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a b s t r a c t
Carbon and oxygen stable isotope records were compared for Jurassic/Cretaceous (J/K) boundary sections
located in the Tethyan Realm (Brodno, Western Slovakia, and Puerto Escaño, Southern Spain; bulk
limestones), and the Boreal Realm (Nordvik Peninsula, Northern Siberia, belemnites). Since a detailed
biostratigraphic correlation of these Tethyan and Boreal sections is impossible due to different faunal
assemblages, correlation of the isotope records was based on paleomagnetic data. This novel approach can
improve our understanding of the synchroneity of individual isotope excursions in sections where detailed
biostratigraphic correlation is impossible. No signiﬁcant excursions in either the carbon or oxygen isotope
records to be used for future Boreal/Tethyan correlations were found around the J/K boundary (the upper
Tithonian and lower Berriasian; magnetozones M20n to M18n) in the studied sections. At the Nordvik section,
where a much longer section (middle Oxfordian–basal Boreal Berriasian) was documented, the transition
from the middle Oxfordian to the Kimmeridgian and further to the Volgian is characterized by a decrease in
belemnite δ18O values (from δ18O values up to + 1.6‰ vs. V-PDB in the Oxfordian to values between + 0.3 and
− 0.8‰ in the late Volgian and earliest Boreal Berriasian). This trend, which has previously been reported
from the Russian Platform and Tethyan Realm sections, corresponds either to gradual warming or a decrease
in seawater δ18O. Supposing that the oxygen isotope compositions of seawater in the Arctic/Boreal and
Tethyan Realms were similar, then the differences between oxygen isotope datasets for these records indicate
differences in temperature. The Boreal/Tethyan temperature difference of 7–9 °C in the middle and late
Oxfordian decreases towards the J/K boundary, indicating a signiﬁcant decrease in latitudinal climatic
gradients during the Late Jurassic. Two positive carbon isotope excursions recorded for the middle Oxfordian
and upper Kimmeridgian in the Nordvik section can be correlated with a similar excursion described earlier
for the Russian Platform. Minor inﬂuence of biofractionation at the carbon isotopes, and the inﬂuence of
migration of belemnites to deeper, slightly cooler water at the oxygen isotopes, cannot be excluded for the
obtained belemnite data.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
Biostratigraphic correlation of Mesozoic strata deposited in the
Tethyan and Boreal Realms remains difﬁcult, since the existence of
geographical barriers as well as the different climatic and paleoecologic
conditions of these regions resulted in different faunal assemblages.
Correlation of the Jurassic/Cretaceous boundary (J/K boundary in the
text later) between sections located in the Tethys–Panthalassa and
Panboreal Superrealms is particularly problematic (Jenkyns et al., 2002;
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Michalík, 2009; Nikitenko et al., 2008; Wimbledon, 2008; Zakharov and
Rogov, 2008a,b).
A possible method to correlate the Tethyan and Boreal sections is the
application of magnetostratigraphy. The ﬁrst Tethyan–Boreal correlation of the J/K boundary interval based on magnetostratigraphy was
published by Houša et al. (2007). Details on unequivocal identiﬁcation
of individual magnetozones and subzones in the J/K boundary interval
are contained in Houša et al. (1999, 2004, 2007, 2008), Pruner et al.
(2007), Schnabl et al. (2008) and Pruner et al. (2010). Following the
recommendation by the Subcommission of Cretaceous Stratigraphy of
the International Commission on Stratigraphy (workshop held at the
Università degli Studi di Milano, Italy, March 2009), the J/K boundary
interval lies around the base of magnetozone M18r, albeit the discussed
interval is much broader, and other proposals (base of the Hectoroceras
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kochi Zone, for example) lie within magnetozone M17r. The most
frequently proposed J/K boundary (based on calpionellids — i.e., the
acme zone of Calpionella alpina) is located just below the M18r, close to
the Brodno magnetosubzone M19n.1r (Michalík, 2009). This boundary
deﬁnition is followed herein as well.
Additional information on the correlation of the J/K boundary
interval among sections from different climates and bearing different
faunal assemblages can be obtained from the C and O stable isotope
compositions of limestones and macrofossils. Unfortunately, insufﬁcient stable isotope data on the J/K boundary interval itself
are available to allow a correlation between the Tethyan and Boreal
Realms. The published stable isotope records across the J/K boundary
usually cover much longer time intervals, with relatively loosely
spaced sampling points. In this study, attention is focused on a shorter
time interval including the late Tithonian and early Berriasian,
just across the J/K boundary lying between the M20n and M18n
chrons.
Differences in temperatures and depositional environments of the
Tethyan and Boreal Realms can be expected to result in systematically
different carbonate δ18O data (assuming similar seawater δ18O; cf.
Ditchﬁeld, 1997). Moreover, minor climatic ﬂuctuations are more
likely to be observed at higher latitudes, where their pronounced
effects should be expected. Changes in the carbonate carbon isotope
composition can reﬂect similar trends in oceanic carbon cycling if
seawater of the Tethyan and Boreal Realms was at least partly mixed
and/or reﬂected similar climatic and paleoceanographic evolution. To
test these premises, stable isotope data from the J/K boundary section
at Brodno (NW Slovkia, Žilina District) published by Michalík et al.
(2009) were supplemented by new stable isotope data from the
Puerto Escaño section (Southern Spain, Andalusia, Cordoba Province,
close to the town of Carcabuey; biostratigraphy and magnetostratigraphy of the section published by Pruner et al., 2010). For the
correlation with the Arctic/Boreal Realm, new detailed C and O stable
isotope proﬁles were obtained for one of the northernmost accessible
J/K boundary sections, at the coast of the Nordvik Peninsula (Anabar
Bay, Laptev Sea, Northern Siberia, Russia; biostratigraphy and
description of the section Zakharov and Rogov, 2008b).
The study was complicated by the fact that the two selected
Tethyan sections are dominated by limestone, and belemnites are
relatively rare, whereas the Boreal section at Nordvik consists of
carbonate-poor clastic rocks with abundant belemnites. When
analyzing bulk limestone samples the obtained δ13C stratigraphy is
of higher credibility while δ18O data may be inﬂuenced by diagenesis
to a higher degree. In contrast, belemnite rostra (if the selected
samples are well screened against diagenetic inﬂuence) usually yield
reliable δ18O data, but δ13C values may be inﬂuenced by biofractionation already during the life of the belemnites (see in Section 3). Apart
from these difﬁculties, an attempt was made to correlate the stable
isotope stratigraphic records of these three sections. With respect to
different faunal assemblages, magnetostratigraphy was selected as a
primary correlation tool. The thicknesses of section segments
between individual magnetic polarity transitions are inﬂuenced by
changes in the depositional rate. To overcome this complication, a
numerical transformation of the actual section readings in meters to
the modeled section ages was performed.
2. Published carbon and oxygen stable isotope data close to
the J/K boundary
Carbon and oxygen stable isotope data have been published for
numerous sections from the Upper Jurassic and Lower Cretaceous. In
the Tethyan Realm and other low to intermediate Northern
Hemisphere latitudes (ca. 20 to 50°N at the time of deposition, see
Dercourt et al., 2000), stable isotope data for the Upper Jurassic and/or
Lower Cretaceous sections are quite abundant (e.g., Amodio et al.,
2008; Barskov and Kiyashko, 2000; Bartolini et al., 1996; Bodin et al.,

2009; Dromart et al., 2003; Gröcke et al., 2003; Jenkyns, 1996; LouisSchmid et al., 2007; McArthur et al., 2004, 2007b; Michalík et al.,
2009; Nunn and Price, 2010; Nunn et al., 2009; Padden et al., 2002;
Podlaha et al., 1998; Price and Rogov, 2009; Price et al., 2000; Rogov
and Price, 2010; Ruffell et al., 2002; Tremolada et al., 2006; Veizer
et al., 1999; Weissert and Channell, 1989; Weissert and Erba, 2004;
Weissert and Lini, 1991; Weissert and Mohr, 1996; Zakharov et al.,
2005). A composite Tethyan δ13C curve and a comparison of the
Tethyan Realm with data from the Russian Platform can be found in
Price and Rogov (2009). This general δ13C curve for the Tethyan Realm
shows high δ13C values during the Callovian, middle Oxfordian (also
studied in detail by Louis-Schmid et al., 2007) and Kimmeridgian,
with a pronounced decrease towards the J/K boundary. The generally
high δ13C values of this curve during the Oxfordian are interrupted by
two short but pronounced negative shifts. Unfortunately, the Tethyan
sections studied isotopically usually do not include paleomagnetic
data. This is why Brodno and Puerto Escaño sections (both with
detailed magnetostratigraphic record available, Houša et al. 1996,
1999; Pruner et al. 2010) were selected for the present study.
Another region where C and O isotope studies of Upper Jurassic
and/or Lower Cretaceous fossils have been performed is the Russian
Platform, located between ~ 30 and 50°N in this period. This region is
important for the Boreal/Tethyan correlation. Price and Rogov (2009)
signiﬁcantly extended the Late Jurassic belemnite C and O isotope
data for this region previously published by Podlaha et al. (1998),
Riboulleau et al. (1998), Barskov and Kiyashko (2000), Ruffell et al.
(2002) and Gröcke et al. (2003). Data covering the upper Callovian,
Oxfordian, Kimmeridgian and Volgian show an oscillating but distinct
trend, with decreasing carbonate δ18O values toward younger ages.
Supposing constant seawater δ18O values (i.e., either no or constantvolume polar ice, and well mixed seawater), this trend reﬂects
increasing temperatures within the Late Jurassic. The most positive
δ18O values (corresponding to the lowest temperatures) have been
found in the latest Callovian. The belemnite δ13C curve of Price and
Rogov (2009) for the Russian Platform also shows a systematic
irregular decrease during the Late Jurassic, with several positive
excursions, especially in the upper Callovian to lowermost Oxfordian
and Kimmeridgian.
Stable isotope proﬁles across the J/K boundary from high-latitude
areas of the Northern Hemisphere are contained in the papers of
Ditchﬁeld (1997), and Price and Mutterlose (2004). Ditchﬁeld (1997)
studied the C and O isotope compositions of belemnite rostra in a
section covering the Middle Jurassic (Aalenian to Bajocian) to the
Lower Cretaceous (lower to middle Valanginian) at Kong Karls Land,
Svalbard. During the Middle to Late Mesozoic, the Svalbard area was
located at approximately 70°N (an estimate based on maps of Smith
et al., 1994). Supposing a seawater oxygen isotopic composition of
−1‰ (V-SMOW), isotopic temperatures of 12.7 °C were estimated for
the Aalenian to Bajocian, 9.4 °C for the early Bathonian to Kimmeridgian, and 7.7 °C for the Valanginian. The sampling covered a rather
long time period, and the interval close to the J/K boundary was not
analyzed in detail. Price and Mutterlose (2004) published a belemnite
C and O isotope proﬁle across the J/K boundary at the Yatria River,
Western Siberia. While the area is presently located at 64 to 65°N, it
was located at approximately 60°N in the Late Jurassic/Early
Cretaceous. The dominant part of the studied section was in the
Ryazanian (~ Berriasian), Valanginian, and lower Hauterivian, i.e. in
the Early Cretaceous. The oldest belemnites analyzed by Price and
Mutterlose (2004) belong to the late Heteroceras kochi Zone and are
therefore younger than the sample set analyzed in this study from the
Boreal/Arctic Nordvik section (see next discussion).
One of the important aspects of these studies on Upper Jurassic and
Lower Cretaceous sedimentary sequences at high latitudes is the
question of whether polar ice caps existed during some periods.
Traditionally, the Jurassic and Cretaceous have been considered as
periods of warm global climates, weak climatic zoning, and relatively
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warm polar regions (e.g., Hallam, 1993). Based on analyses of δ18O of
phosphate from vertebrate tooth enamel, Lécuyer et al. (2003)
supposed that limited polar ice could have occurred during the
early part of the middle Oxfordian, but relatively low paleotemperatures derived from the Oxfordian ﬁsh enamel of the supposed tropical
region strictly contradict the northward expansion of coral reefs
during the middle to late Oxfordian and possibly reﬂect the aftermath
of the reorganization of currents at the Middle–Late Jurassic transition
and a decrease in the latitudinal temperature gradient. Dromart et al.
(2003) considered the possible existence of polar ice during the
transition from Middle to Late Jurassic (Callovian/Oxfordian; see also
Price, 1999; Barskov and Kiyashko, 2000; Nunn et al., 2009), but this
suggestion contradicts the high-latitude distribution of glendonites,
which occur there commonly during the Bajocian to early Callovian,
but are missing in the late Callovian and Oxfordian (Wierzbowski and
Rogov, 2009). Several studies have indicated the possibility of limited
polar ice caps during some periods of the Early Cretaceous, especially
Valanginian (Ditchﬁeld, 1997; Kaplan, 1978; Kemper, 1987; Price and
Mutterlose, 2004; Price et al., 2000), late Hauterivian and Aptian
(Kemper, 1987; Rogov and Zakharov, 2010). Other studies (Price and
Rogov, 2009) have considered alternative interpretations of positive
δ18O oscillations in the Late Jurassic Boreal and Subtethyan sections,
such as variation in such factors as seawater salinity and δ18O values,
water depth preferences of belemnites, or their day/night migrations
(cf. Dunca et al., 2006).
3. The preservation of original stable isotope records
For paleoclimatic and paleoceanographic interpretations of C and
O isotope data obtained either from bulk carbonate rocks or
macrofossils, it is essential that only the material which has not
undergone diagenetic or later epigenetic alteration is used. Bulk
limestone rocks are generally considered a sedimentary medium
prone to diagenetic changes. Since the diagenetic alteration of
limestones typically proceeds at low water/rock ratio for carbon, but
high water/rock ratio for oxygen, the δ18O data are generally
considered to be more sensitive to these diagenetic changes. During
usual diagenetic processes (either involving meteoric water or pore
water of marine origin, and proceeding at increasing temperature) the
δ18O values of limestone typically decrease, hence the temperatures
calculated for diagenetically altered rocks are usually higher than real
depositional temperatures. Temperature estimates based on bulkrock samples can be therefore viewed only as an upper limit of the real
depositional temperature. In contrast, carbon from the original
sedimentary precursor can be diagenetically transformed into a
limestone rock without signiﬁcant changes in the δ13C values (Veizer
et al., 1999).
For ﬁne-grained bulk limestones, the effects of late-diagenetic (postlithiﬁcation) processes on the stable isotope record can be quantiﬁed by
the measurement of detailed stable isotope proﬁles (with a sampling
step of several mm) across an individual limestone bed or similar
proﬁles perpendicular to diagenetic veinlets, siliceous nodules, etc. Such
isotope proﬁling can show to what degree the original isotopic record
has been altered at bed boundaries, which usually have higher porosity,
or along structures where diagenetic and epigenetic ﬂuids were
channelized. Analyses of whole-rock–belemnite pairs represent another
way to improve the understanding of diagenetic vs. biogenic isotopic
controls on individual sample types.
The problem of the preservation of original isotopic signals in
belemnite rostra has been widely discussed in the literature
(Anderson et al., 1994; Ditchﬁeld, 1997; Gröcke et al., 2003; McArthur
et al., 2007a; Milliman, 1974; Podlaha et al., 1998; Rosales et al., 2004;
Veizer, 1974; Veizer and Fritz, 1976; Wierzbowski and Joachimski,
2009; etc.). Several approaches have been used to avoid altered
samples. A combination of textural microscopy with trace element
analysis of the best preserved sample section (based on optical
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analysis — often with the aid of cathodoluminescence) usually
permits to select almost unaltered material. Since the contents of
some elements (Fe and Mn) in the diagenetic carbonates are much
higher than in primary marine calcite, carbonate chemistry is a useful
tool to exclude diagenetically altered samples. Various Fe and Mn
content value limits have been applied to exclude altered samples
(Anderson et al., 1994; Denison et al., 1994; Ditchﬁeld, 1997;
Milliman, 1974; Rosales et al., 2004). Universal values for this
chemical screening probably cannot be adopted since the sedimentary, early diagenetic and late diagenetic chemical environments of
each sediment type are different. In organic matter-rich, carbonatepoor sediments, very early diagenetic pyrite frequently occurs on the
surface (or in voids) of the rostra. The process of pyrite formation
should be of no serious effect on the carbonate chemical and isotopic
data since no new carbonate is formed in this shallow diagenetic zone
(cf. Rosales et al., 2004). Then, higher limits for Fe contents (when Mn
and Sr contents are acceptable) can be adopted.
Detailed studies in the last several years have shown that both
elemental compositions and stable isotope data (typically δ13C
values) of belemnite rostra are also partly inﬂuenced by biological
fractionation and the life histories of individual species in different
environments. Rexfort and Mutterlose (2006) studied C and O isotope
ratios of cuttlebones from the cephalopod Sepia ofﬁcinalis cultivated at
a known temperature and those caught in the North Sea off Germany.
Their data suggests that Sepia precipitates carbonate in oxygen
isotopic equilibrium with seawater, reﬂecting the ambient temperature. Carbon isotope composition was inﬂuenced by biofractionation
and showed no simple correlation to oxygen isotopes. Incorporation
of isotopically light metabolic carbon also signiﬁcantly affects the
stable carbon isotope signal recorded in recent Spirula spirula (Price et
al., 2009a). Belemnite records may behave similarly. McArthur et al.
(2007a) studied paleoproxies (Mg/Ca, Sr/Ca, Na/Ca, δ13C, δ18O) in two
species of well preserved coeval Toarcian belemnites. They found that
Mg/Ca ratios are inﬂuenced by biofractionation, while Sr/Ca and Na/Ca
ratios likely reﬂect climatic changes. The δ13C and δ18O values of the
two species differed signiﬁcantly (Acrocoelites vulgaris being 0.8‰
more positive in δ13C, and 1‰ more negative in δ18O than Acrocoelites
subtenuis, on average), which was interpreted as a result of these
species living in different and restricted environmental niches. Price
and Page (2008) studied molluscan and belemnite faunas from the
Callovian/Oxfordian boundary in Dorset, UK. They found that
belemnite δ18O data and the resulting calculated paleotemperatures
straddle the corresponding ranges for bivalves (Gryphaea) and
ammonites. Therefore, belemnites probably migrated vertically
through the water column, and different belemnite taxa likely
inhabited different bathymetric niches. This assumption should be
supported by comparative isotope analyses of species with different
rostrum morphologies: long thin rostra reﬂecting a fast pelagic life,
while stouter and short rostra possibly representing species living
near the bottom or close to the shore. The dependence of Late
Cretaceous belemnites on transgressive/regressive tracts (bathymetric valence) has also been recently demonstrated by Wiese et al.
(2009). Wierzbowski and Joachimski (2009) studied two well
preserved belemnite rostra (Hibolithes beyrichi and H. hastatus) from
the Bathonian of Poland and observed differences in δ18O data,
interpreted as differences in habitat temperatures, while δ13C
ﬂuctuations resulted from changes in metabolic activity. Fortunately,
if a studied proﬁle is dominated by one belemnite species, the
importance of the biofractionation problem should be probably
reduced: individuals of one species probably followed a similar style
of life and imposed similar biofractionation on δ13C data.
4. Studied sections, materials and methods
The positions of continents and the studied sites during the Late
Jurassic/Early Cretaceous are shown in Fig. 1. Details on section
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locations, lithology, biostratigraphy, and on the methods used to
obtain paleomagnetic records used in this paper are contained in
Houša et al. (1996, 1999, 2004), Chadima et al. (2006), Houša et al.
(2007), Zakharov and Rogov (2008b), Pruner et al. (2010), and are
given only brieﬂy. Sedimentary rocks of all the studied sections are
unmetamorphosed.
4.1. The Brodno section
The Brodno section (Michalík et al., 2009, and references therein;
paleomagnetic study: Houša et al., 1996, 1999; geochemistry of
sediments: Mizera and Řanda, 2009; present position: WGS84
coordinates 49°16′03″N, 18°45′12″E) was located at approximately
40°N during the Late Jurassic and Early Cretaceous (see maps of
Scotese and Golonka, 1992; Smith et al., 1994; see Fig. 1). This section
represents a record of hemipelagic marine carbonate sedimentation in
a marginal zone (the Pieniny Klippen Belt) of the Outer Western
Carpathians. It consists of ﬁne-grained limestone composed mainly of
calcitic micro- and nanoplankton tests, and covers an interval from
the lower Tithonian to lower Berriasian. The paper of Michalík et al.
(2009; Fig. 10 on page 225) contains bulk limestone C and O isotope
data for 46 samples. The δ13C values oscillate only very slightly from
1.29 to 1.53‰ V-PDB (average 1.45‰), while δ18O values range from
−2.60 to −0.88‰ V-PDB (average −1.62‰). The minor oscillations in
δ13C (in fact only slightly larger than the analytical error) were
interpreted by Michalík et al. (2009) as reﬂecting the rhythmic
character of the sequence and possibly also sea-level changes. The
variation in carbonate δ18O throughout the section was interpreted by
these authors as resulting from temperature changes in the range of
15.5 to 21.3 °C (supposing a value of −1‰ V-SMOW for contemporaneous seawater), as well as possibly from periodic minor decreases
in surface-water salinity (and thus also decreases in δ18O).
Since it was not clear if the data of Michalík et al. (2009) represent
average samples taken throughout the whole thickness of each bed
(with individual bed thicknesses of 5 to 25 cm), or if they are chip
samples collected from a single point, we tested the within-bed C and
O isotope variability by analyzing a detailed proﬁle across bed C 18
(74 mm thick). The possible inﬂuence of early- and late-diagenetic
features was further tested by analyzing detailed proﬁles perpendicular to a siliceous nodule, and perpendicular to a diagenetic calcite
veinlet.
4.2. The Puerto Escaño section
The Puerto Escaño (GA-7) section was located at approximately
28°N during the Upper Jurassic and Lower Cretaceous (see maps of
Smith et al., 1994, Fig 1; section biostratigraphy and magnetostrati-

Nordvik

Brodno
Fig. 1. Position of the studied sections in a paleogeograhic map, showing the positions
of continents at the J/K boundary (from Scotese and Golonka, 1992).

graphy: Pruner et al., 2010; present day position: 37°26′30″N, 4°17′
28″E). This section shows a succession of relatively uniform
lithologies. From a paleogeographic point of view, it is a part of the
External Subbetic Basin located close to the Variscan Iberia elevation.
Sedimentary conditions correspond to a distal, epioceanic environment during the Late Jurassic and the earliest Cretaceous (Olóriz et al.,
2004). The section is represented by bedded limestones
(wackestones) with thin clayey limestone intercalations. The lower
(predominantly Jurassic) part consists of Ammonitico Rosso and
related facies, ranging from limestones to nodular clayey limestone
horizons. Generally, the sedimentary environment of the Puerto
Escaño section is markedly shallower than that of the Brodno section.
These depositional conditions are recorded on raised blocks (swells)
with evidence of omission surfaces (below the biostratigraphic
resolution level, however). In addition, faunal assemblages of some
horizons, containing brachiopods, echinoids, belemnites (genera
Hibolithes, Pseudobelus), and fragments of molluscs (bivalves), suggest
episodes of shallowing during sedimentation.
Sample positions within the section, shown in Table 1, are related
to bed numbers, and the section readings in meters are identical to
those in the study of Pruner et al. (2010). Altogether 46 samples of
whole-rock and 5 samples of belemnite rostra were analyzed from
this section.
4.3. The Nordvik section
The Nordvik section is located at approximately 74°N, which
roughly corresponds to its position during the Late Jurassic/Early
Cretaceous (see maps of Scotese and Golonka, 1992; and Smith et al.,
1994; present position: 73°52′36″N, 113°08′33″E), making it one of
northernmost accessible sections with continuous sedimentary
succession around the J/K boundary. The locality was situated
between the Middle Siberian elevation in the south and Tajmyr
Island in the northwest during the sedimentation (Dzyuba et al.,
2007; Zakharov and Rogov, 2008b). Lithology of the studied part of
this section is quite different from that of the other two localities,
consisting of marine silt- to clay-dominated deposits with diagenetic
concretions and few diagenetically-cemented thin carbonate beds
(Houša et al., 2007). These sediments have been interpreted as
deposited in a lower sublittoral zone, at depths between 100 and
200 m. The whole section is rich in organic matter (2.19% organic C on
average) and, with the exception of occasional concretions of
diagenetic carbonates, poor in carbonate (0.82% carbonate C on
average). Belemnite rostra are therefore the only material to be used
for the production of primary C and O isotope data: genera
Cylindroteuthis (72.2% of samples), Lagonibelus (14.8% of samples),
Pachyteuthis (9.3% of samples), and Simobelus (3.7% of samples)
enclosed within organic-rich mudstone. The reducing character of
these sediments induced the widespread formation of diagenetic
pyrite through a reduction of dissolved sulfate in pore water. Pyrite is
also abundant at the surface of belemnite rostra, either covering the
whole rostrum surface, or formed between the outer layers of
concentric banding, and less commonly along the central line.
Nevertheless, with the exception of these pyrite-enriched zones, the
belemnite rostra are translucent, with well preserved radial arrangement of calcite crystals and clearly visible concentric banding.
Similarly to Rosales et al. (2004), we consider the early diagenetic
surface pyrite coatings on some of our belemnite samples as a factor
which could help in their protection from post-depositional recrystallization. Altogether 54 samples of belemnite rostra were analyzed
from the Nordvik section.
4.4. Analytical methods
During ﬁeld sampling, the positions of all samples with respect to
bed numbers were precisely recorded, as well as readings in meters
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Table 1
Stable isotope data (bulk limestone) from the Puerto Escaño section.
Sample no.

Layer no.

Position in proﬁle
(m)

δ13C
(‰, V-PDB)

δ18Ο
(‰, V-PDB)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46

42
41
40 Upper part
40/1
40 B
39
38/1
37
36
35 lower part
35 lower part
34B
34A
33C
33B
33A
32B upper part
32A
31/2
30 sv.
29
28/1
27
26B
26A
25
24
23B
22B
21
20
19
18/2
17
16
15
14C upper part
14B
14A
13B
13A
12
11
10
9
8

7.14
6.95
6.76
6.54
6.37
6.28
6.09
5.85
5.57
5.48
5.23
5.02
4.91
4.85
4.73
4.63
4.54
4.42
4.31
4.21
4.10
4.00
3.80
3.61
3.46
3.29
3.11
2.90
2.69
2.12
2.07
2.02
1.96
1.87
1.78
1.70
1.59
1.53
1.46
1.36
1.22
1.14
0.99
0.83
0.71
0.63

1.30
1.14
1.32
1.46
1.47
1.39
1.44
1.40
1.36
1.41
1.39
1.43
1.37
1.32
1.37
1.31
1.33
1.23
1.35
1.36
1.42
1.48
1.40
1.42
1.31
1.37
1.50
1.31
1.34
1.44
1.49
1.46
1.44
1.45
1.44
1.42
1.37
1.44
1.43
1.38
1.41
1.47
1.52
1.44
1.53
1.24

− 1.29
− 0.98
− 1.49
− 1.64
− 1.68
− 1.47
− 1.42
− 1.44
− 1.26
− 1.45
− 1.56
− 0.96
− 1.41
− 1.31
− 1.60
− 1.23
− 0.91
− 0.88
− 1.00
− 0.97
− 1.13
− 1.85
− 1.13
− 1.44
− 1.30
− 1.39
− 1.32
− 0.87
− 0.84
− 1.13
− 1.25
− 1.44
− 1.55
− 1.54
− 1.21
− 0.86
− 0.95
− 1.15
− 1.04
− 1.40
− 0.40
− 1.39
− 1.46
− 1.27
− 1.22
− 0.57

from an arbitrary measuring point in each section. We used the same
bed numbering and section scale in meters as Michalík et al. (2009)
for Brodno, Pruner et al. (2010) for Puerto Escaño, and Zakharov and
Rogov (2008b) for Nordvik.
Bulk limestone samples from the Puerto Escaño section were
sampled as ~5 g chip samples from homogeneous central parts of each
bed, taken from freshly broken rock surfaces. Detailed proﬁles at
Brodno were sampled from fresh rock surfaces using a micro-drill.
Belemnite samples from the Nordvik and Puerto Escaño sections
were examined under a binocular microscope, and suitable specimens
were separated either by micro-drilling or by handpicking of suitable
chips. Parts of rostra from the outermost concentric growth bands and
along the apical line were avoided during the sampling, as well as any
rostra sections showing growth of early diagenetic pyrite.
Carbonate samples were then homogenized in an agate mortar. C
and O isotope compositions were determined using a standard 100%
H3PO4 digestion under vacuum at 25 °C, followed by measurement on
a Finnigan MAT 251 mass spectrometer in the laboratories of the
Czech Geological Survey in Prague. Replicate analyses (including subsamples that were newly separated from the ﬁeld samples) were
performed for randomly selected rock and belemnite samples. In all

87

cases, the difference between original and replicate analyses was
smaller than the analytical error (±0.1‰). All stable isotope data used
in this paper, i.e. new data for the Nordvik and Puerto Escaño sections,
supplementary data from the Brodno section, and published data of
the Brodno section taken from Michalík et al. (2009), were measured
at the same laboratory (the Stable Isotope Laboratory of the Czech
Geological Survey, Prague) using the same internal and external
standards, with identical analytical error below ±0.1‰ for both δ13C
and δ18O values.
Due to the possible Mn and Fe incorporation into the belemnite
carbonate from diagenetic pore waters, all samples derived from
belemnites were additionally analyzed for Ba, Ca, Fe, Mg, Mn, Na and
Sr. Separated aliquots (weighing 20 to 40 mg) from the homogenized
belemnite samples were dissolved in 10 ml 20% HCl (Ultrapure,
Merck) and brought up to 100 ml with re-distilled water. After
ﬁltration through a 0.45 um Nylon ﬁlter, concentrations of metal
cations were determined by inductively coupled plasma optical
emission spectrometry (ICP EOS, Iris Intrepid 2 Duo). The plasma
and instrument parameters were set according to the manufacturer's
recommendations. The instrument was calibrated with a mixed
standard solution prepared from 1000 ppm certiﬁed single element
standards (Analytika, Prague).
The dating of samples is based on magnetostratigraphic studies of
Houša et al. (1996, 1999) at Brodno, Pruner et al. (2007) and Pruner et
al. (2010) at Puerto Escaño, and Chadima et al. (2006) and Houša et al.
(2007) at Nordvik. Geomagnetic polarity zones found by these
authors were assigned to polarity intervals given by the Geomagnetic
Polarity Time Scale 2004 (Gradstein et al., 2004). Based on the
identiﬁed polarity zones, a numerical age was assigned to an arbitrary
level of each section using a smoothing spline interpolation. For the
Nordvik section, the depositional rate could not be ﬁtted by a single
spline function, so the section was instead split into three intervals,
namely 38.36 to 45.06 m, 45.06 to 46.56 m, and 46.56 to 51.46 m, with
an almost constant depositional rate for each interval.
5. Results
Results of new stable isotope analyses of bulk limestone from the
Puerto Escaño section are shown in Table 1 and Fig. 2, the relationship
between δ13C and δ18O data of limestones and belemenites for the
Puerto Escaño section in Table 2, isotope analyses and rostrum
chemistries of samples from the Nordvik section in Table 3 and Fig. 3,
and additional stable isotope analyses of bulk limestone rocks from
the Brodno section in Table 4.
Bulk limestone data from the Puerto Escaño section show only a
very limited variation (δ13C values from 1.14 to 1.53‰ V-PDB, average
1.39; δ18O values from −1.85 to −0.40, average −1.24‰ V-PDB). The
range and the average of carbon isotope data are very similar to the
bulk carbonate data of the Brodno section reported by Michalík et al.
(2009), where δ13C values slightly oscillate in the range from 1.29 to
1.53‰ V-PDB (average 1.45‰). The δ18O values of the two sections
differ slightly (Fig. 4), with a slightly narrower range for the Brodno
section (δ18O −2.60 to −0.88‰ V-PDB; average −1.62‰). Several
well preserved belemnite rostra analyzed from the Puerto Escaño
section (Table 2) show a systematic difference from the host
limestone, with lower δ13C but higher δ18O values compared to
their host rock (Fig. 5).
Additional stable isotope analyses from the Brodno bulk limestone
(Table 4) showed only very limited within-bed variability, and only
small variations in short proﬁles sampled perpendicular to the
diagenetic veinlet and siliceous nodule. Obtained data are in good
agreement with the measurement of Michalík et al. (2009) from the
same bed, thus supporting the overall data reliability.
Typically low Mn concentrations (b150 ppm) but frequently
higher Fe concentrations (average 290 ppm) were found for belemnite samples from the Nordvik section. This is most probably a result

Berriasian

Fig. 2. Stable isotope signals at the Puerto Escaño section. Lithology, biostratigraphy, magnetostratigraphy, and the position of the J/K boundary follow Pruner et al. (2010).CAAZ - Calpionella alpina acme zone, CPAZ - Crassicollaria parvula
acme zone.

Tithonian
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Table 2
Comparison of stable isotope data for limestone and belemnite rostra, Puerto Escaño
section.
Layer no.

δ13C limestone
(‰, V-PDB)

δ18Ο limestone
(‰, V-PDB)

δ13C belemnite
(‰, V-PDB)

δ18Ο belemnite
(‰, V-PDB)

33B
21
22B
23B
42

1.36
1.44
1.34
1.31
1.31

− 1.55
− 1.13
− 0.84
− 0.87
− 1.29

− 1.14
− 0.29
− 1.48
− 1.11
− 0.82

− 0.09
0.51
− 0.01
0.35
− 0.10

of the fact that some parts of the belemnite rostra are partly replaced
by abundant early diagenetic pyrite. Pyrite was mostly formed under
conditions of bacterial sulfate reduction very early in diagenesis,
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when rostrum carbonate was partly corroded and no new carbonate
deposition occurred. This process cannot be therefore expected to
affect C and O isotope chemistry of the rostrum carbonate. Mn
contents, reﬂecting deeper diagenetic inﬂuence, were used for sample
screening: samples with N150 ppm Mn were excluded from further
interpretation. The chosen limit value is in agreement with that found
in a detailed study by Rosales et al. (2004) for nondisturbed sections
of the studied Early Jurassic belemnite rostra. All analyzed samples
(including those excluded from further processing based on their Mn
contents) had Sr contents above 900 ppm, with an average value of
1780 ppm Sr. The Mn and Sr contents of all samples selected for
further interpretation were therefore lying in the range typical for
modern low-magnesium shells (Sr in modern shells 800 to 2800 ppm,
Mn 0 to 500 ppm; Veizer et al., 1999). No correlation between the

Table 3
Stable isotope data (belemnite rostra, in ‰ vs. V-PDB) and sample chemical compositions (in ppm) from the Nordvik section. Data in italics (Mn content N 150 ppm) are considered
to come from diagenetically affected samples; they were not used for either ﬁgures or subsequent analyses.
Field sample no.

Position in proﬁle
(m)

Belemnite species

δ13C
(‰)

δ18Ο
(‰)

Ba
(ppm)

Ca
(ppm)

Fe
(ppm)

Mg
(ppm)

Mn
(ppm)

Na
(ppm)

Sr
(ppm)

H 420
H 380
H 240
H 230
H 202
H 180
H 155
H 145
H 140
H 137
H 130
H 80
H 50
H 40
H 10
D 28
D 45
D 173
D 640
D 655
D 760
D 930
D 950
D 1030
D 1040
D 1300–1320
D 1430–1475
D 1480
D 1530
D 1540
D 1570
D 1610
D 1650
D 1870
D 1930
D 1930
D 2030
D 2030
D 2430
D 2530
D 2630
D 2730
D 2980–3000
D 3080–3085
D 3130
D 3230
D 3330
D 3530
D 3630–3635
D 3930
D 4030–4035
D 4200
D 4380
D 4480

52.06
51.66
50.26
50.16
49.88
49.66
49.41
49.31
49.26
49.23
49.16
48.66
48.36
48.26
47.96
47.58
47.41
46.13
41.46
41.31
40.26
38.56
38.36
37.56
37.46
34.76
33.34
33.06
32.56
32.46
32.16
31.76
31.36
29.16
28.56
28.56
27.56
27.56
23.56
22.56
21.56
20.56
17.96
17.04
16.56
15.56
14.56
12.56
11.54
8.56
7.54
5.86
4.06
3.06

Cylindroteuthis knoxvillensis
Cylindroteuthis sp. ?
Cylindroteuthis sp.
Cylindroteuthis sp. ?
Cylindroteuthis sp. ?
Cylindroteuthis sp.
Cylindroteuthis sp.
Cylindroteuthis sp.
Cylindroteuthis sp.
Cylindroteuthis sp. ?
Cylindroteuthis cf. knoxvillensis
Cylindroteuthis sp. ?
Cylindroteuthis sp.
Cylindroteuthis sp. ?
Cylindroteuthis sp.
Cylindroteuthis sp.
Cylindroteuthis sp. ?
Cylindroteuthis porrectiformis
Cylindroteuthis porrectiformis
Cylindroteuthis sp. ?
Pachyteuthis sp. ?
Cylindroteuthis sp. ?
Pachyteuthis sp. ?
Lagonibelus sibiricus
Cylindroteuthis sp.
Cylindroteuthis cf. comes
Cylindroteuthis cf. jacutica
Cylindroteuthis sp.
Cylindroteuthis cf. comes
Cylindroteuthis cf. jacutica
Cylindroteuthis lenaensis
Cylindroteuthis sp.
Lagonibelus parvulus
Simobelus sp.
Simobelus sp.
Cylindroteuthis aff. porrectiformis
Cylindroteuthis sp.
Cylindroteuthis sp.
Cylindroteuthis cf. sachsi
Cylindroteuthis sp.
Cylindroteuthis obeliscoides
Lagonibelus cf. strigatus
Cylindroteuthis urdjukhaensis
Cylindroteuthis sp.
Cylindroteuthis sp.
Cylindroteuthis sp.
Lagonibelus strigatus
Lagonibelus cf. nordvikensis
Lagonibelus cf. nordvikensis
Lagonibelus cf. nordvikensis
Cylindroteuthis sp. ?
Pachyteuthis cf. excentralis
Pachyteuthis cf. panderiana
Pachyteuthis cf. panderiana

0.48
0.36
0.29
0.29
0.67
0.39
− 1.15
0.03
0.72
0.64
0.06
0.01
0.55
0.62
1.04
0.34
0.12
− 0.03
0.22
0.63
1.64
0.88
0.33
0.38
0.51
− 0.02
0.98
− 0.60
− 0.56
− 0.47
− 0.07
0.60
− 0.09
− 0.58
0.62
0.77
1.07
0.74
− 0.28
2.42
2.49
1.31
0.81
0.83
0.92
1.45
1.60
0.57
1.31
2.25
2.31
2.73
3.10
1.03

− 0.27
− 0.75
− 0.95
− 1.08
− 0.15
− 1.57
− 0.74
− 0.03
− 0.55
0.47
− 0.18
− 0.92
− 0.16
− 0.94
− 1.15
0.08
− 0.17
− 0.68
0.01
− 1.06
0.07
− 0.95
− 1.15
0.83
− 0.28
1.11
− 0.68
0.70
0.08
0.25
1.29
− 0.24
0.64
− 0.77
0.27
0.55
0.15
− 0.27
0.77
1.10
− 0.44
− 0.61
1.05
1.38
0.67
1.15
− 0.71
0.41
1.28
0.52
1.61
0.96
0.51
1.58

226
260
419
160
238
316
215
190
199
153
191
121
400
103
220
135
138
109
109
222
328
445
317
273
272
336
317
223
383
424
329
332
352
358
366
308
329
304
520
190
377
303
415
407
371
475
334
385
306
381
402
197
266
282

374,576
428,629
400,389
370,978
384,053
400,794
344,818
376,385
382,534
371,698
379,389
380,310
387,125
364,991
384,643
375,879
379,292
376,964
275,199
377,581
398,382
402,768
405,159
390,217
395,058
407,788
399,449
387,419
406,745
409,025
392,279
401,739
405,285
403,964
400,857
401,198
393,878
392,883
405,352
402,863
404,558
394,212
394,977
396,715
404,297
404,910
398,025
405,534
401,026
401,902
410,769
391,826
393,077
395,502

185
139
97
194
170
216
277
164
158
115
173
440
463
113
135
167
124
188
44,862
4785
926
198
120
234
236
159
396
158
605
733
712
242
106
932
542
286
834
258
370
99
82
263
320
315
188
372
236
467
160
332
169
374
10
163

12,176
13,468
13,016
8757
12,821
17,079
10,339
10,356
10,469
7618
8443
6978
12,946
5619
10,239
7111
7515
5166
8431
8823
12,340
14,987
12,171
10,293
9125
13,429
12,136
7952
13,302
14,674
11,482
12,326
12,732
13,446
12,073
11,050
9466
10,925
15,108
11,357
14,265
11,662
13,609
13,062
12,754
13,824
11,671
13,162
11,731
13,873
13,683
7989
10,242
10,128

73
53
65
117
88
65
104
70
45
45
91
208
84
44
61
79
29
60
758
347
68
37
47
51
56
44
55
55
103
136
96
87
46
103
104
60
129
65
144
44
43
76
327
112
68
71
90
107
45
99
41
77
42
50

6129
6524
6249
4196
5668
9032
6467
4983
4966
4505
5204
3518
7233
3179
4364
5013
3545
2780
3413
5127
5535
6875
5718
5134
4677
8147
5932
4848
6986
7208
6993
5065
5862
6739
5996
5335
4933
5075
7634
5427
6986
5270
6135
6004
6105
6086
5235
6269
5432
6356
6813
5114
6096
5024

2046
1843
1486
1276
1514
1956
2096
1545
1688
1808
1969
1516
2103
1507
1733
1628
1302
1686
1078
1649
1799
1672
1721
1974
1583
2510
2275
2377
2639
1712
1948
1949
1853
1754
1770
1976
1716
1754
2382
2104
1913
1466
1880
1394
2012
1820
1785
1773
1631
2222
1694
1343
902
1321

Fig. 3. Stable isotope signals at the Nordvik section. Lithology, biostratigraphy, magnetostratigraphy, and the position of the J/K boundary follow Houša et al. (2007).
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Table 4
Additional stable isotope data from the Brodno section, detailed proﬁling perpendicular
to a bed boundary, to a diagenetic veinlet and to a siliceous nodule.
Sample no.

δ13C
(‰, V-PDB)

Description

δ18Ο
(‰, V-PDΒ)

i. Detailed proﬁle accross the layer no. C18
44/1
1 mm from base
1.40
–1.70
44/2
12 mm from base
1.36
–1.82
44/3
25 mm from base
1.37
–1.86
44/4
35 mm from base
1.38
–2.05
44/5
45 mm from base
1.33
–2.07
44/6
60 mm from base
1.38
–1.83
44/7
74 mm from base
1.26
–1.77
ii. Detailed proﬁle perpendicullar to white diagenetic calcite veinlet, layer no. C23
52/1
A white veinlet
1.56
–2.91
52/2
1–2 mm from the contact of the veinlet 1.43
− 2.22
52/3
10 mm from the contact of the veinlet
1.45
− 1.99
iii. Detailed proﬁle perpendicullar to a surface of siliceous nodule, layer no. C35
62/1
At the contact with siliceous nodule
1.36
− 2.97
62/2
3 mm of the contact
1.33
− 2.94
62/3
15 mm of the contact
1.34
− 2.71

ratio and the stable isotope data was observed for the belemnites from
Nordvik, and the variation in Mg content in the rostra is low.
Several excursions and trends were observed at the Nordvik
section, where a much longer stable isotope proﬁle was analyzed. The
sampled interval covers a period from the middle Oxfordian to the
basal Boreal Berriasian. Two positive excursions were found in the
lower part of the section (in the middle Oxfordian and in the basal part
of the upper Kimmeridgian) reaching up to δ13C of +3‰ (V-PDB),
unfortunately represented only by a small number of analyzed
samples (Fig. 3). Because these peaks occur at similar positions as
positive excursions in the belemnite record of the Russian Platform
described by Price and Rogov (2009), we interpret them to reﬂect
changes in carbon isotope composition of marine bicarbonate, and not
biofractionation. Similar middle Oxfordian positive carbon isotope
excursions have been documented also in the Western Carpathians by
Wierzbowski (2004). Two negative δ13C excursions in the Kimmeridgian of the Nordvik section are ﬁxed approximately at the same level,
as observed in Subpolar Urals (Zakharov et al., 2005): minor in the
middle part of the lower Kimmeridgian and more signiﬁcant in the
upper Kimmeridgian Elegans ammonite zone. Moreover, there is an
irregular δ13C decrease throughout the whole of Upper Jurassic, which
is a trend that has been seen at many other sections.
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The belemnite δ18O data show an irregular decrease from values as
high as +1.6‰ in the middle Oxfordian to values between 0 and −1‰
in the upper Volgian, similarly to that documented for the Upper
Jurassic of the Russian Platform by Price and Rogov (2009). There is
also a partial overlap in the belemnite genera present in the Russian
Platform (Price and Rogov, 2009) and those of the Nordvik section. A
narrower data scatter in both δ13C and δ18O within ±1‰ is abundant
at Nordvik, but these oscillations are difﬁcult to correlate with those at
other sections due to their relatively high frequency.
6. Data interpretation and discussion
6.1. Oxygen isotopes and temperature estimates
It is generally accepted that the interpretation of oxygen isotope
data from marine carbonates (if the inﬂuence of diagenetic and
epigenetic processes is reduced by careful sample screening) requires
solving a paleotemperature equation with two unknowns (carbonate
δ18O and seawater δ18O values), of which only one can be directly
measured. A 1‰ difference in the selected δ18O seawater value results
in a ~ 4 °C difference in the calculated temperature. One frequently
used approach is to use a seawater value of −1‰ (V-SMOW), which
should be the average ocean water value of the post-Jurassic polar icefree world (Gröcke et al., 2003; Lécuyer and Allemand, 1999;
Shackleton and Kennett, 1975). Of the published paleotemperature
equations, that of Anderson and Arthur (1983) is frequently used:
TðBCÞ = 16:0–4:14ðδc–δwÞ + 0:13ðδc–δwÞ

2

This approach should be considered only a rough approximation
since the variation in seawater δ18O of shallow epicontinental seas or
seas poorly communicating with the ocean can vary by as much as
±2‰ or more (cf., e.g. Rohling, 2007). The study of Broecker (1989)
indicated differences as large as 1.5‰ between low and high latitudes
in the open ocean under glacial conditions. Moreover, the interpretation is complicated by the fact that the individual animal groups
usually occupy quite different depth niches, with different
temperatures.
The use of bulk-rock δ18O carbonate data for temperature
calculation is further complicated by a possible alteration of the
original record by diagenetic changes and carbonate recrystallization
during lithiﬁcation. The carbonate δ18O data are generally shifted to
lower values during meteoric water invasion and/or during increasing

δ18O (‰ V-PDB)
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-2.0
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-0.5
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Brodno, bulk limestone
Puerto Escano, bulk limestone

3.0

Nordvik, belemnite, Volgian-basal
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Nordvik, belemnite, Middle OxfordianKimmeridgian
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-0.5
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Fig. 4. C and O isotope data of the Brodno, Puerto Escaño, and Nordvik sections in the δ13C vs. δ18O diagram. Data from the upper part of the studied section at Nordvik (above the
Kimmeridgian/Volgian boundary) are shown by larger symbols.
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Fig. 5. Comparison of bulk limestone and belemnite C and O isotope data from the Puerto Escaño section. Individual pairs host rock–belemnite are connected by a line.

diagenetic temperature (and the calculated temperatures shift to
higher values). The temperatures calculated from bulk-rock can be
therefore considered only an upper limit of the possible depositional
temperatures.
Using this simpliﬁed model approach (i.e., supposing a well
preserved stable isotope record, temperature-controlled oxygen
isotope equilibrium between carbonate and seawater, and a value of
−1‰ V-SMOW for seawater), the temperatures shown in Table 5 can
be calculated. This calculation is unfortunately of rather limited
importance because seawater δ18O was not identical at all studied
localities and probably not constant over time (see also Price and
Rogov, 2009). On the other hand, the constant presence of diverse
cephalopod associations throughout the Late Jurassic in the Nordvik
area indicates normal marine salinity. Moreover, it is highly probable
that some belemnite species frequently migrated (or permanently
lived) in deeper, cooler water (Saks and Nalnyaeva, 1979; Zakharov et
al., 2006). Contrasting behavior of individual belemnite genera are
expected to be reﬂected by speciﬁc rostrum morphologies (see
Section 3), and some rostra can even indicate day and night cycles
(possibly as a result of vertical migrations; Dunca et al., 2006). The
temperature estimates are thus of only limited precision.
6.2. Oxygen isotope data from Tethyan bulk-rock samples
A remarkable feature is the systematic difference between bulk
limestone δ18O data from the Brodno and Puerto Escaño sections, both
Table 5
Model calculation of paleotemperatures. The temperatures calculated from the bulkrock samples (in parentheses) could have been inﬂuenced by diagenetic changes and
represent the upper limit of possible temperatures. See the text for further explanation.
(15.5 to 23.0 °C)
Brodno section (bulk limestone, model
calculation supposing no diagenetic
changes, calculation of Michalík et al., 2009)
(14.2 to 19.6 °C)
Puerto Escaño section (bulk limestone,
model calculation supposing no
diagenetic changes)
Puerto Escaño section (belemnite)
10.0 to 12.4 °C
Nordvik (lower part of the section Middle
Oxfordian to Lower Kimmeridgian)
Nordvik (Upper Kimmeridgian
to Boreal Berriasian)

6.1 to 14.8 °C
7.8 to 18.4 °C

(Average 19.2 °C)
(46 samples)
(Average 17.1 °C)
(46 samples)
Average 11.5 °C
(5 samples)
Average 9.4 °C
(16 samples)
Average 13.0 °C
(38 samples)

located in the Tethyan Realm. As indicated by data homogeneity
throughout each of the sections, the performed check of the withinbed variability, and the variability in detailed proﬁles perpendicular to
siliceous concretion and a diagenetic veinlet (see Table 4), the
observed difference between the sections is probably of primary
marine origin rather than a result of diagenetic overprint. As indicated
by some other studies (Bodin et al., 2009), whole-rock δ18O data from
an individual section can be all shifted in a similar style, with the
trends and positions of individual excursions being preserved.
Fortunately, the ﬁne-grained limestones of the Brodno and Puerto
Escaño sections are of very low porosities (after compaction and
lithiﬁcation), and the deep diagenetic and/or epigenetic overprint was
therefore of only minor importance. Excluding the effect of diagenetic
overprint, two other explanations are possible: a slightly higher
temperature at Brodno than at Puerto Escaño, or higher δ18O (i.e.,
salinity) of seawater at Puerto Escaño. Based on lithology and the
fossil assemblage (with more benthic organisms), the depositional
environment at Puerto Escaño was a shallower-water one compared
to the Brodno section. Another possibility is the inﬂuence of lowertemperature currents at Puerto Escaño.
Based on the analyses of oxygen isotopes in phosphates of aquatic
or semiaquatic vertebrate remains (ﬁsh, turtles, and crocodilians)
from the famous Late Jurassic lithographic limestones, Billon-Bruyat
et al. (2005) concluded that coastal marine waters were thermally
homogeneous at the regional scale of Western Europe. Lécuyer et al.
(2003) found different δ18O levels for western and eastern parts of the
Tethys in the Middle Jurassic (middle and late Bathonian), and
interpreted this as a result of the inﬂuence of cold currents from the
Arctic during an opening of the North Sea rift. Unfortunately, deﬁnite
interpretation of these bulk-rock δ18O data is impossible since
diagenetic inﬂuence has always to be taken into account.
6.3. Oxygen isotope data at the Nordvik section
The clear trend toward lower carbonate δ18O during the Late
Jurassic at Nordvik corresponds to that observed earlier for the
Russian Platform (Price and Rogov, 2009) and Scotland (Nunn et al.,
2009). It is usually explained by a signiﬁcant temperature increase
from the Callovian and early and middle Oxfordian to the Kimmeridgian and Tithonian. Data equally support the possibility of
decreasing latitudinal climatic gradients (climatic zoning) during
the Late Jurassic. This is in agreement with records of ocean
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Fig. 6. Stable isotope signals at the Brodno, Puerto Escaño, and Nordvik sections after recalculation of sample positions relative to chronological ranges of the individual
magnetozones given by Gradstein et al. (2004). See the text for further details on this procedure. All isotope data are given in ‰ of the V-PDB standard.

94

K. Žák et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 299 (2011) 83–96

temperatures in the Northern Hemisphere based on isotope data
obtained from ﬁsh and shark tooth enamel (Dromart et al., 2003;
Lécuyer et al., 2003), which indicate severe cooling and subsequent
warming during the Middle–Late Jurassic transition in Europe. It is
probable that our Nordvik data do not include the coldest period of
this Middle–Late Jurassic transition, or, alternatively, such cooling was
of only regional signiﬁcance, reﬂecting changes in paleoceanography
and paleocurrent pattern in Europe.
The subsequent continued carbonate δ18O decrease toward the J/K
boundary is in agreement with the common interpretation of the Late
Jurassic and especially Kimmeridgian in which global temperature
reached one of its maxima (Abbink et al., 2001; Frakes, 1979; Valdes
and Sellwood, 1992; Zakharov et al., 2005), probably as a result of the
greenhouse effect. Price et al. (2009b) calculated surface-water
temperatures in excess of 30 °C based on δ18O analyses of well
preserved Late Jurassic ﬁsh otoliths from the United Kingdom, albeit
such high paleotemperatures perhaps reﬂect decreasing salinity in
ambient water due to regular migration of ﬁsh to brackish or fresh
water, which is supported by carbon isotope data.

belemnite rostra it contains (Hibolithes, Pseudobelus) from the Puerto
Escaño section. In total, 5 such pairs were analyzed, with similar
results. In all cases, the δ13C values of limestone were higher
(differences of + 1.73 to + 2.82‰) than those of the belemnite, and
the δ18O values of limestone were lower (differences of −0.83 to
−1.64‰) than those of the belemnite. Similar differences between
the whole-rock and belemnite isotope data have been also observed
by Bodin et al. (2009). Biofractionation of carbon isotopes in
belemnites has been already well documented (McArthur et al.,
2007a; Wierzbowski and Joachimski, 2009). We interpret this
difference in oxygen isotopes as a result of belemnites living in (or
frequently visiting) deeper waters, similar to the interpretation of
Price and Page (2008). The differences between the belemnite and
limestone δ18O values, ranging from 0.83 to 1.64‰, could reﬂect
ambient temperature differences of 5 to 7 °C (supposing identical
seawater δ18O, isotopic equilibrium, and well preserved records). It is
generally accepted that belemnites were able to live at, or to visit,
depths of up to 200 m, which is deep enough to produce such
differences in δ18O values. Diagenetic changes of the bulk-rock δ18O
represent another possible explanation.

6.4. Carbon isotopes
7. Conclusions
Carbon isotope data from bulk limestone samples of the Puerto
Escaño section show only a limited variation (Fig. 2), similar to the
smooth isotope trends demonstrated earlier from other J/K boundary
sequences (Gröcke et al., 2003; Michalík et al., 2009; Tremolada et al.,
2006; Weissert and Channell, 1989; Weissert and Lini, 1991; Weissert
and Mohr, 1996). Juxtaposition of isotope data from the Puerto Escaño
and Brodno sections based on paleomagnetic record is shown in Fig. 6.
Oscillations of the δ13C curve within the short time interval studied only
slightly exceed the analytical error of ±0.1‰. Unfortunately, the
sampling density in this short, paleomagnetically correlated interval at
Nordvik is low due to the rarity of belemnites in this part of the section.
Our analysis of a much longer part of the Nordvik section enabled
to correlate several positive δ13C excursions with those already
known from the Tethyan Realm and Russian Platform. The positions of
positive carbon isotope excursions in the middle Oxfordian and in the
basal part of the upper Kimmeridgian can be correlated with similar
events documented for the Tethyan Realm (e.g., Weissert and Mohr,
1996), as well as the Russian Platform (Price and Rogov, 2009). The
high early Oxfordian δ13C values may reﬂect the widespread deposition
of organic-rich marine sediments which predate the Middle–Late
Jurassic transition at ca. 160 Ma (Dromart et al., 2003). Unfortunately,
the nature of carbon cycling in the atmosphere and oceans is extremely
complex (Hansen and Wallmann, 2003; Wallmann, 2001; Weissert
and Erba, 2004), with seawater δ13C values being mainly controlled by
the turnover of particulate organic carbon, as well as by inﬂuxes of
isotopically light carbon from the continents in areas close to coasts. The
δ13C curve at Nordvik shows other minor positive excursions just above
the M20n.1r (Kysuca) and M19n.1r (Brodno) magnetosubzones, which
probably correspond to elevated particulate carbon deposition or to
subdued carbon ﬂux from continents. As documented in Section 3 of
this paper, biofractionation can be responsible for at least some of the
observed oscillations in δ13C of belemnites as well. Nevertheless, the
variation in δ13C of one genus, e.g. Cylindroteuthis sp., from Nordvik is
+2.49 to −1.15‰ (V-PDB), which is signiﬁcantly wider than the
biofractionation-induced variation reported for a single genus. An
important part of the observed variation is therefore interpreted as
being related to changes in carbon isotopic composition of the marine
bicarbonate.
6.5. A comparison of C and O isotope data for bulk limestone and
belemnite rostra
Table 2 and Fig. 5 show the relationships between the C and O
isotope compositions of ﬁne-grained host pelagic limestone and the

1. Paleomagnetic correlation of stable isotope records was tested as a
promising method for sections located in the Tethyan Realm (the
Brodno section, Slovakia, and the Puerto Escaño section, Spain;
bulk limestones), and in the Boreal Realm (the Nordvik section,
Northern Siberia, Russia; belemnites). This correlation was complicated by the different lithologies of the sections and by the rarity
of belemnites in the important part of the Nordvik section.
2. The Brodno and Puerto Escaño carbon isotope records are
practically identical as for their absolute δ13C values and their
variation. Paleomagnetically correlated curves show similar patterns. The δ18O values of the Brodno and Puerto Escaño sections
also show similar magnitudes of oscillation, although they slightly
differ. This difference may result from the differences in temperature and/or seawater δ18O in the two regions, or from differences
in diagenetic overprint.
3. Bulk limestone–belemnite pairs from the Puerto Escaño section
show a systematic difference in both the δ13C and δ18O values for
belemnites and limestone. This is interpreted as a result of a
deeper-water life of belemnites (down to 200 m) and consequent
lower temperatures derived for the oxygen isotopes, and as a result
of belemnite biofractionation in the case of carbon isotopes.
4. The analyzed section at Nordvik covered a longer time interval
(middle Oxfordian–earliest Boreal Berriasian) and allowed the
correlation of pronounced positive carbon isotope excursions in
the middle Oxfordian and in the early late Kimmeridgian with
similar oscillations from the Russian Platform and Tethyan Realm.
5. The entire studied part of the Upper Jurassic stable isotope record
at Nordvik shows irregular (oscillating) decrease in both δ13C and
δ18O values towards the J/K boundary. This trend in oxygen
isotopes is interpreted as a result of gradual warming. Latitudinal
climatic zoning was probably decreasing during the Late Jurassic,
with a pronounced climatic zoning close to Middle–Late Jurassic
transition, and a weak climatic zoning at the J/K boundary.
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