euro-boreal region
during the Middle and Late Jurassic, intercomparison of different re-
gions/basins is necessary, along with other, independent temperature
proxy and palaeogeographic-indicative data.

The end of the Early Jurassic saw the most extreme changes in
climate, carbon cycling and oceanography of the entire Jurassic period,
during the Toarcian Ocean Anoxic Event (TOAE). This global event
resulted in a second-order mass-extinction due to the combination of
warm climate and low oxygen conditions in the ocean, and is charac-
terised by a large excursion in organic and carbonate carbon isotope
records, and multiple perturbations in marine carbonate §'80 records (e.
g. Jenkyns, 2010; Danise et al., 2013; Ullmann et al., 2020; Riibsam
et al., 2020). The TOAE carbon isotope event peaked in the lower
Toarcian (falciferum zone) and carbon records had returned to pre-CIE
values by the bifrons zone (e.g. Suan et al., 2015; Hougard et al.,
2021). Belemnite and bivalve §'80 records from southwest Tethys across
the CIE itself generally covary with biomarker SSTs, yet the 5180 records
are observed to show greater variability, likely due to the effect of
varying SISOSW as well as climate (Riibsam et al., 2020). Clay mineral
distributions indicate variable climate (warm humid and cool dry)
across the Toarcian, with the late Toarcian being characterised by
cooler, drier climate than the middle Toarcian (Dera et al., 2009a). From
the peak of the negative CIE into the Middle Jurassic, belemnite oxygen
isotope records show variability across different regions (Fig. 6). In the
northern UK., 50 remaining low until the Toarcian-Aalenian
boundary (Fig. 6; Korte et al., 2015). Doré (1991) and Korte et al.
(2015) hypothesised that the isotopic trends observed in the northern U.
K. were due to northward transport of warm seawater impeded by
doming in the North Sea, which had triggered regional cool-mode
conditions as heat transport to the Arctic ceased. This barrier may
have caused the observed separation of the Boreal faunas from the
Tethyan faunas (Doré, 1991; see also Meledina et al., 2005). In the
northwest and southwest Tethys, there is a decrease (i.e. warming/
freshening) in 5'%0pe; at the Toarcian-Aalenian boundary (aalensis
zone), with a positive peak (consistent with cooling) occurring later (in
the lowest Aalenian opalinum zone) (Fig. 6). Yet, offset in peak cooling
may be an artefact of data treatment; by binning of the data by biozone it
is difficult to assess if the Tethys Realm truly saw a delay in the cooling
compared to the western Subboreal Province. Due to the sparse sampling
across the Toarcian interval in Greenland, trends in the Viking corridor
are difficult to pick out, though it is noted that lowest (i.e. warmest/
freshest) 580 values for the whole study are observed in the Toarcian
compared to the Middle and Upper Jurassic. A lack of data from the
Aalenian mean it is not possible to determine where 5'®0 began to in-
crease; high (“cooler”) 5'80pe is observed in the Bajocian, where the
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first Middle Jurassic samples were measured.

Recent carbon isotope work has suggested that global atmospheric
pCO, experienced at least two low interludes during the early Bajocian
(in the Propinquans and Humphriesianum zones), with the possibility of
the development of transient continental ice-caps as suggested by the
coincidence of relative sea-level fluctuations with A'3C records (Bodin
et al., 2020). Whilst our stable isotope data and comparison with other
records, binned as they are by biozone, cannot resolve biozone-scale and
higher resolution trends, the western Subboreal Province does show a
positive peak (consistent with cooling/ increased salinity) in the across
the Aalenian - Bajocian boundary, and in the southwest Tethys a posi-
tive peak is observed in earliest Bajocian (Fig. 6). These peaks, and the
heavier 5'80} observed in Greenland are consistent with Bajocian
cooling and ice-cap development (which would have removed 160 from
the ocean system). The 613Cbe| records show much scatter in the western
Subboreal province, making the signal difficult to interpret (again, this
may be an artefact of the data treatment, with the “bins” being too broad
to identify higher resolution trends), yet small positive peaks in 5'3Cpel
south- and northwest Tethys are consistent with lower atmospheric CO;
(Fig. 7).

The Bathonian and Callovian saw Tethyan ammonite migration
poleward (Poulsen and Riding, 2003), which ultimately resulted in a full
ammonite faunal reconnection by the Callovian (Doré, 1991; Torsvik
et al., 2002; Callomon, 2003; Page, 2008). This was coincident with an
overall transgressive trend of the Middle Jurassic succession in East
Greenland (Poulsen and Riding, 2003). The Subboreal Province records
do not span this interval, yet in the northwest Tethys, higher (“cooler” or
more saline) values persist through the Bathonian and Callovian,
although are slightly higher in the Bathonian than Callovian (Fig. 6).
The Viking Corridor maintains a fairly constant average &!%Ope
throughout this interval; slightly lower in the Bathonian than the Cal-
lovian. By the observed northward migration of Tethyan ammonites, we
would expect that northwards (i.e. Tethys-sourced) currents became
more dominant during this this interval the Viking Corridor. Therefore,
the low-amplitude trend to higher values in the Callovian, and the
overall high §'®0p values in northwest Tethys may reflect salinity
changes rather than temperature.

A cool episode of c. 1-3 °C spanning the Callovian — Oxfordian
boundary was proposed by Dromart et al. (2003), based on floral and
faunal assemblages and §'%0 of shark tooth enamel from northwest
Tethys. An invasion of Boreal ammonites southwards through the
Callovian-Oxfordian boundary interval, and changes in palynofloral
assemblages, are consistent with cooler, humid conditions during this
time (Poulsen and Riding, 2003; Dromart et al., 2003 and references
therein). As data from Greenland are lacking across this interval, it is not
possible to assess trends along the Viking corridor spanning the Cal-
lovian — Oxfordian boundary, yet we note that the highest belemnite
value measured for the Viking Corridor is measured in the lamberti zone.
Belemnite 5'%0 data from western and eastern Subboreal Province show
a positive 6180bel peak (consistent with cooling) across the Callovian-
Oxfordian boundary (Fig. 6); Both show highest values in the athleta
zone. A much smaller magnitude peak is observed in the northwest
Tethys, but we note that there is a lack of data for the mariae zone. The
trends to higher (“cooler”) 880, with a larger magnitude change in the
Subboreal Province than northwest Tethys are consistent with a change
in oceanography bringing cold, Boreal waters southward during the
Callovian - Oxfordian transition (Fig. 6).

A gentle decreasing in 5'80y¢ (i.e. “warming™) is apparent from the
middle Oxfordian to the upper Kimmeridgian in both western and
eastern Subboreal Provinces, and is more pronounced in the Russian
Platform (Fig. 6). However, belemnite clumped isotope temperature
reconstructions for the Russian Platform reveal an almost invariable
belemnite calcite temperature throughout the Late Jurassic, suggesting
that the 880, trends were largely driven by a decrease in salinity on
the Russian Platform, rather than changes in temperature (Wierzbowski
et al., 2018). Yet, the large error (often > + 5 °C) and low resolution of
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Fig. 7. Belemnite 5'3C trends across the Euro-Boreal region. Data, data treatment, and timescale as given in Fig. 6, except for the addition of 613Corg data from Arctic
Svalbard (Koevoets et al., 2016; Koevoets et al., 2018 and Jelby et al., 2020), showing the declining limb of the VOICE event (dotted trendline fitted by eye).

the clumped isotopic study means that smaller magnitude (e.g. 1-3 °C)
changes in temperature may not have been resolved. Independent of
618Obel, Boreal ammonite forms retreated northwards in the middle
Oxfordian and Tethyan forms dominated European assemblages (Dro-
mart et al., 2003 and references therein). Greenland belemnite data
(Viking Corridor) are sparse across this interval, yet an increasing trend
is observed starting from the corontaum zone and into the lamberti zone.
In the upper Oxfordian to upper Kimmeridgian, Greenland belemnites
maintain an average 580}, of c. -1%o, with no significant departures to
higher or lower values, although data are too sparse through this in-
terval to determine if this is significant. This co-varying 50y trend
across the Subboreal Province, and the evidence of co-occurring
ammonite fauna between Greenland, the North Sea and the Russian
Platform may suggest that the seaway remained open during the
Oxfordian and lower — middle Kimmeridgian (e.g. as suggested by Cal-
lomon, 1975; Callomon and Birkelund, 1982; Fig. 1) and that
northward-flowing currents became more dominant (Fig. 6). This is
supported by the sparse data from northern Siberia which shows similar
6180bel values to the Russian Platform in the Oxfordian, but becoming
increasingly offset (more positive) than the Russian Platform in the
Kimmeridgian (Fig. 6).

In the upper Kimmeridgian, Arctic organic carbon isotope (813Corg)

10

records evolve away from global records, showing a distinct negative
excursion of magnitude of 3-5%o which peaks in the Volgian (upper
Tithonian), and is known as the ‘Volgian Isotopic Carbon Excursion’
(VOICE) event (e.g. Hammer et al., 2012; Koevoets et al., 2016;
Galloway et al., 2020; Jelby et al., 2020). Subboreal 513C0rg records also
show a decreasing trend, although not as distinctive as the high Arctic
records from Canada and Svalbard (Fig. 7; Jelby et al., 2020). Whilst
belemnite §'3C records show more scatter than sedimentary organic
matter records, a declining trend is observed in the Subboreal Province
and suggested by the sparse data from Greenland (Fig. 7). Faulting in the
North Sea and/or eustatic sea-level fall are believed to have caused an
oceanographic barrier that separated the relatively shallow epeiric seas
of the high latitudes and the Arctic from the open oceans of the Tethys
(Doré, 1991). This led to significant faunal differences between
Greenland and England in middle Tithonian times (Callomon and Bir-
kelund, 1982; Birkelund and Callomon, 1985; Wierzbowski, 1989).
Boreal ammonites became isolated and there was provincialism in
dinoflagellate cysts in the Boreal and Tethys realms (Poulsen and Riding,
2003).

Yet, the cause of the VOICE negative CIE in high palaeolatitudes is
still not understood. Eustatic sea-level fall and corresponding isolation
of the Boreal Realm and Subboreal Province from the Tethys Realm is
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hypothesised to have led to enhanced oxidation of organic matter
(Galloway et al., 2020; Jelby et al., 2020). Observed black shale depo-
sition in the Boreal Realm and Subboreal Province, which peaked during
the Kimmeridgian and Volgian (Rogov et al., 2020), is consistent with
stratification-prone slower circulation patterns leading to increased
dysoxia-anoxia episodes in the shallow shelf seas of the Boreal realm, yet
may be expected to have driven 8'3Cg, to more positive values. Georgiev
et al. (2017) and Rogov et al. (2020) and hypothesise that long term
warming accompanied this black shale deposition (as suggested by
palynological and clay mineral data for the Boreal Realm); 5'80pe from
the eastern and western Subboreal Province generally show a decreasing
trend throughout the VOICE interval (Fig. 6). The style of black shale
deposition in the Boreal realm at this time is quite different from typical
OAEs, being limited to the Arctic/Boreal realm, diachronous across
different basins and sub-basins, and with no significant faunal turnover
(Rogov et al., 2020), and further work is needed to understand the
mechanisms driving the observed changes in total organic matter con-
tent (black shales) and 5!3C in the northern high latitudes across the
Jurassic-Cretaceous boundary (see global correlation of Upper Jurassic —
Lower Cretaceous carbon-isotope records in Jelby et al., 2020).

5. Conclusions

Carbon-isotope and oxygen-isotope signals from well-preserved, East
Greenlandic belemnites of Middle to Late Jurassic age are interpreted as
representing the primary geochemical signal of palaeo-seawater,
allowing comparison to other Euro-Boreal records. This enables some
inferences to be made about changes in palaeoceanography and climate
in this region. All records show an increase in 6180bel values, consistent
with cooling, after the Toarcian, although this may occurs earlier in the
western Subboreal Province than in the northwest Tethys. The Middle to
Late Jurassic transition is characterised by more positive (consistent
with cooling) 6180be1 values from Subboreal Province, which, together
with ammonite faunal distribution patterns, suggest a strengthening of
southward-flowing cold currents from the Boreal Realm into the Sub-
boreal Province. The uppermost Jurassic (Kimmeridgian and Tithonian/
Volgian) see increases in both 5'80pe; and 5'3Cpe) in the Boreal Realm
and Subboreal Province, consistent with the isolation of the Boreal
Realm from the lower latitudes during this time, although the mecha-
nisms of the drivers of these trends are not fully understood.
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