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Abstract

Strontium-, oxygen- and carbon-isotope ratios have been determined from Late Jurassic^Early Cretaceous
belemnites from the Volga Basin, Russia, and Kawhia Harbour, New Zealand. 87Sr/86Sr ratios derived from well-
preserved belemnites from the Volga Basin support a Middle Tithonian age derived from the analysis of the endemic
ammonite fauna. The Kawhia Harbour section records a gradual rise in 87Sr/86Sr values and in comparison with the
published 87Sr/86Sr curve suggests that the lower part of the section is latest Oxfordian in age, whilst the upper part of
the section correlates well with the biostratigraphic correlation suggestion of an Early^Middle Tithonian age.
Although the published strontium calibration curve shows a degree of scatter, our new data confirm the uniform rise
in 87Sr/86Sr values from the Late Jurassic into the Early Cretaceous. Such an increase may result from either a
decrease in mid-oceanic ridge spreading and/or an increase in weathering rates and flux of radiogenic strontium,
although a eustatic drop in sea level and concurrent Western Cordillera uplift suggests that weathering may have been
the controlling factor of Late Jurassic seawater strontium-isotope composition. Palaeotemperatures derived from the
well-preserved belemnite N18Ocarb values from the Volga Basin indicate that the Middle Volgian (Late Kimmeridgian)
was warm (V14^20‡C), followed by a slight cooling and a subsequent gradual increase to the Jurassic^Cretaceous
boundary. The N

18Ocarb values from New Zealand (located at a palaeolatitude of V80‡S), if interpreted in terms of
palaeotemperature, indicate a high degree of variability. Such variability may not be related to palaeotemperature, but
to changes in oceanic chemistry resulting from the formation and dissolution of an ice-sheet and/or snow during the
Oxfordian^Kimmeridgian. Carbon-isotope trends for the Late Jurassic show a fall in values from the Oxfordian with
lowest values occurring in the Early^Middle Tithonian, before rising but without reaching values obtained in the
Oxfordian. The overall low N

13Ccarb may be related to a global increase in continental weathering and/or upwelling of
cooler oceanic water enriched in oxidised organic carbon (12C-enriched).
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1. Introduction

The Late Jurassic^Early Cretaceous was char-
acterised in many areas of the world by a sea-level
lowstand (Haq et al., 1987; Ziegler, 1990; Saha-
gian et al., 1996; Hardenbol et al., 1998; Hallam,
2001) possibly initiated by low spreading rates,
resulting in large semi-restricted epicontinental
seas and widespread deposition of non-marine
sediments. Semi-restricted epicontinental seas dur-
ing these times promoted provinciality particu-
larly amongst molluscan faunas (e.g. Hallam,
1994). Current ideas concerning palaeotempera-
ture and oceanic circulation patterns for the
Late Jurassic and Early Cretaceous are contradic-
tory.
Frakes (1979) and Hallam (1981, 1985) consid-

ered the Cretaceous to be a period of great
warmth with tropical^subtropical conditions pre-
vailing to at least 45‡N and possibly to 70‡S and
warm to cool^temperate climates extending to the
poles. Mean annual temperatures were signi¢-
cantly higher and latitudinal gradients only about

half those of today (Frakes, 1979; Hallam, 1981).
However, a number of studies postulate season-
ally cold ocean temperatures and limited polar ice
caps for the Early Cretaceous, though at least the
presence of glaciers in places where seasonal (non-
glacial) ice rafting occurs (e.g. Frakes and Fran-
cis, 1988; Frakes et al., 1992; Stoll and Schrag,
1996; Ditch¢eld, 1997; Price, 1999; Mutterlose
and Kessels, 2000). The supposed global sea-level
lowstand has also been taken as signifying the
existence of short-lived glaciations with cool at-
mospheric conditions and a decrease in the rate
of carbon cycling (Haq et al., 19887; Frakes et al.,
1992; Weissert and Lini, 1991; Weissert and
Mohr, 1996). Oxygen-isotope data from Europe
suggest warm, temperate climates in the suppos-
edly arid Late Jurassic (Bowen, 1961, 1966; Price
and Sellwood, 1994; Anderson et al., 1994; Ditch-
¢eld, 1997; Podlaha et al., 1998; Riboulleau et al.,
1998). A number of studies focusing particularly
on Tethyan successions have assessed carbon-iso-
tope variation during the Late Jurassic^Early Cre-
taceous (e.g. Weissert and Channell, 1989; Weis-

Fig. 1. Palaeogeographic reconstruction of the world during the Kimmeridgian showing investigated localities (based on Smith et
al., 1994). Aridity^humidity curve for NW Europe (adapted from Price, 1999).
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sert and Mohr, 1996; Bartolini et al., 1999). These
studies document a number of minor positive car-
bon-isotope events overriding a generally stable
curve, and relate them to episodes of increased
weathering, nutrient availability and/or enhanced
organic-carbon burial. These minor positive car-
bon-isotope events are surprising since the Kim-
meridge Clay Formation (southern England) has
sedimentary organic-carbon contents up to 35%
(e.g. Blackstone Band) and other periods where
major organic-carbon burial has taken place dur-
ing the Early Jurassic and Cretaceous these are
generally associated with positive carbon-isotope
events (e.g. Jenkyns, 1999). The oxygen- and car-
bon-isotope analysis of belemnites has also been
widely used as a quantitative means of investigat-
ing palaeoenvironmental variation. A major prob-
lem in isotopic studies of this kind has been the
susceptibility of skeletal carbonates to diagenetic
alteration resulting in a masking of the primary
palaeoecological and/or palaeoceanographic sig-
nal (Marshall, 1992; Price et al., 1998). Scanning
electron microscopy, cathodoluminescence, car-
bonate staining (following the methodology of
Dickson, 1966) and trace-element analysis of the

belemnites has been employed to help eliminate
any trends originating from diagenetic overprint-
ing (Elder¢eld, 1986; Brand and Morrison, 1987).
The strontium-isotope curve for the Late Juras-

sic^Early Cretaceous is relatively scattered, but
indicates a general rise in 87Sr/86Sr during the
Late Jurassic (Jones, 1992; Jones et al., 1994a;
Podlaha, 1995; Podlaha et al., 1998; Gro«cke,
2001; Price and Gro«cke, 2002; Jenkyns et al.,
2002). Hence, the aim of this study is to determine
belemnite strontium-, carbon- and oxygen-isotope
ratios during the Late Jurassic^Early Cretaceous
interval from successions in the Volga Basin, SE
Russia, and Kawhia Harbour, New Zealand
(Fig. 1). 87Sr/86Sr values from belemnites provide
an e¡ective means to correlate the sections from
Russia and New Zealand with the NW European
ammonite zonal scheme.

2. Geological setting

2.1. Volga Basin, SE Russia

During the Late Jurassic^Early Cretaceous the

Fig. 2. Maps showing locations of Gorodische and Kashpir, Volga Basin, and Kawhia Harbour, New Zealand.
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Volga Basin was located at a palaeolatitude of
40^45‡N (Fig. 1; Smith et al., 1994). Based on
the palaeogeographic reconstructions of Sazonova
and Sazanov (1967) and Baraboshkin (1997), land
areas may have existed to the southwest and
northeast of the study area, with marine connec-
tions to the Boreal and Tethyan seas. The width
of the basin varied through time (Baraboshkin,
1997) but in the Late Berriasian it was about
500 km east to west and over 2000 km north to
south. Intra-basinal ‘highs’ are common and these
are thought to have provided some of the clastic
sediment observed in the basin-¢ll. Post-deposi-
tional burial of the Mesozoic succession rarely
exceeds a few hundred metres. Two outcrops
were examined in the Volga Basin exposed adja-
cent to the River Volga (Fig. 2). The succession
studied at Gorodische village (25 km north of
Ulyanovsk) represents the stratotype of the Vol-
gian (Gerasimov and Mikhailov, 1966) and ranges
from the Dorsoplanites panderi Zone (Middle Vol-
gian) to the Craspedites nodiger Zone (Upper Vol-
gian; Fig. 3). The Gorodische succession, com-
prised of calcareous mudstones with four 0.5^1-
m-thick black organic carbon-rich shale beds, is
overlain by a thin (V2-m) silty-sand bed with
abundant phosphatic nodules (Fig. 4). Inverte-
brates from this highly fossiliferous succession in-
clude belemnites, ammonites and bivalves (Kuleva
et al., 1996; Hantzpergue et al., 1998). The Kash-
pir section (Fig. 5) is situated some 150 km south
of the Gorodische type section (Fig. 2). A similar
sedimentary succession to Gorodische is observed,
whereby calcareous mudstones interbedded with
thinner organic carbon-rich shale beds are over-
lain by a V2-m phosphatic nodule-rich silty-sand
bed. The lower part of this succession is dated on
the basis of the ammonite fauna as Middle Vol-
gian (panderi^virgatus Zones), whereas the upper
section is Late Volgian to Early Valanginian
(Hantzpergue et al., 1998; Baraboshkin, 1999).
An isotopic study of Oxfordian belemnites from
the Volga Basin has been made by Riboulleau et
al. (1998).

2.2. Kawhia Harbour, New Zealand

New Zealand was located during the Late Ju-
rassic at a palaeolatitude of V80‡S (Fig. 1; Smith
et al., 1994). Belemnite samples of Oxfordian^Ti-
thonian age from Kawhia Harbour were provided
by A.B. Challinor and are illustrated against a
summarised stratigraphic section in Fig. 4 (Me-
sook and Grant-Mackie, 1995). Based upon the

Fig. 3. Ammonite biostratigraphic zonations of the Russian Platform and Volga Basin in comparison to the standard NW Euro-
pean ammonite zonal scheme (Casey, 1973; Casey and Rawson, 1973; Casey et al., 1977, 1988; Cope et al., 1980; Cope, 1995;
Hancock, 1991; Hoedemaeker, 1991; Hantzpergue et al., 1998). Stratigraphic ranges of localities are shown.

Fig. 4. The dino£agellate and ammonite biostratigraphic
schemes for Kawhia Harbour against lithostratigraphic
units. Abbreviations: Ox, Oxfordian; Kimm, Kimmeridgian;
L, Lower.
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Fig. 5. Isotopic data from the Gorodische section, Volga Basin. Abbreviations: f, fulgens ; sub, subditus ; n, nodiger ; Haut,
Hauterivian; U. Volg, Upper Volgian.
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lithostratigraphic scheme developed by Fleming
and Kear (1960), the succession consists of eight
formations (Fig. 6), ranging from siltstones to
very ¢ne sandstones, interspersed with conglom-
erates and calcareous concretions. The succession
is extremely expanded and has a total thickness of
V4.6 km (Mesook and Grant-Mackie, 1995;
Challinor, 1999).

2.3. Biostratigraphic correlation

The Jurassic and Cretaceous are characterised

by a pronounced provinciality of ammonites with-
in Europe (Casey and Rawson, 1973). Therefore,
a number of parallel biostratigraphic schemes
based upon ammonites have been erected. Ammo-
nite provincialism became most pronounced in
the latest Jurassic, with totally separate Boreal
and Tethyan faunas (Cope, 1995). Di¡erent as-
pects of the Boreal fauna were identi¢ed for the
Russian/Polish (Volgian) area and the British/
Greenlandic Province (Cope, 1995). As the faunas
are often so distinct, at present it is di⁄cult to
correlate between them and, hence, separate

Fig. 6. Isotopic data from the Kashpir section, Volga Basin. Note the V4 m of unlogged section due to poor exposure. Abbrevi-
ations: sy, syzranicus ; versic, versicosum ; U. Volg, Upper Volgian; V, Valanginian; L. Haut, Lower Hauterivian. Refer to Fig. 5
for lithological key.
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stages are used for these areas: Tithonian in the
Tethyan region, Volgian in the Russian areas and
Portlandian in the British realm. The biostrati-
graphical resolution of the Jurassic is becoming
progressively better (Cope, 1995) allowing for in-
creasingly ¢ne-scale biostratigraphic correlation.
Although the sequence of ammonite zones (and
subzones) can be convincingly replicated, the po-
sitions of the recognised stage boundaries based
upon these zones are still variable and confusing
(see Cope et al., 1980; Harland et al., 1990; Cope,
1995).
Numerous biostratigraphic schemes (e.g. Gera-

simov, 1969; Casey, 1973; Casey et al., 1988;
Baraboshkin, 1999; Hoedemaeker, 1995) have
been erected for the Volgian of the Russian Plat-

form based upon ammonites, and correlated with
European schemes. Subsequenetly, Hantzpergue
et al. (1998) developed an Upper Jurassic^Lower
Cretaceous biostratigraphic scheme based upon
ammonites from the Volga region, which is
broadly comparable with that derived from the
Russian Platform (Fig. 3). Hantzpergue et al.
(1998) noted that the best biostratigraphical cor-
relations between the Russian Platform and NW
Europe were achieved for the Kimmeridgian
where there are seven ammonite horizons in com-
mon between the two areas. However, despite
increased biostratigraphical re¢nement, Hantz-
pergue et al. (1998) recognised that the equiv-
alencies between the Volgian^Lower Cretaceous
of Russia and Tithonian/Portlandian^Lower Cre-

Table 1
Isotopic and trace-element data from Gorodishe, Russia

Sample ID Height Age N
13C N

18O Temperature 87Sr/86Sr Fe Mn
(m) (Ma) (x) (x) (‡C) (ppm) (ppm)

V1-1334 23.90 142.71 30.39 32.11 20.77 0.707180 21 2
V1-1314 23.80 142.85 31.10 31.70 18.95 0.707177 34 4
V1-1309 23.65 142.94 30.31 31.79 19.37 0.707187 16 6
V1-1274B 23.20 143.35 0.71 30.79 15.13 49 2
V1-1274A 23.20 143.35 0.74 30.84 15.34 0.707173 25 3
V1-1244 22.95 144.20 0.61 31.71 19.01 0.707156 18 15
V1-1174 21.40 145.99 31.13 31.12 16.49 0.707172 10 1
V1-1154 20.50 146.71 30.12 31.47 17.95 0.707159 19 4
V1-1085 19.75 147.01 30.67 30.70 14.79 0.707146 24 9
V1-1035 19.10 147.05 0.52 30.60 14.38 0.707128 37 5
V1-1015 18.40 147.11 30.75 31.02 16.10 0.707138 29 6
V1-975 17.70 147.15 0.20 31.00 16.02 0.707130 19 11
V1-935 17.05 147.20 30.68 30.58 14.30 0.707126 9 10
V1-890 16.40 147.24 30.07 31.28 17.16 0.707128 25 3
V1-845 15.60 147.30 30.26 31.33 17.38 0.707137 21 9
V1-735 13.30 147.46 30.08 30.68 14.69 0.707103 35 2
V1-695 12.50 147.51 0.04 31.44 17.84 0.707113 33 4
V1-640 11.60 147.57 0.51 31.37 17.54 0.707090 18 16
V1-610 11.25 147.60 0.62 30.91 15.63 0.707093 14 1
V1-585 10.60 147.65 30.04 31.33 17.36 0.707110 18 8
V1-455A 7.75 147.84 31.11 31.73 19.10 0.707171 21 7
V1-455B 7.75 147.84 30.19 31.76 19.23 22 9
V1-395 6.95 147.90 0.42 31.53 18.21 0.707124 15 12
V1-345 6.10 147.96 0.23 31.94 20.00 0.707115 28 9
V1-275 4.85 148.04 0.77 31.64 18.70 0.707058 24 4
V1-255 4.40 148.07 0.27 31.48 18.00 0.707094 31 2

Age determinations are based on Pa¤lfy et al. (2000) preceding the Kimmeridgian^Tithonian boundary and Gradstein et al.
(1995), thereafter assuming equal subzone duration as in Jones et al. (1994a,b). Stable-isotope ratios are expressed in per mil
(x) and against VPDB. Palaeotemperatures are determined assuming a Nw value of seawater of 31x VSMOW (assuming an
ice-free world). Strontium-isotope ratios have all been normalised to the NBS 987 value of 0.710250. Trace-element ratios ex-
pressed as parts per million (ppm).
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taceous of NW Europe were much less certain;
related to pronounced provincialism. Alterna-
tive biostratigraphic schemes published by Saks
and Shulgina (1973) and Shulgina (1985, 1996)
do show some signi¢cant di¡erences and exclude
the Upper Volgian as an equivalent of the Lower
Berriasian, but place it as equivalent to the Upper
Tithonian. In this study, the biostratigraphic
scheme of Hantzpergue et al. (1998) will be used
for correlating between the Russian sections and
European ammonite zonal schemes.
Based upon the ammonite biostratigraphy of

Fleming and Kear (1960), the estimated age of
the Kawhia Harbour succession ranges from the
Lower Kimmeridgian to the Upper Tithonian.
Since then several studies have estimated ranges
from the Upper Callovian to the Upper Titho-
nian, predominantly based on dino£agellates
(e.g. Helby et al., 1987, 1988). Recent correlation
using ammonite biostratigraphy by Stevens (1992)
suggests that the base of the Ohineruru Forma-
tion is basal Kimmeridgian, whereas the top of
the Puti Siltstone is basal Upper Tithonian (Fig.
4). Belemnites were analysed from the base of the
Ohineruru Formation to the Lower Puti Siltstone,
and hence from Lower Kimmeridgian to the Mid-
dle Tithonian, using the scheme of Stevens (1992).

3. Analytical procedures

Carbonate staining following the method of
Dickson (1966), electron microscopy and catho-
doluminescence (CL) techniques were employed
to characterise the state of preservation of each
belemnite rostrum prior to isotopic and trace-ele-
ment analysis. Subsequently, the outer surfaces of
belemnites were removed using a circular grinder
and thoroughly cleaned used deionised water and
dried at room temperature. Avoiding areas where
staining indicated ferroan carbonate or which
were highly luminescent under CL, 6 5-mm frag-
ments of the belemnite rostrum were selected and
treated with 0.6 M HCl in FEP beakers and
placed in an ultrasonic bath for V10 min. Sam-
ples were then rinsed with water, dried and bro-
ken into fragments 6 2 mm. After etching with
0.3 M HCl for V10 min (sustaining the reaction
by drop-wise additions of 6 M HCl), samples were
rinsed with water and dried.

3.1. Trace-element abundance

Approximately 20 mg subsamples were dis-
solved in concentrated HCl, added in stages al-
lowing for any di¡usive reactions to take place

Table 2
Isotopic and trace-element data from Kashpir, Russia

Sample ID Height Age N
13C N

18O Temperature 87Sr/86Sr Fe Mn
(m) (Ma) (x) (x) (‡C) (ppm) (ppm)

K5-VT 19.40 135.65 0.50 31.07 16.30 0.707257 15 2
K10-VT 19.30 135.78 0.63 32.30 21.59 0.707277 19 6
K15-VT 18.90 136.37 0.57 31.65 18.72 0.707259 32 1
K30-VT 18.45 137.10 0.31 31.33 17.36 0.707251 24 5
K65-VT 17.70 137.38 30.69 32.54 22.69 0.707245 26 3
K70-VT 17.55 137.45 0.71 31.47 17.96 0.707258 11 9
K100-VT 17.10 137.62 30.34 31.58 18.46 0.707249 13 10
K105-VTA 17.00 137.65 0.16 31.87 19.69 0.707244 21 11
K105-VTB 17.00 137.65 0.44 31.99 20.24 27 8
K110-VT 16.90 137.69 0.20 31.52 18.17 0.707250 25 1
K150-VT 16.20 138.03 0.00 32.61 23.01 0.707229 16 6
K170-VT 15.60 138.62 0.20 32.67 23.27 0.707243 15 4
K175-VT 15.50 138.79 30.73 30.66 14.60 32 18
K180-VT 15.40 139.11 0.67 31.71 18.98 0.707219 47 20
K-BB94 11.05 147.38 0.53 31.54 18.25 0.707100 24 12
K-BB93 9.10 147.59 30.62 30.89 15.55 0.707092 12 6
K-BB91A 6.40 147.85 0.16 31.50 18.11 0.707088 24 9
K-BB91B 6.40 147.85 0.55 31.24 17.01 19 4

See Table 1 for column information.

PALAEO 3213 24-11-03

D.R. Gro«cke et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 202 (2003) 97^118 105



in FEP beakers and subsequently brought up to
10 ml using deionised water. Elemental concentra-
tions (Mn, Sr, Mg and Fe), shown in Tables 1^3,
were determined by a Perkin Elmer 3000 induc-
tively coupled plasma mass spectrometer. Repro-
ducibility, based upon replicate analysis was cal-
culated at less than U 5% of the measured
concentration for Sr and Mg, and U 10% for
Mn and Fe.

3.2. Strontium-isotope ratios

About 60 mg of the prepared belemnite ros-
trum was dissolved in 1^2-ml V6 M HCl and
the solution evaporated to incipient dryness. After
re-dissolving the residue in 4 ml of 3.0 M HCl, the
solution was transferred to a 15-ml tube and cen-
trifuged. A 2-ml sample of the solution was
loaded into a calibrated cation-exchange column
equilibrated with 5 ml 3.0 M HCl. After washing
the column with 19 ml 3.0 M HCl, the strontium
was eluted in 8 ml 3.0 M HCl and evaporated to
dryness.
0.5 Wl 1.2 M H3PO4 was then placed in the

centre of an out-gassed single tantalum ¢lament
followed by the sample strontium in 1 Wl water.
The solution was dried onto the ¢lament by pass-

ing a current of V1 amp. Finally, the current was
increased momentarily until the ¢lament became
dull red to remove excess phosphoric acid and
then turned o¡. Strontium-isotope measurements
were performed on a modi¢ed VG Isomass 54 E
thermal ionisation mass spectrometer. All 87Sr/
86Sr values were internally normalised to a 86Sr/
88Sr value of 0.1194. 87Sr/86Sr values, including
other datasets, have been normalised to a Nation-
al Bureau of Standards (NBS) 987 value of
0.710250.

3.3. Stable-isotope ratios

Samples prepared using the above procedure
were powdered, measured out into thimbles and
organic matter removed using 10% H2O2 for
V20 min after which time acetone was added
to extract water. Samples were subsequently
dried in an oven at 60‡C. The samples were
then loaded into a carousel with four internal
standards, Carrara Marble, at the start and end
of a run (i.e. eight standards and 36 samples).
Isotopic analyses of belemnites were carried out
using a VG PRISM Series II mass spectrometer
with an on-line common acid-bath system at the
University of Oxford. The N

18Ocarb and N
13Ccarb

Table 3
Isotopic and trace-element data from Kawhia Harbour, New Zealand

Sample ID Height Age N
13C N

18O Temperature 87Sr/86Sr Fe Mn
(km) (Ma) (x) (x) (‡C) (ppm) (ppm)

N51/F650 3.82 147.80 30.13 0.36 10.59 0.707114 29 4
N51/F952 3.52 148.26 30.54 30.14 12.53 0.707093 12 2
N73/F630 A 3.33 148.52 32.13 31.90 19.83 0.707069 22 14
N73/F630 C 3.33 148.52 31.17 31.29 17.22 0.707066 25 8
N73/F628 A 3.25 148.65 31.40 30.52 14.04 0.707040 40 18
N73/F928 A 2.99 149.05 0.02 30.39 13.53 14 11
N73/F928 B 2.99 149.05 32.77 30.50 13.97 0.707063 17 11
N73/F566 1.98 150.56 30.10 32.08 20.63 0.706983 34 4
N73/F69 A 1.66 151.64 0.31 30.76 15.00 29 12
N73/F69 B 1.66 151.64 1.28 30.71 14.79 0.706983 37 2
N73/F560 A 1.06 153.83 1.07 32.07 20.58 21 9
N73/F560 B 1.06 153.83 0.29 32.44 22.22 0.706897 17 9
N73/F560 C 1.06 153.83 0.83 31.19 16.78 0.706875 12 3
N73/F556 A 0.43 154.57 0.65 32.21 21.21 0.706843 15 5
N73/F556 B 0.43 154.57 0.74 32.08 20.60 26 10
N73/F960 B 0.43 154.87 0.90 33.10 25.26 0.706838 23 4
N73/F960 C 0.18 154.87 1.29 32.66 23.24 0.706832 42 2

See Table 1 for column information.
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compositions are reported in per mil (x) nota-
tion with respect to the Vienna PeeDee Belemnite
(VPDB) international standard. Calibration of
the isotopic results to VPDB was achieved via
calibration of the Carrara Marble to NBS 19.
Reproducibility of both N

18Ocarb and N
13Ccarb

was generally better than U 0.1x based on rep-
licate analyses.

4. Results

4.1. Trace-element abundance and belemnite
preservation

Trace-element variation has consistently been
employed as a technique to identify diagenetic
alteration (e.g. Brand and Veizer, 1980; Jones,

Fig. 7. Isotopic data from the Kawhia Harbour section, New Zealand. Refer to Fig. 5 for lithological key. Abbreviations: Wsil,
Waikutakuta Siltstone; Wcon, Waiharakeke Conglomerate; U., Upper.
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1992; Ditch¢eld et al., 1994; Jones et al., 1994a,b;
Price and Sellwood, 1997; Podlaha et al., 1998;
Hesselbo et al., 2000; Price et al., 2000; Gro«cke,
2001; Jenkyns et al., 2002). Such studies indicate
that high concentrations of Fe and Mn are com-
monly associated with more negative N

18O and
N
13C values and sparry calcite resulting from dia-
genetic alteration. The measured concentrations
of Mn in our material ranged from 3 to 205
ppm, Mg 431 to 1951 ppm, Sr 634to 1718 ppm
and Fe 7 to 1131 ppm. Based on the study of
modern marine molluscan shell carbonate (as-
sumed to re£ect pristine carbonate), relatively
low concentrations of Mn (6 100 ppm) and Fe
(6 200 ppm) are recorded, with Sr and Mg
amounts proving more variable and in higher
concentrations (e.g. Milliman, 1974; Morrison
and Brand, 1986). Carbonate staining, cathodo-
luminescence and scanning-electron microscopic
analysis reveal that the belemnites were mostly
non-ferroan and non-luminescent, and retained
the primary concentric banding that characterises
belemnite rostra (Fig. 8). A number of samples,
particularly those obtained from the silty-sand
beds at Gorodische and Kashpir were weathered
especially around the margins and commonly
displayed partial replacement by phosphate pref-
erentially along the concentric growth bands
(Fig. 8). This latter feature may be due to the
dissolution and subsequent cementation of unsta-
ble organic-rich layers within the rostrum. It is
of note that the highest Fe and Mn values re-
corded are derived from those belemnites ob-
tained from the silty-sand beds consistent with
poor preservation observed in hand specimen
and petrographic observations. Hence, where Fe
and Mn values exceeded 200 and 100 ppm, re-
spectively, these samples were excluded from fur-
ther analysis in this study and are excluded from
Tables 1^3.

4.2. Strontium-isotope ratios

87Sr/86Sr values derived from the well-preserved
belemnites at Gorodische (Fig. 5; Table 1) show
some scatter in the lower panderi Zone during the
deposition of calcareous clay-stones and may be
related to pore-water diagenesis (Jones, 1992).

However, when the succession changes to one
dominated by clayey shales the 87Sr/86Sr values
show very little variation, and gradually increase
from the Virgarites virgatus Zone through to the
Craspedites subditus Zone. A similar pattern is
recognised from the Kashpir section (Fig. 6; Ta-
ble 2) with relatively stable 87Sr/86Sr values from
the Kashpurites fulgens^nodiger Zones and this ex-
tends into the Temnoptychites syzranicus Zone of
the lower Valanginian. The Kawhia Harbour sec-
tion records a gradual rise in 87Sr/86Sr values from

Fig. 8. (A) Back-scattered scanning electron photomicro-
graph showing partial replacement of belemnite rostrum by
phosphate along concentric growth lines (scale bar= 1 mm).
(B) A close-up image of the phosphate growth band (scale-
bar= 100 Wm).
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the Ohineruru Formation to the Puti Siltstone. As
seen in Fig. 7, a close correspondence of the
strontium-isotope ratios is observed between the
data from this study and those of Podlaha et al.
(1998).

4.3. Stable-isotope ratios

Where multiple belemnites were collected from
the same stratigraphic level, the maximum varia-
tion in N

13Ccarb and N
18Ocarb is 0.9x and 0.2x

from Gorodische and 0.4x and 0.2x from
Kashpir, respectively. This is not the case for Ka-
whia Harbour, New Zealand. Where multiple be-
lemnites are examined from a single horizon, the
maximum variations in N

13Ccarb and N
18Ocarb are

3x and 1.2x, respectively. It is interesting to
note that oxygen-isotope variation is much small-
er from all localities than that recorded for
N
13Ccarb and may be related to ontogeny, varia-
tion in feeding habitats and/or stress-induced re-
absorption of the rostrum.
The isotope pro¢le from Gorodische (Fig. 5)

shows a number of notable features. N13Ccarb val-
ues remain fairly constant through the section,
ranging from +0.77 to 31.13x (mean
30.06x). N

18Ocarb values show a similar range
from 30.58 to 32.11x (mean 31.30x), with
the most enriched values occurring in the upper-
most part of the panderi Zone (Fig. 5; Table 1).
At Kashpir N

13Ccarb values also exhibit a fairly
narrow range (+0.67 to 30.73x, mean
+0.16x), whilst oxygen isotope values range
from 30.66 to 32.67x (mean 31.68x) (Fig.
6; Table 2). In contrast, the isotopic data from
Kawhia Harbour show much greater variation.
N
18Ocarb values range from +0.36 to 33.09x
(mean 31.39x) and N

13Ccarb values range from
+1.29 to 32.77x (mean 30.05x)(Table 3). The
greatest variation occurs in the Oxfordian^Kim-
meridgian part of the sequence, whilst a narrower
variation and a move towards more positive
N
18Ocarb values are recorded in the upper (Titho-
nian) part of the succession (Fig. 7). A compara-
ble isotopic range has previously been reported
(Stevens and Clayton, 1971), although the belem-
nites used in that study were not fully screened for
diagenetic alteration.

5. Discussion

5.1. Strontium-isotope variation and stratigraphic
correlation

Fig. 9 illustrates the strontium-isotope data
plotted against the emerging reference curve for
the global evolution of marine strontium isotope
ratios during the Late Jurassic^Early Cretaceous,
based on belemnites collected from England
(Jones et al., 1994a,b; Gro«cke, 2001) and the
Moscow Basin, Russia (Podlaha et al., 1998;
Gro«cke, 2001). The strontium-isotope data from
the Volga Basin con¢rm the ¢ndings of Hantz-
pergue et al. (1998) based upon the a⁄nities of
endemic ammonites, that the Dorsoplanites pan-
deri Zone is correlated with the Middle Tithonian
ammonite faunal scheme from Europe. The data
also support the proposition of the Upper Vol-
gian as an equivalent of the Lower Berriasian at
Kashpir (cf. Saks and Shulgina, 1973; Shulgina,
1985, 1996). Furthermore, as noted above,
although the published data show a degree of
scatter, the new data con¢rm the uniform rise in
87Sr/86Sr values from the Late Jurassic into the
Early Cretaceous. However, the Early Cretaceous
portion of the curve is appreciably £atter com-
pared with the Late Jurassic (Fig. 9).
The Kawhia Harbour section records a gradual

rise in 87Sr/86Sr values from the Ohineruru For-
mation to the Puti Siltstone (Fig. 7; Table 3). In
comparison with the published 87Sr/86Sr curve de-
rived from belemnites and oysters (Fig. 9), the
strontium-isotope data from Kawhia Harbour
suggest the lower part of the section (Ohineruru
Formation) is latest Oxfordian in age as previ-
ously indicated by Helby et al. (1987) based on
dino£agellate biostratigraphy. This is not in
agreement with the ammonite biostratigraphy of
Stevens (1992) who suggests an Early Kimmerid-
gian age. However, it should be stressed that the
87Sr/86Sr values for the upper part of the section
correlate well with the biostratigraphic correlation
suggested by both Stevens (1992) and Helby et al.
(1987): Lower^Middle Tithonian (Fig. 4). There-
fore, it seems that correlation based on 87Sr/86Sr
values is not signi¢cantly di¡erent from individual
reports, but rather a combination of biostrati-
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graphic approaches (e.g. Helby et al., 1987;
Stevens, 1992). The correlation based on stron-
tium-isotope ratios as depicted in Fig. 4 with
the NW European ammonite scheme has been
used in this study for constructing the carbon-

and oxygen-isotope curves for the Late Jurassic
(Fig. 9).
It has recently been proposed by Jones and

Jenkyns (2000) that hydrothermal activity/mid-
oceanic ridge spreading was the dominant mech-

Fig. 9. Strontium-, carbon- and oxygen-isotope curves for the latest Oxfordian^earliest Valanginian data excluding diagenetically
altered samples (data from this study and Jones, 1992; Jones et al., 1994a,b; Podlaha et al., 1998; Gro«cke, 2001; Jenkyns et al.,
2002), against the timescales of Pa¤lfy et al. (2000) [PTS] and Gradstein et al. (1995) [GTS]. Abbreviations: Ox, Oxfordian;
Kimm, Kimmeridgian; Valan, Valanginian.
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anism controlling seawater 87Sr/86Sr values for the
Jurassic and Early Cretaceous. During the Ceno-
zoic, continental weathering due to Himalayan
uplift and erosion has been suggested as the dom-
inant mechanism (Palmer and Elder¢eld, 1985;
Hess et al., 1986; Derry and France-Lanord,
1996). The major mountain building period in
the Jurassic and Early Cretaceous was the devel-
opment of the Western Cordillera (Rocky Moun-
tains). Stratigraphic, sedimentological and geo-
chronological evidence tends to suggest an onset
age during the Middle Jurassic (Archibald et al.,
1983; Monger, 1998), although by the Late Juras-
sic large volumes of continental detritus was being
deposited in the region compared to one previ-
ously dominated by marine sedimentation (Poul-
ton, 1989).
Archibald et al. (1983) on the basis of K^Ar

geochronology indicate that an uplift of V7 km
in the Western Cordillera began at V156 Ma at a
rate of 2 mm/yr, and an end age of V152.5 Ma.
Based on the timescale of Pa¤lfy et al. (2000), the
uplift event occurred during the Oxfordian^Kim-
meridgian. 87Sr/86Sr values rise across the Oxfor-
dian^Kimmeridgian boundary and continue for
the remainder of the Late Jurassic, plateau across
the Jurassic-Cretaceous boundary and start to rise
again through the Early Cretaceous (Fig. 9), at
least until the Late Barremian when they descend
again (Gro«cke, unpublished data). This trend in
seawater strontium-isotope ratios would possibly
indicate that the Western Cordillera mountain
building event led to an increase in 87Sr/86Sr val-
ues similar to that in the Cenozoic. A decrease in
weathering (as indicated by the strontium-isotope
plateau) across the Jurassic-Cretaceous boundary
is concordant with clay mineral data from NW
Europe (Ru¡ell et al., 2002). However, this does
not dismiss the premise that a decrease also oc-
curred in mid-oceanic ridge spreading and/or hy-
drothermal £ux. Both of these mechanisms
(weathering and hydrothermal activity) may be
inherently linked and, thus, the 87Sr/86Sr values
represent a balance (a plateau in the strontium-
isotope curve) or imbalance (rise or decline in the
strontium-isotope curve). This may especially be
the case since Sheridan (1997) reports that sea-
£oor spreading in the Atlantic decreased from

V3.8 cm/yr in the Late Kimmeridgian to only
V1.5 cm/yr in the Late Tithonian.

5.2. Late Jurassic palaeotemperatures

The oxygen isotope record (Figs. 5^7) displays
considerably more variability than the strontium-
isotope record (particularly from New Zealand).
This is likely to be related to the longer residence
time associated with strontium in seawater (see
McArthur, 1994), and the range of controls
upon the 18O/16O value of carbonate which in-
cludes seawater temperature, vital e¡ects and
global next to localised variations in the isotopic
composition of seawater (see Zeebe, 2002). In
general, the 18O/16O ratio in seawater is decreased
in response to precipitation and/or runo¡ whereas
the 18O/16O ratio is increased by evaporation, and
hence, in high latitudes where precipitation gener-
ally exceeds evaporation waters tend to be iso-
topically lighter. Furthermore, if 16O-enriched
water from ice and/or snow enters the oceanic
system, this would result in more negative
N
18Ocarb values and, thus, if interpreted in terms
of palaeotemperature these values will give erro-
neously high estimates. Assuming that the iso-
topic composition of belemnites represents pri-
mary marine signatures (i.e. no or very little
diagenetic alteration), calcite palaeotemperatures
can be calculated using the equation of Epstein
et al. (1953) and Craig (1965), and modi¢ed by
Anderson and Arthur (1983). This expresses the
oxygen-isotope composition of calcite (Nc) with
respect to VPDB, which is directly related to the
oxygen-isotope composition of seawater (Nw) in
which the calcite precipitated with respect to
VSMOW:

Palaeotemperature ð�CÞ ¼

16:034:14 ðNc3NwÞ þ 0:13 ðNc3NwÞ2

Using a Nw value of 31.0x VSMOW, deemed
appropriate for an ice-free world post-Jurassic
time (Shackleton and Kennett, 1975; Lecuyer
and Allemand, 1999; see below), calculated pa-
laeotemperatures from the N18Ocarb values are pre-
sented in Tables 1^3. Illustrated in Fig. 9 are
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N
18Ocarb values from this study, combined with
published belemnite data for the Late Jurassic^
Early Cretaceous interval : a warming through
the Oxfordian^Kimmeridgian, cooler palaeotem-
peratures within the Early Tithonian and a grad-
ual rise to warmer palaeotemperatures across the
Jurassic^Cretaceous boundary.
The observed palaeotemperature range from

the Volga Basin (14^23‡C: mean V18‡C) is sim-
ilar to calculated Late Jurassic belemnites from
East Greenland (Bowen, 1966) and Poland (Teys
et al., 1968; Bowen, 1961) (Table 4), but are con-
siderably warmer than those reported by Ditch-
¢eld (1997) who proposes a palaeotemperature
range of V5^11‡C (mean: V8‡C) for the Titho-
nian^Valanginian based on belemnites from Sval-
bard (palaeolatitude 65‡N). It is likely there was
V25‡ of latitudinal di¡erence between the Volga
Basin (40‡N) and Svalbard during the Late Juras-
sic. Using average palaeotemperatures, a gradient
of V0.36‡C is calculated for every degree of pa-
laeolatitude, which if extrapolated to northern
polar regions may indicate sub-freezing palaeo-
temperatures at a palaeolatitude greater than
V80‡N. A palaeotemperature gradient ofV3.6‡C
per every 10‡ of latitude is comparable to the
V3‡C proposed by Pirrie and Marshall (1990)
for the Late Cretaceous.
The palaeotemperature estimates for Russia

and other locations in northern Europe are para-
doxically considerably warmer than those derived
from more equatorial latitudes such as Mallorca
and India (Table 4; Fig. 10 and inset). These
cooler palaeotemperature estimates are for more
open-marine settings and may be related to major
circulation patterns in the Tethys Ocean, and/or
increased upwelling of cold nutrient-rich bottom
waters along the southern continental margins.
The calculated palaeotemperature range (11^

25‡C, mean V18‡C) for the New Zealand belem-
nite isotope data is relatively large (Fig. 10). In
contrast, palaeotemperature estimates from high-
latitude Southern Hemisphere locations, such as
James Ross Island (Ditch¢eld et al., 1994), Argen-
tina (Bowen, 1961) and the Falkland Plateau
(Price and Sellwood, 1997; Price and Gro«cke,
2002), all show a considerably narrower range
of temperatures (Table 4). One possibility is thatT
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the variability seen in the N
18Ocarb values from

New Zealand is a consequence of localised varia-
tions in the isotopic composition of the seawater.
The most negative N18Ocarb values representing the
most elevated palaeotemperatures recorded in the
lowermost Kimmeridgian may be indicative of the
input of 16O-enriched water resulting from a re-
duction in ice and/or snow-sheet and associated
increased runo¡ (Sellwood et al., 2000). Given
the magnitude of the ice/snow-sheet proposed by
Sellwood et al. (2000), it is unlikely to have had
an a¡ect on the global N

18O value of seawater.
The return towards more ‘realistic’ marine palae-
otemperatures expected for the palaeolatitude of
New Zealand during the Lower^Middle Tithonian
points to a reduction in the ice/snow-runo¡ factor
(Fig. 9). Based on the Middle Tithonian palaeo-
temperatures from New Zealand, of V11‡C, and
assuming similar palaeotemperature gradients be-
tween the Northern and Southern Hemispheres,
this would indicate that the ice/snow-sheet
had little a¡ect on N

18Ocarb values for that time
period.

5.3. The Late Jurassic^Early Cretaceous N
13Ccarb

curve

Illustrated in Fig. 9 are N
13Ccarb values from

this study, combined with published belemnite
data for the Late Jurassic^Early Cretaceous inter-
val. A sharp decrease from +3.5x in the Upper
Oxfordian to 32.5x in the Middle Tithonian is
observed. From these lowest values in the Middle
Tithonian, N

13Ccarb values generally rise to
V+2x just prior to the Jurassic^Cretaceous
boundary based on the Gradstein et al. (1995)
timescale. N13Ccarb ratios decline after the Juras-
sic^Cretaceous boundary and continue to decline
until the Lower Berriasian where N

13Ccarb values
begin to £uctuate with some extremely positive
values in the Upper Berriasian (V+4x).
Bartolini et al. (1999) examining Tethyan sec-

tions also documented a major positive N
13Ccarb

excursion to values of V+4x in the Middle^
Upper Oxfordian and further report that
N
13Ccarb values decrease almost systematically
through to the Lower Tithonian. The general de-

Fig. 10. Belemnite palaeotemperatures for the Kimmeridgian^Tithonian interval illustrated on the palaeogeographic map of Fig.
1. Palaeotemperature estimates are derived from this study and data within Table 4. Numbers within inset refer to Table 4 and
shaded curve represents a modern pole-to-pole sea-surface temperature pro¢le from Smith et al. (1996). Postulated ice/snow-sheets
are from Sellwood et al. (2000), zones of upwelling from Parrish and Curtis (1982) and Price et al. (1995).
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crease in N
13Ccarb has also been noted by Weissert

and Mohr (1996) and Weissert et al. (1998), and
more recently by Padden et al. (2002). Although
the positive shift from the Lower^Middle Titho-
nian to the Jurassic^Cretaceous boundary has not
been previously reported, some indications of it
may be seen at Valle del Mis, Belluno Basin
(Weissert and Channell, 1989). Because these pat-
terns in N

13Ccarb are documented in both the
Northern and Southern Hemispheres, this sug-
gests that the carbon reservoir was ultimately con-
trolled by global rather than local and/or regional
environmental conditions. Weissert and Channell
(1989) and Weissert and Mohr (1996) suggest that
the positive carbon-isotope events in the Late Ju-
rassic relate to increased organic-carbon accumu-
lation rates and changing e⁄ciency of the oceanic
carbonate-carbon pump. Weissert and Mohr
(1996) further suggest that intensi¢ed Late Juras-
sic water-cycling, triggered by elevated levels of
atmospheric CO2, led to enhanced chemical
weathering in a warm and humid environment
leading to increased erosion and nutrient transfer
from the continents to oceans. Clay-mineral as-
semblages (i.e. Ru¡ell and Rawson, 1994) and
strontium-isotope evidence also tend to support
an increase in weathering rates in the Late Juras-
sic.

6. Conclusions

87Sr/86Sr values derived from well-preserved be-
lemnites from the Volga Basin con¢rm the ¢nd-
ings of Hantzpergue et al. (1998) that the panderi
Zone is correlatable with the Middle Tithonian
ammonite zonal from Europe, and the proposi-
tion of the Upper Volgian as an equivalent of
the Lower Berriasian. Our data also con¢rm the
uniform rise in 87Sr/86Sr values from the Late Ju-
rassic into the Early Cretaceous, however, the
gradient of the curve changes from being rela-
tively steep in the Late Jurassic to markedly less
so in the Early Cretaceous. The Kawhia Harbour
section records a gradual rise in 87Sr/86Sr values
and in comparison with the published 87Sr/86Sr
curve suggests that the lower part of the section
is latest Oxfordian in age as previously indicated

by Helby et al. (1987). The 87Sr/86Sr values for the
upper part of the section correlate well with the
biostratigraphic correlation suggested by both
Stevens (1992) and Helby et al. (1987): Lower^
Middle Tithonian.
The oxygen-isotope data from Russia if inter-

preted in terms of palaeotemperature provide a
range from 14 to 23‡C (mean V18‡C) and are
consistent with a slight cooling through the Mid-
dle Volgian and warmer temperatures during the
Late Volgian^Early Ryazanian. If extrapolated to
Northern Hemisphere regions, the data may indi-
cate sub-freezing palaeotemperatures at a palaeo-
latitude greater than V80‡N. In contrast, the cal-
culated palaeotemperature range (11^25‡C, mean
V18‡C) for the New Zealand belemnite isotope
data shows a much greater range. Combining
these data with published studies, several distin-
guishing features are apparent: (1) moderately
warm palaeotemperatures for mid-palaeolatitude
localities (40^50‡N) located in seaways; (2) gen-
erally elevated palaeotemperatures in the South-
ern Hemisphere compared to the same palaeolati-
tude in the Northern Hemisphere; (3) open-ocean
localities (Mallorca and India) generally have low-
er palaeotemperatures compared to northern mid-
palaeolatitude localities ; and (4) extremely vari-
able palaeotemperatures for the South Pole region
(New Zealand).
The variability in the New Zealand data is in-

terpreted to be a consequence of localised and
intermittent input of 16O-enriched water resulting
from a reduction in an ice/snow-sheet and in-
creased runo¡. This is consistent with recent Gen-
eral Circulation Model results (Sellwood et al.,
2000), which indicate that Antarctica and Austra-
lia may have sustained an ice/snow-sheet during
the Oxfordian^Middle Tithonian. Thus, the semi-
arid climate associated with the Late Jurassic may
have been interspersed with cool climatic phases
and/or the decline of a major cold phase associ-
ated with the development of an ice/snow-sheet in
the Southern Hemisphere. More enigmatic is the
general decline to very negative N

13Ccarb values
over the Kimmeridgian^Early Tithonian that is
associated with a gradual warming trend. This
may indicate poor oceanic circulation and/or up-
welling of nutrient-rich cold bottom waters (Ku«s-
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pert, 1982) in the Tethys Ocean. The precise
mechanism behind decreased organic-carbon buri-
al rates and low carbon-isotope values in the Late
Jurassic may relate inherently to increased conti-
nental weathering and subsequent lowering of
global CO2 levels to the Hauterivian-Barremian
boundary (Robinson et al., 2002). Such a situa-
tion creates a paradox in that increased continen-
tal weathering should be linked with increased
nutrient supply to the oceans and subsequent oce-
anic productivity and major positive carbon-iso-
tope events.
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