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a b s t r a c t
Oxygen and neodymium isotope analyses performed on biostratigraphically well-dated ﬁsh remains
recovered from the Hettangian to Toarcian of the Paris Basin were used to reconstruct variations of Early
Jurassic seawater temperature and to track oceanographic changes in the NW Tethys. Our results indicate a
strong correlation between δ18O trends recorded by ﬁsh remains and belemnites, conﬁrming the
paleoenvironmental origin of oxygen isotope variations. Interestingly, temperatures recorded by pelagic
ﬁshes and nektobenthic belemnites and bottom dwelling ﬁshes are comparable during the Late
Pliensbachian sea-level lowstand but gradually differ during the Early Toarcian transgressive episode,
recording a difference in water temperatures of ~ 6 °C during the Bifrons Zone. This could suggest that the
surface-bottom water temperature difference was not large enough during regressive phases to be recorded
by organisms living near the lower and upper part of the water column. The globally unradiogenic Nd budget
of Euro-boreal waters through the Early Jurassic suggests that these waters were strongly affected by
continental neodymium input from surrounding emerged areas and that exchange with more radiogenic
waters from the Tethys and Panthalassa oceans remained limited. This supports the existence of a southward
directed current in the Euro-boreal area for most of the Early Jurassic. The only exception is observed at the
Early–Late Pliensbachian transition where a positive εNd excursion is recorded, suggesting northward inﬂux
of low-latitude Tethyan or Panthalassan waters which may have contributed to the warming of NW Tethyan
seawater recorded at this time. The absence of a marked negative excursion in εNd concomitant with a
negative δ18O shift recorded during the Falciferum Zone (Exaratum Subzone) argues against the inﬂuence of
less radiogenic Arctic water inﬂuxes with low δ18O values during this interval. Instead, we suggest that
enhanced freshwater inputs related to increasing weathering rates could have contributed to the large δ18O
shift recorded by marine organisms, especially in Euro-boreal contexts.
© 2009 Elsevier B.V. All rights reserved.

1. Introduction
Early Jurassic times (~200–175 Ma, Gradstein et al., 2004) were
marked by a 2nd order biodiversity crisis (Little and Benton, 1995) and
perturbations of the carbon cycle documented by δ13C excursions and
organic-rich deposits (Jenkyns, 1988; Röhl et al., 2001; Hesselbo et al.,
2007; Hermoso et al., 2009). Several recent studies link these environmental changes to paleoceanographic disturbances (van de Schootbrugge
et al., 2005b), episodes of clathrate destabilisation (Hesselbo et al.,
⁎ Corresponding author. Present address: Université de Bourgogne, Laboratoire
Biogéosciences, 6 bd Gabriel, 21000 Dijon, France. Tel.: +33 3 80 39 37 69; fax: +33 3 80
39 63 87.
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0012-821X/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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2000a; Beerling et al., 2002), thermogenic methanogenesis or volcanism in the Karoo–Ferrar Large Igneous Province (McElwain et al., 2005;
Svensen et al., 2007) (Fig. 1), having potentially triggered climatic
variations during the Early Jurassic (Gómez et al., 2008). Available
oxygen isotope data point to a warming of seawater at the end of the
Early Pliensbachian, cooling during the Late Pliensbachian, followed by
a prominent warming during the Early–Middle Toarcian (McArthur
et al., 2000; Bailey et al., 2003; Rosales et al., 2004; van de Schootbrugge
et al., 2005a; Gómez et al., 2008).
The paleoclimatic data are almost exclusively based on δ18O
analyses of belemnite guards which are particularly abundant in the
Sinemurian, Pliensbachian, and Toarcian. However, the use of
belemnite δ18O data as sea surface temperature proxies may be
questioned due to uncertainties concerning the habitat of these
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considered as a reliable proxy for tracking changes in oceanic
circulation (e.g., Grandjean et al., 1988; Vennemann and Hegner,
1998; Thomas et al., 2003; Pucéat et al., 2005). As continental
weathering is the principal source of Nd to the oceans, the Nd isotope
system is also a potential proxy for constraining erosional inputs to
basins (Jones et al., 1994, Reynolds et al. 2006). Thus, combined oxygen
and neodymium isotope analyses of ﬁsh teeth should provide a better
understanding of the origin of δ18O variations recorded by belemnites
during the Early Jurassic.
2. Material and sampling

Fig. 1. Paleogeographic reconstruction for the Pliensbachian–Toarcian period (modiﬁed
from Damborenea, 2002).

coleoids. Recent geochemical studies suggest that belemnites likely
inhabited intermediate to deep waters (van de Schootbrugge et al.,
2000; Dutton et al., 2007; Wierzbowski and Joackimski, 2007), but
could have migrated in the water column during their lifespan
(Zakharov et al., 2006). In addition, the habitat and vital fractionation
effects during calcite precipitation could vary according to species
(McArthur et al., 2007). As there was an important turnover in the
belemnite fauna during the Pliensbachian to Toarcian (Doyle, 1994),
changes in analysed belemnite species may introduce a bias in the
isotope record. There is therefore a need for additional biological
materials for isotopic analysis for which life environment and
fractionation processes are better constrained.
Until today, Early Jurassic oxygen isotope records are only available
from European basins that represent the north-western epicontinental sea of the Peritethyan area. As these regions were located at the
convergence of the “Viking” and “Hispanic” corridors connecting the
Arctic and Panthalassa oceans to the north-western Tethys Ocean
(Fig. 1), water mass exchange between these basins may have
inﬂuenced both sea surface temperature and salinity in the NW
Tethys (Saelen et al., 1996; van de Schootbrugge et al., 2005a). In
particular, large freshwater inputs have been invoked to explain the
decrease in calcite δ18O values during the Early Toarcian (Bailey et al.,
2003; Suan et al., 2008). However, further paleoceanographic data are
needed to differentiate between global and local temperature changes
and regional δ18Oseawater variations.
In this study, we reconstruct the evolution of Early Jurassic seawater
temperature and attempt to track oceanographic changes in the NW
Tethys using oxygen and neodymium isotopes measured from ﬁsh
teeth recovered from the Hettangian to Toarcian of the Paris Basin. In
addition, belemnite rostra from the same stratigraphic levels were
analysed for their oxygen isotope composition, in order to compare ﬁsh
tooth and belemnite δ18O signals. Fish tooth δ18O is a robust
temperature proxy because ﬁsh paleoecology can be inferred from
tooth morphology (Cappetta, 1987), and because apatite is relatively
resistant to diagenetic alteration and presents a unique fractionation
equation for oxygen applicable to all ﬁsh species (Kolodny et al., 1983;
Lécuyer et al., 1999; Vennemann et al., 2001). In addition, the
neodymium isotope composition (εNd) of ﬁsh tooth apatite is usually

Nearly 150 ﬁsh remains, consisting of macroteeth (N1 mm),
microteeth (b1 mm), and scales were hand-picked from Hettangian
to Toarcian sediments from Belgian, French, and Luxembourgian parts
of the Paris Basin (Fig. 2). Thirty belemnite guards from the same beds
were also studied in order to compare their δ18O signals to those of the
ﬁsh teeth. Sedimentological data (marly to sandy lithologies) indicate
that shallow-marine coastal conditions prevailed during the Hettangian to Sinemurian, whereas deeper and open-marine conditions not
exceeding 200 m of depth (evidenced by marly to muddy facies with
only sporadic sandy sediments) characterized the Pliensbachian–
Toarcian interval (Boulvain et al., 2000). Fish teeth from the Worcester
Basin (England) and the western part of the Paris Basin (Sarthe,
France) were studied for comparison. All analysed fossil hard parts
were biostratigraphically dated down to the ammonite zone and
subzone level.
Fish remains were taxonomically determined and assigned to a
speciﬁc habitat (pelagic or demersal) using the selachian tooth typology
of Cappetta (1987) (Fig. 3; Table 1). Samples comprised widespread
Early Jurassic fauna including chondrichthyans (sharks, rays) and
actinopterygians (Rees, 2000; Delsate, 2003). As ﬁsh teeth mineralize
over several weeks to several months depending on species, ﬁsh tooth
δ18O values from a certain stratigraphic level often show some scatter
because of vertical or horizontal migration of the ﬁshes and seasonal
variations in seawater temperature. In order to minimize this variation,
several microteeth of the same species and recovered from the same
horizon were combined in a single sample for analysis (see Table 1).
Except in the case of the smallest teeth, enamel was separated from
dentine for oxygen isotope analyses. For εNd analyses, both dentine and
enamel of the largest samples were analysed together.

Fig. 2. Locations of studied sections.
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The rostra were sectioned along the length, polished, and investigated
using cathodoluminescence microscopy in order to identify diagenetic
recrystallisation. Luminescent and non-luminescent areas of each
rostrum were accurately mapped in order to sample exclusively the
non-luminescent parts for stable isotope analysis. In order to average
potential intra-rostral variability in δ18O related to migration and
seasonality, several samples were taken from individual rostra. The
drilled powders were combined and homogenized prior to analysis.
3. Analytical procedures

Fig. 3. Examples of ﬁsh remains used for δ18O and εNd analyses. (A) Scales and microteeth
of Lepidotes elvensis (inventory number UBGD 276166). (B) Clutching-type microtooth of
pelagic Synechodus streitzi. (C) Grinding-type macrotooth of demersal Acrodus nobilis.

Thirty belemnite guards were taxonomically determined according to the classiﬁcation of Doyle (1990), including representatives of
the genera Acrocoelites, Dactyloteuthis, and Passaloteuthis (Table 2).

Stable isotope analyses were performed at the GeoZentrum
Nordbayern of the University of Erlangen-Nuremberg (Germany).
Thirty-ﬁve apatite samples (0.5 to 1 mg) were dissolved in nitric acid
and chemically converted to Ag3PO4 using a modiﬁed version of the
method described by O'Neil et al. (1994). Oxygen isotope ratios were
measured on CO using a High Temperature Conversion Elemental
Analyzer (TC-EA) connected online to a ThermoFinnigan Delta plus
mass spectrometer (for details see Joachimski et al. (2004)). All
δ18Oapatite values are reported in per mil relative to V-SMOW (Vienna
Standard Mean Ocean Water). Accuracy and reproducibility (better
than ±0.2‰) were monitored by multiple analyses of trisilverphosphate from NBS120c and several trisilverphosphate standards (TUI-1,
TUI-2, YR-2; Vennemann et al., 2002). The average oxygen isotope
compositions of TUI-1, TUI-2 and YR-2 standards were 21.3, 5.5, and
13.2‰ V-SMOW, respectively. The mean δ18O value of NBS120c was
22.7‰ V-SMOW, which is relatively close to the value of 22.6‰ VSMOW determined by Vennemann et al. (2002).
Belemnite carbonate powders were reacted with 100% phosphoric
acid at 75 °C using a Kiel III online carbonate preparation line connected

Table 1
Locations, biostratigraphy, taxonomy, oxygen isotope compositions, and calculated seawater temperatures of ﬁsh remains.
Sample

Location

Stage

Biozone

Subzone

δ18O
(‰ SMOW)

Temperature
(°C)

Taxonomy

Number
of specimens

Ecology

He1
He2
He3
He4
Se1a
Da1a
Ma1a
Ma2a
Ma2b
Sp1a
Sp1b
Sp2a
Te1a
Te1b
Te3a
Fa3a
Fa3b
Fa1a
Fa2b
Bi1a
Bi1b
Bi1c
Bi2a
Bi2b
Bi2c
Bi2d
Bi3a
Bi3b
Bi4a
Bi5a
Bi5b
Le1a
Le1b
Le1c
Le2a

Fontenoille (B)
Fontenoille (B)
Fontenoille (B)
Fontenoille (B)
Huombois (B)
Francheville (F)
Rémilly (F)
Rémilly (F)
Rémilly (F)
Aubange (B)
Aubange (B)
Aubange (B)
Aubange (B)
Aubange (B)
Aubange (B)
Bascharage (L)
Bascharage (L)
Nancy (F)
Nancy (F)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Dudelange (L)
Dudelange (L)
Dudelange (L)
Dudelange (L)

Hettangian
Hettangian
Hettangian
Hettangian
Sinemurian
Pliensbachian
Pliensbachian
Pliensbachian
Pliensbachian
Pliensbachian
Pliensbachian
Pliensbachian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian

liasicus
liasicus
liasicus
liasicus
semicostatum
davoei
margaritatus
margaritatus
margaritatus
spinatum
spinatum
spinatum
tenuicostatum
tenuicostatum
tenuicostatum
falciferum
falciferum
falciferum
falciferum
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
Aalensis
Aalensis
Aalensis
Aalensis

–
–
–
–
–
ﬁgulinum
stokesi
stokesi
stokesi
hawskerense
hawskerense
hawskerense
semicelatum
semicelatum
semicelatum
exaratum
exaratum
falciferum
falciferum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
–
–
–
–

20.65
20.78
21.17
21.14
19.91
19.85
20.92
19.84
20.58
22.36
21.14
22.51
19.89
19.79
20.24
17.96
17.32
18.43
18.96
19.09
20.67
19.48
20.27
20.94
19.59
20.31
19.12
18.38
20.7
20.62
20.41
18.91
19.14
18.91
17.51

18.5
17.9
16.2
16.3
21.7
22.0
17.3
22.0
18.8
11.0
16.3
10.3
21.8
22.2
20.3
30.3
33.1
28.2
25.9
25.3
18.4
23.6
20.1
17.2
23.1
20.0
25.2
28.4
18.3
18.6
19.5
26.1
25.1
26.1
32.2

Hybodus reticulatus
Hybodus reticulatus
Hybodus reticulatus
Synechodus streitzi
Acrodus nobilis
Undetermined
Synechodus sp.
Actinopterygia
Actinopterygia
Synechodus sp.
Synechodus sp.
Synechodus sp.
Synechodus sp.
Synechodus sp.
Welcomia terencei
Lepidotes elvensis
Lepidotes elvensis
Hybodus haufﬁanus
Hybodus haufﬁanus
Actinopterygia
Actinopterygia
Actinopterygia
Hemiscylliidae
Hemiscylliidae
Hemiscylliidae
Hemiscylliidae
Synechodontiform
Synechodontiform
Toarcibatis sp.
Paleobrachaelurus sp.
Paleobrachaelurus sp.
Rhomphaiodon sp.
Rhomphaiodon sp.
Rhomphaiodon sp.
Batomorphii sp.

1
1
1
3
1
1
3
5
3
2
2
5
1
1
1
4
2
5
2
4
2
3
4
5
6
5
1
1
15
8
7
4
2
3
2

d
d
d
p
d
d
p
p
p
p
p
p
p
p
p
p
p
d
d
p
p
p
d
d
d
d
p
p
d
d
d
p
p
p
d

B — Belgium, L — Luxemburg, F — France, p — pelagic, d — demersal.
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Table 2
Locations, biostratigraphy, taxonomy, oxygen and carbon isotope compositions, and calculated seawater temperatures of belemnites.
Sample

Location

Stage

Biozone

Subzone

δ18O
(‰ PDB)

δ13C
(‰ PDB)

Temperatures
(°C)

Taxonomy

BDB
BDC
BDA
BAA
BAB
BAD
BAE
BAC
BBA
BEB
BCA
BCC
BCD
BCF
BCI
BCJ
BCK
BCL
BCM
BCP
BCQ
BCR
BEE
BEA
BEC
BED
BEF
BEG
BEH

Aubange (B)
Aubange (B)
Aubange (B)
Aubange (B)
Aubange (B)
Aubange (B)
Aubange (B)
Aubange (B)
Aubange (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)
Halanzy (B)

Pliensbachian
Pliensbachian
Pliensbachian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian

spinatum
spinatum
spinatum
tenuicostatum
tenuicostatum
tenuicostatum
tenuicostatum
tenuicostatum
falciferum
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons
bifrons

hawskerense
hawskerense
hawskerense
semicelatum
semicelatum
semicelatum
semicelatum
semicelatum
exaratum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum
crassum

0.64
0.73
0.26
− 0.70
− 1.34
− 0.79
− 2.24
− 1.54
− 2.35
− 2.20
− 1.13
− 1.42
− 1.04
− 3.21
− 1.42
− 0.67
− 1.25
− 1.29
− 1.35
− 1.15
− 2.04
− 1.22
− 0.89
− 1.89
− 1.69
− 1.38
− 1.11
− 1.21
− 1.55

0.67
− 1.36
1.91
2.09
3.83
1.79
2.50
0.54
2.99
2.06
0.66
0.09
− 0.05
2.20
0.44
2.03
− 0.41
0.37
− 0.28
0.86
1.92
0.11
0.20
1.34
− 0.12
0.85
0.51
0.76
1.21

9.5
9.2
11.0
14.8
17.4
15.1
21.3
18.3
21.8
21.1
16.5
17.8
16.2
25.8
17.8
14.6
17.1
17.2
17.5
16.6
20.5
16.9
15.6
19.8
18.9
17.6
16.5
16.9
18.3

Passaloteuthididae
Passaloteuthididae
Passaloteuthis sp.
Passaloteuthis milleri
Passaloteuthis milleri
Passaloteuthis milleri
Passaloteuthis milleri
Passaloteuthis sp.
Acroelites (Toarcibelus) ilmensterensis
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
Acrocoelites (Acroelites) sp.
aff. Dactyloteuthis
Dactyloteuthis digitalis
Dactyloteuthis sp.
Dactyloteuthis sp.
Dactyloteuthis sp.
Dactyloteuthis sp.
Dactyloteuthis sp.

to a ThermoFinnigan 252 mass spectrometer. All values are reported in
per mil relative to V-PDB by assigning a δ13C value of +1.95‰ and a δ18O
value of −2.20‰ to NBS19. Reproducibility was checked by replicate
analysis of laboratory standards and is ±0.02 (1σ) for δ13C and ±0.04
(1σ) for δ18O.
Neodymium isotope analyses of eleven apatite powders were
performed at the CRPG-CNRS laboratory in Nancy, France. After addition
of a mixed 150Nd–147Sm spike, from 13 to 57 mg of sample powder were
dissolved in 6 N HCl, then evaporated to dryness and redissolved in 1 ml
of 2.5 N HCl. Nd and Sm were separated by standard cation exchange
techniques following the protocol described in Pucéat et al. (2005). Nd
and Sm isotope analyses were performed on a Finnigan MAT 262 mass
spectrometer in dynamic multicollection mode. Nd was run as a metal on
a double Re–Ta ﬁlament using a P2O5 activator. Approximately 90 isotopic
ratios were collected for each sample. Nd isotope ratios were corrected for
mass discrimination by normalizing to 143Nd/144Nd =0.7219 using an

exponential law. In-run uncertainties on the 143Nd/144Nd ratios were, on
average, 0.000015, and were always less than or equal to 0.000022 (2
standard errors, see Table 3). During the period of measurement, the
value of the La Jolla Nd standard was 0.511841±0.000020 (2σ, n=20).
Total Nd blanks were less than 500 pg, and were thus negligible relative to
the quantities of Nd analyzed. Unfortunately, due to underspiking, reliable
Sm and Nd concentration results were obtained from only two samples
(SM and CH). For the other samples, a 147Sm/144Nd ratio of 0.118 ±0.036
(2σ) was assumed for calculation of the initial 143Nd/144Nd ratios, based
on literature Sm and Nd concentrations (Grandjean et al., 1987, 1988;
Vennemann and Hegner, 1998; Picard et al., 2002; Thomas et al., 2003;
Lécuyer et al., 2004; Scher and Martin, 2004). Final results are reported in
εNd(T) notation relative to the CHUR mantle evolution curve (see Table 3
for details). The relatively large uncertainty of most initial Nd compositions (±0.4 to ±0.9 epsilon units) reﬂects the uncertainty on the age
correction caused by the poor constraint of the 147Sm/144Nd ratio.

Table 3
Locations, biostratigraphy, ages and Nd isotope compositions of Early Jurassic ﬁsh remains.
Sample

Location

Stage

Biozone

Subzone

Age
(Ma)

Quantity analysed
(mg)

147

Sm/144Nd

143

Nd/144Nd

εNd(T)

Se3a
BL
Da1b
Ma1b
SM2
CH2
Te2a
Fa3d
Bi2e
Bi1d
Le1d

Huombois (B)
Blockley (E)
Francheville (F)
Rémilly (F)
Nancy (F)
Chassillé (F)
Aubange (B)
Bascharage (L)
Halanzy (B)
Halanzy (B)
Dudelange (L)

Sinemurian
Pliensbachian
Pliensbachian
Pliensbachian
Pliensbachian
Pliensbachian
Toarcian
Toarcian
Toarcian
Toarcian
Toarcian

semicostatum
ibex
davoei
margaritatus
margaritatus
spinatum
tenuicostatum
falciferum
bifrons
bifrons
aalensis

Not speciﬁed
Not speciﬁed
ﬁgulinum
stokesi
subnodosus or gibbosus
hawskerense
semicelatum
exaratum
crassum
crassum
Not speciﬁed

194.5
188
187
186.5
185.5
185
183
182.5
181
181
176

15.58
not measured
46.8
29.54
not measured
not measured
15.46
56.59
12.89
40.98
22.52

0.118
0.118
0.118
0.118
0.110
0.120
0.118
0.118
0.118
0.118
0.118

0.512080 ± 20
0.512404 ± 14
0.512223 ± 19
0.512187 ± 19
0.512399 ± 13
0.512399 ± 6
0.512034 ± 22
0.512007 ± 11
0.512076 ± 11
0.512064 ± 21
0.512043 ± 15

− 8.9
− 9.1
− 6.2
− 6.9
− 9.3
− 10
− 10
− 10.5
− 9.1
− 9.4
− 9.8

εNd(T) = [(143Nd/144Nd)sample / (143Nd/144Nd)CHUR − 1] × 104, where CHUR is the Chondritic Uniform Reservoir and the isotopic ratios are the initial ratios at the time of deposition.
Ages are from Gradstein et al. (2004). The initial (143Nd/144Nd)CHUR was calculated using a 147Sm/144Nd ratio of 0.1967, and a present-day (143Nd/144Nd)CHUR ratio of 0.512638. For
most samples, εNd(T) values were calculated assuming a 147Sm/144Nd value of 0.118, based on literature data (see text for references). For these samples, the uncertainty on the εNd(T)
composition is ~ 0.9 ε-units, reﬂecting the 2σ variation of the literature 147Sm/144Nd values. For samples SM2 and CH2, for which measured 147Sm/144Nd ratios are available, the
uncertainty is ~ 0.4 ε-units. Nd standard reproducibilities and blanks are given in the text.
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4. Results

belemnite data display a relatively large variability of about 2.5‰, with
an average value of − 1.5‰.

4.1. Oxygen isotopes
4.2. Neodymium isotopes
Throughout the Early Jurassic, δ18Oapatite values show a relatively
large range from 17.3 to 22.5‰ (Fig. 4A). Pelagic ﬁsh teeth display
quite high δ18O values of 21.1‰ during the Hettangian (Liasicus Zone)
and slightly lower values around 20.4‰ at the onset of the Late
Pliensbachian (Margaritatus Zone; Stokesi Subzone). The end of the
Late Pliensbachian is characterized by markedly higher δ18O values
(~22‰ during the Spinatum Zone; Hawskerense Subzone). During the
Early Toarcian, pelagic ﬁsh tooth δ18O rapidly decreases to a minimum
value of ~17.5‰ at the base of the Falciferum Zone (Exaratum
Subzone). The trend is reversed during the Bifrons Zone (Crassum
Subzone) and δ18O reaches around 19.3‰, before slightly decreasing
to ~ 19‰ during the Aalensis Zone. Demersal ﬁsh remains display a
similar range in δ18O, except during the Crassum Subzone where
average values of 20.4‰ are recorded and during the Aalensis Zone
where teeth of a demersal ray yielded a lower δ18O value of 17.5‰. The
decrease in δ18O from the Early to Middle Toarcian is also recorded by
the nektobenthic ﬁshes.
Similarly to the ﬁsh tooth data, belemnite δ18O values decrease at
the Pliensbachian–Toarcian boundary, from a maximum of ~0.5‰
during the Spinatum Zone to a minimum of −2.5‰ during the
Falciferum Zone. During the Bifrons Zone (Crassum Subzone), the

The initial εNd values of ﬁsh teeth from Euro-boreal areas vary
through the Early Jurassic with values ranging from −6.2 to −10.5
(Fig. 4B and Table 3). The single value obtained for the Sinemurian
(Semicostatum Zone) is quite unradiogenic and reaches −9.1 ε-units.
During the Pliensbachian, ﬁsh tooth εNd values are still unradiogenic
(−9.3 to −10), except at the end of the Davoei Zone and at the
beginning of the Margaritatus Zone, where a signiﬁcant positive
excursion (−6.2 and −6.9) is recorded. During the Toarcian, available
εNd data are between −9.1 and −10, and show a minimum value
of −10.5 ε-units during the Falciferum Zone (Exaratum Subzone).
5. Discussion
5.1. δ18O variations through the Early Jurassic
5.1.1. Comparison of biological materials
We compiled a low-latitude composite δ18O curve (based on
belemnite, oyster, and brachiopod δ18O data from several European
sections) for the Early Jurassic period, using the Pliensbachian–
Toarcian database of Dera et al. (2009) and additional literature data

Fig. 4. Variations of δ18O and εNd through the Early Jurassic. (A) Comparison of bivalve, brachiopod, belemnite and ﬁsh tooth δ18O records and calculated paleotemperatures. δ18O
records from Hesselbo et al. (2000b), McArthur et al. (2000), Jenkyns et al. (2002), Bailey et al. (2003), Nori and Lathuilière (2003), Rosales et al. (2004), van de Schootbrugge et al.
(2005a), Gómez et al. (2008), Metodiev and Koleva-Rekalova (2008) and Suan et al. (2008). δ18O data have been calibrated to the ammonite biozone resolution using the absolute
ages of chronozone boundaries deﬁned by Gradstein et al. (2004). δ18O data points for belemnites from the Bifrons Zone contemporaneous with ﬁsh tooth data points were slightly
shifted to the left for graphical clarity. (B) εNd variations through the Early Jurassic. εNd ranges for continental crust, Tethys and Panthalassa seawater are from Stille et al. (1996).
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difference would not be sufﬁcient in the NW Tethyan epicontinental
seas to clearly discern differences in temperatures inferred from
organisms with different ecological behaviours.

Fig. 5. Comparison of temperatures inferred from δ18O values recorded by belemnites
(Acrocoelites and Dactyloteuthis genera), pelagic ﬁshes, and demersal ﬁshes recovered
from the same bed of the Bifrons Zone (Crassum Subzone). Horizontal lines, boxes and
vertical lines indicate medians, quartiles, and maximal ranges, respectively.

from Jenkyns et al. (2002), Nori and Lathuilière (2003), and Metodiev
and Koleva-Rekalova (2008) (Fig. 4A). Oxygen isotope values of ﬁsh
tooth apatite and belemnite calcite analysed in this study along with
literature data were converted into temperatures, using the equations
of Kolodny et al. (1983) and Anderson and Arthur (1983), respectively,
and assuming a δ18Oseawater equal to −1‰ for an ice-free period
(Shackleton and Kennett, 1975). Throughout the studied interval,
analysed ﬁsh teeth and belemnite rostra display similar trends in δ18O
with both records in accordance with the Early Jurassic δ18O composite
curve. This correspondence between the δ18O of biogenic apatite and
calcite suggests that the recorded variations represent a paleoenvironmental signal and that a bias related to the ecology of belemnites is
not of major importance.
In order to compare the temperatures derived from different
belemnite genera, demersal and pelagic ﬁsh teeth, a Kruskall–Wallis
non-parametric test was performed on samples recovered from a
single horizon of the Crassum Subzone (Bifrons Zone). This level is
particularly suitable due to the high abundance of belemnites and ﬁsh
teeth. The results demonstrate that, during the Bifrons Zone,
temperatures inferred from pelagic ﬁsh are signiﬁcantly different
from the temperatures calculated from demersal ﬁsh teeth and
belemnites (p b 0.01), which can be explained by different life habitats
(e.g., Picard et al., 1998) (Fig. 5). Temperatures recorded by the
belemnites Acrocoelites, Dactyloteuthis and bottom dwelling ﬁshes are
about 6 to 8 °C cooler than those recorded by pelagic ﬁshes mainly
inhabiting near-surface waters, and yielding temperatures of about
~ 23–26 °C. This implies that both belemnite genera and the demersal
ﬁshes lived at similar depths and in deeper water environments than
the pelagic ﬁshes. Our data therefore corroborate the nektobenthic
habitat of belemnites, already suggested by van de Schootbrugge et al.
(2000), Dutton et al. (2007), McArthur et al. (2007), and Wierzbowski
and Joackimski (2007). However, such a temperature difference
between nektobenthic and near-surface organisms is not systematically observed throughout the Early Jurassic. For example, during
the Aalensis Zone, the temperature recorded by a demersal ray is
higher (32 °C) than those inferred from three coeval pelagic ﬁsh
samples (25–26 °C). In addition, temperatures given by bottom and
surface swimmers are very similar during the Spinatum Zone (2.5 °C of
difference), but gradually diverge during the Early Toarcian, and reach
a difference of ~ 6 °C during the ﬁrst-order maximum ﬂooding of the
Bifrons Zone (Hardenbol et al., 1998) (Fig. 6). As this offset increases
during the Early–Middle Toarcian transgressive event (Hallam, 1981),
we suggest that this pattern could reﬂect an increasing difference
between surface and bottom water temperatures linked to deepening
during platform ﬂooding. Conversely, during lowstand sea-level
periods (e.g., Spinatum Zone), the surface-bottom water temperature

5.1.2. Evolution of seawater temperatures
Hettangian–Sinemurian ﬁsh tooth δ18O data yield low seawater
temperatures (16 to 18.5 °C) during the Liasicus Zone and a warmer
temperature (21.7 °C) during the Semicostatum Zone. Data are scarce
but are similar to that displayed by bivalve shells (Jenkyns et al., 2002;
Nori and Lathuilière, 2003), which are interpreted to be reliable
recorders of seawater temperature (Brigaud et al., 2008). Reconstructed
temperatures inferred from ﬁsh teeth reach a maximum at the Davoei–
Margaritatus Zone transition (17–23 °C) coeval with the Early Pliensbachian warming documented by the δ18O composite curve. Temperatures decrease to 10 °C during the Spinatum Zone which are similar to
temperatures reconstructed from belemnite δ18O (this study). Such
temperatures appear surprisingly cold for low latitudes. However, part
of the δ18O increase recorded by belemnites and ﬁsh teeth may arise
from the growth of limited ice-caps, as suggested by the occurrence of
glendonite in Siberia during the Pliensbachian (Price, 1999). If ice-sheets
were present during the Spinatum Zone, calculated temperatures would
be higher than 10 °C.
At the Pliensbachian–Toarcian boundary, ﬁsh, belemnite, and
brachiopod isotope data highlight a signiﬁcant decrease in δ18O,
reaching a minimum during the Early Toarcian Oceanic Anoxic Event
(Exaratum Subzone, Falciferum Zone). The maximum decrease of
~5.5‰ is recorded by pelagic ﬁsh from the Paris Basin and belemnites
from Yorkshire, corresponding to a temperature rise of ~20 °C during an
interval of 1 My if explained solely in terms of temperature. Such a
warming appears unrealistic, especially for low latitudes (~30°N). An
increased freshwater inﬂux during the Falciferum Zone may have
resulted in a lowering of both salinity and δ18O of NW Tethyan seawater
and may thus account for part of the shift in δ18O (Saelen et al., 1996;
Bailey et al., 2003; Suan et al., 2008). This interpretation is in agreement
with a coeval positive osmium isotope excursion recorded in Yorkshire,
which is interpreted to reﬂect an intensiﬁcation of the continental
weathering at global scale (Cohen et al. 2004) or massive riverine inputs
in Euro-boreal domains that could have been enhanced by the marine
restriction of basins (McArthur et al. 2008).

Fig. 6. Divergences between surface and bottom seawater temperatures at the
Pliensbachian–Toarcian boundary. Average surface temperatures are inferred from
δ18O data of pelagic ﬁshes whereas bottom temperatures are calculated using δ18O of
belemnites and demersal ﬁshes. Note that, during the Exaratum Subzone, the difference
is very important but may be biased by the poor sampling of bottom organisms (i.e., one
belemnite) or by strong freshwater runoff affecting surface waters.
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Alternatively, the Early Toarcian sea-level rise may have resulted in
an increasing contribution of Arctic waters into the NW Tethys
through the Viking Corridor and a lowering of seawater δ18O in the
Euro-Boreal domain, and to a lesser extent in the Mediterranean area.
Even in an ice-free world, Arctic waters are indeed expected to have
lower salinities and lower δ18O signatures, due to freshwater inputs
derived from high-latitude precipitation, characterized by a markedly
low δ18O, and to limited deep water mass exchanges with other
oceanic basins (Rozanski et al., 1993). Both scenarios imply that the
calculation of temperatures using a constant δ18Oseawater would result
in an overestimation of the Early Toarcian warming.
Our data show a temperature decrease from the Falciferum
(Falciferum Subzone) to the Bifrons Zone (Crassum Subzone) corroborating the general trend displayed by belemnite δ18O values from
Yorkshire and Spain (McArthur et al., 2000; Gómez et al., 2008). During
the Aalensis Zone, the temperatures inferred from demersal and pelagic
ﬁshes are between 25 and 32 °C and are thus slightly higher than those
inferred from belemnite δ18O records from Spain and Bulgaria (Gómez
et al., 2008; Metodiev and Koleva-Rekalova, 2008).
5.2. Early Jurassic εNd variations in Euro-boreal seas — implications for
temperature and salinity variations
Fish tooth apatite inherits its Nd isotope composition quite rapidly at
the sediment–water interface (Bernat, 1975; Martin and Scher, 2004) by
recording the isotope signal of bottom waters without any apparent
isotope fractionation (Martin and Haley, 2000). Neodymium is supplied
to the ocean through continental weathering. Differences in age and
lithologic composition (crustal vs. mantle) of weathered rocks
surrounding the oceanic basins result in interbasinal differences in εNd
values which are retained because of the short residence time of Nd
(~500 yr) relative to ocean mixing (Piepgras and Wasserburg, 1980;

Tachikawa et al., 2003). As ﬁsh teeth record the εNd signature of seawater
at the bottom of the water column and as the analysed samples have
been deposited in relatively shallow seas (maximum 200 m water
depth), we expect ﬁsh teeth to record the εNd composition of Euroboreal upper ocean waters. The εNd variations recorded in an oceanic
basin may be related to (i) changes in the relative weathering rates of
exposed old crustal vs. young volcanic rocks (ii) changes in water
circulation between isotopically different ocean basins as a consequence
of variations in sea level or tectonic movements (Stille et al., 1996;
Reynolds et al., 1999; Von Blackenburg and Nägler, 2001; Scher and
Martin, 2004; Pucéat et al., 2005).
Except during the Pliensbachian positive shift, εNd of Euro-boreal
water masses was relatively low (−10 to −9) and compares relatively
well with values reported by Négrel et al. (2006) for the Middle and Late
Jurassic from the Paris Basin. The similarity of the values with those of
the contemporaneous average continental crust (−8.5 to −12; Stille
and Fisher, 1990) points to a dominant inﬂuence of unradiogenic Nd
inputs from the weathering of surrounding emerged areas (Fig. 4B). As
illustrated by paleophytogeography (Rees et al., 2000), clay mineral
distribution (Dera et al., 2009), and simulations using General
Circulation Models (GCM) (Chandler et al., 1992), this is in agreement
with humid climatic conditions in the mid-latitudes favouring a strong
runoff and freshwater discharge. However, as boreal-arctic waters are
likely to have been quite unradiogenic due to Nd inputs from weathering
of Paleozoic and Precambrian continental rocks exposed on the FennoScandian shield (Pucéat et al., 2005), boreal water masses could have
contributed to the unradiogenic signature of Euro-boreal waters.
Importantly, the unradiogenic values imply a limited inﬂuence of
eastern Tethyan and Panthalassan waters in the Euro-boreal domains
during most of the Early Jurassic. The εNd signature of these water
masses has remained more radiogenic over the Jurassic period (−1 to
−5.5 ε-units) due to weathering of island-arc related materials (Keto

Fig. 7. Schematic representation of the main surface currents during (A) the Early Jurassic unradiogenic εNd intervals and (B) the Pliensbachian positive εNd excursion.
Paleogeographic maps modiﬁed after Thierry et al. (2000).
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and Jacobsen, 1988; Stille et al., 1996). Our data therefore support the
presence of dominant southward currents during most of the Early
Jurassic (Fig. 7A), as simulated by Bjerrum et al. (2001).
5.2.1. Warming and circulation changes during the Pliensbachian
At the end of the Early Pliensbachian (Davoei Zone), Euro-boreal
waters show a positive excursion in εNd (up to −6) (Fig. 4B). As the
abundance of kaolinite in sediments and strontium isotope ratios point to
more humid climatic conditions in the NW Tethys during this interval
(Dera et al., 2009), we argue that the change in εNd cannot be related to a
reduction of unradiogenic continental Nd discharges. Instead, we suggest
that the shift in neodymium isotopes results from a change in the oceanic
circulation. More speciﬁcally, we propose a northward incursion of
radiogenic eastern Tethyan or Panthalassan waters into the Euro-boreal
areas during the Davoei Zone and at the onset of the Margaritatus Zone
(Fig. 7B). This scenario is corroborated by coeval biotic events such as
incursions of Tethyan ostracods into the northern European basins (Arias,
2006) and an increasing diversity of Mediterranean ammonites in Euroboreal domains (Dommergues and Meister, 1991). In addition, the ﬁrst
occurrence of Panthalassan bivalves in NW Tethyan domains is reported
during the Margaritatus Zone, which has been related to the opening of
the Hispanic Corridor linking the Panthalassa and NW Tethys (Aberhan,
2001). However, as both the Panthalassa and Tethys oceans have a
radiogenic signature which is not isotopically distinct before the Middle
Jurassic (Stille et al., 1996), it is not possible to differentiate the respective
inﬂuence of these two water masses on Euro-boreal waters.
Interestingly, the positive shift in εNd is coeval with the warming
inferred from δ18O data during the Davoei Zone (Fig. 4). We suspect
that northward incursions of warm and more radiogenic waters from
the Tethys or Panthalassa may have contributed to the recorded
warming in the Euro-boreal region. This currentologic change may be
explained by three different processes:
1. It could be due to a regional deepening of Mediterranean basins,
favouring the transfer of low latitude water masses into Euro-boreal
areas. Indeed, during the Early Pliensbachian, numerous block tilting
events related to the Tethyan and mid-Atlantic rifting have been
reported on the northern Gondwanan margin (Lachkar et al., 2009).
These block tilting could have enhanced connections between
Mediterranean basins.
2. The incursion of warm and radiogenic currents could be related to the
opening of the narrow and shallow Hispanic Corridor, with an
increasing inﬂuence of seawater from the eastern equatorial area of
the Panthalassan Ocean.
3. Finally, a global warming event may have induced regional
perturbation of currentologic circulations.
5.2.2. Increased runoff at the Pliensbachian/Toarcian transition
The marked decrease in δ18O during the Falciferum Zone (Exaratum
Subzone) is not associated with a signiﬁcant variation of seawater εNd.
More speciﬁcally, the lack of a large negative εNd excursion argues
against a massive inﬂux of Arctic waters through the Viking Corridor
during the Early Toarcian sea-level rise as we expect these waters to have
been even less radiogenic due to the contribution of Nd from nearby
exposed crustal rocks (e.g., εNd = −17 for a Cretaceous ﬁsh tooth from
Sweden; Pucéat et al., 2005). We therefore argue that enhanced runoff
during the Falciferum Zone may in part explain the recorded decrease of
δ18O. Because Euro-boreal waters already had a low εNd signature
comparable to that of the contemporaneous continental crust during
most of the Early Jurassic (Stille and Fisher, 1990; Fig. 4B), massive
discharges of Nd from continental areas are expected to have had only a
minor inﬂuence on the Nd isotope composition of the local seawater.
Interestingly, the amplitude of δ18O excursions recorded by belemnites, brachiopods, and ﬁsh teeth at the Plienbachian–Toarcian transition is higher in northern latitudes and decreases toward the South
(Fig. 4A and Appendix A). The range of δ18O ﬂuctuations reaches 6 to
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5.5‰ in Yorkshire (McArthur et al., 2000; Jenkyns et al., 2002) and in the
Paris Basin (this study), ~3.5 to 3‰ in Bulgaria (Metodiev and KolevaRekalova, 2008) and in South Germany (Bailey et al., 2003), ~3.5 to 3‰
in central and northern Spain (Rosales et al., 2004; van de Schootbrugge
et al., 2005a; Gómez et al., 2008) and ~2.5‰ in Portugal (Suan et al.,
2008). This general decrease suggests that, at the Pliensbachian–
Toarcian transition, freshwater runoff was stronger in the north-western
areas and gradually decreased southward. As suggested McArthur et al.
(2008), the basinal restriction of Euro-boreal domains could also have
favoured a local drop of salinity in surface seawaters.
6. Conclusion
New oxygen and neodymium isotope analyses performed on
biostratigraphically well-dated ﬁsh remains and belemnites from the
Paris Basin allow us to develop a better understanding of the origin of
Early Jurassic δ18O variations previously determined from belemnites,
oysters and brachiopods. The presented oxygen isotope records show a
strong correspondence between δ18O variations recorded by ﬁsh tooth
apatite and belemnite calcite, conﬁrming the paleoenvironmental
signiﬁcance of the δ18O trends. The oxygen isotope composition of
both organisms indicates warm seawater temperatures at the end of the
Early Pliensbachian, cooling during the Late Pliensbachian, and
signiﬁcant warming during the Early Toarcian. Temperatures recorded
by pelagic ﬁshes and nektobenthic organisms (i.e., belemnites and
demersal ﬁshes) display a small difference (~2.5 °C) during the sea-level
lowstand of the Spinatum Zone but gradually diverged (~6 °C) during
the Early–Middle Toarcian transgression. We therefore suggest that,
during regressive phases, the temperature difference between surface
and bottom waters was too small to be recorded by organisms having
different life habitats.
The globally unradiogenic Nd composition of Euro-boreal waters
through the Early Jurassic suggests that these waters received neodymium inputs by weathering of surrounding landmasses with only a
limited inﬂuence of more radiogenic Tethyan and Panthalassan waters. As
suggested by modelling experiments, this supports the existence of
southward currents in the Euro-boreal area during most of the Early
Jurassic. Nevertheless, a positive excursion recorded between the Davoei
and Margaritatus Zones suggests a temporary incursion of low-latitude
Tethyan or Panthalassan waters into the northern areas, which may have
contributed to the seawater warming recorded during this interval.
During the Falciferum Zone, the absence of a marked εNd negative
excursion associated with the negative δ18O shift recorded by different
organisms argues against the inﬂuence of unradiogenic Arctic waters
characterized by very low δ18O values. Our data are in better
agreement with an enhanced input of isotopically light freshwaters
related to increased weathering that could have contributed to the
large δ18O shift recorded by belemnites, ﬁsh teeth and brachiopods.
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