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Abstract

Oxygen isotopes can be used to reconstruct the palacoenvironmental conditions in which vertebrates lived, and thereby give
an indication of their ecology. This has been done for faunas from the famous Late Jurassic lithographic limestones of Western
Europe. Oxygen isotope compositions of phosphate from apatite were measured in aquatic or semiaquatic vertebrate remains
(fish, turtles, and crocodilians) deposited in these protected coastal marine environments. The unknown water composition in
the oxygen isotope fractionation equations between phosphate and water was solved for turtles by assuming that modern
relationship between environmental water and turtle bone isotope compositions applies to the past. The results show that: (1)
coastal marine waters were thermally homogenous at the regional scale of Western Europe; (2) oxygen isotope data discriminate
between coastal marine and freshwater to brackish water inhabitants; (3) the plesiochelyid turtles were coastal marine
inhabitants—their 6'%0 values allow the calculation of the oxygen isotope compositions of marine waters, thus refining the
estimate of water temperatures by combining §'%0 values from fish; and (4) the marine isotopic signature and the cranial
anatomy of plesiochelyid turtles lead us to propose that they had a salt-excreting system (i.e., the fundamental physiological
feature that controls osmoregulation in the marine environment). These Late Jurassic turtles are proposed to be the first known
marine turtles, several tens of million years before the chelonioids or ‘sea turtles.’
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In western Europe, at the end of Jurassic (~144
million years ago; Gradstein et al., 1994), lithographic
limestones were deposited in protected coastal marine
environments. They contain exceptionally preserved
vertebrates, such as the famous bird Archaeopteryx in
Bavaria, as well as an aquatic or semiaquatic
(amphibious) fauna including fish, turtles, and croc-
odilians (e.g., Barthel et al., 1990). Four well-dated
sites have been documented: Cerin, Crayssac, Canj-
uers (France), and Solnhofen (Germany), all of similar
age (Upper Kimmeridgian—-Lower Tithonian). They
provide an opportunity to characterize the aquatic
environments of these vertebrates (Fig. 1). For
comparison with a more open coastal marine system
(North Atlantic side), vertebrate remains were
sampled from a fifth locality, Chassiron, from the
Lower Tithonian of France (Fig. 1).
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I:] Exposed land

I:] Continental clastics

Oxygen isotope compositions of phosphate from
marine biogenic apatites have been recognized as
proxies of past seawater oxygen isotope compositions
and temperatures (Longinelli and Nuti, 1968;
Kolodny et al., 1983; Kolodny and Raab, 1988;
Kolodny and Luz, 1991; Lécuyer et al., 1993; Picard
et al., 1998; Vennemann and Hegner, 1998). Diage-
netic alteration may affect isotope compositions (e.g.,
Longinelli, 1966, 1996; Kolodny et al., 1996; Sharp et
al., 2000; Lécuyer et al., 2003a), but the apatite
crystals that make up the studied material are large
and densely packed, thus minimizing the possibility of
oxygen isotope exchange with sediment pore aqueous
fluids. The analyzed biogenic apatite remains are
tooth enamel (fish, crocodilians), scale ganoine (fish),
and dermal bony plates (turtles, crocodilians).

Similar oxygen isotope fractionation equations
between phosphate and water have been determined
for various invertebrate and vertebrate ectotherms

Mediterranean
Tethys

- Epicontinental deposits

- Oceanic basins

Fig. 1. Locations of studied fossiliferous sites on the Early Tithonian (Late Jurassic) palacoenvironmental map of western Europe. Map modified
from Thierry et al. (2000). Abbreviations: AB, Aquitaine Basin; AM, Armorican Massif, CM, Central Massif; IM, Iberian Massif; PB, Paris

Basin; LBM, London Brabant Massif; RM, Rhenish Massif.
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(Longinelli and Nuti, 1973; Kolodny et al., 1983;
Lécuyer et al., 1996, 2003b). One property of the
phosphate—water system is that a single equation
describes oxygen isotope fractionations for most
ectotherms; the oxygen isotope composition of
phosphate from extant fish apatite depends only on
the temperature and isotopic composition of drinking
water (Longinelli and Nuti, 1973; Kolodny et al.,
1983). For example, extant fish and crocodilians
living in the same ambient water (Oubangui river,
Central Africa) have similar oxygen isotope compo-
sitions of phosphate (Lécuyer et al., 2003a). The
oxygen isotope composition of crocodilian phosphate
also strongly depends on ambient water composition,
as shown by Lécuyer et al. (1999) and Stoskopf et al.
(2000). More generally, some large fish or reptiles are
characterized by a mass homeothermy where the
skeleton grows at a rather constant temperature, as in
the case of turtles (Hutchison, 1977). Consequently, as
shown by Barrick et al. (1999), the 6'%0 value of
turtle apatite is a simple function of the §'%0 of
ambient water, hence constituting a potential powerful
proxy for identifying fresh and marine waters (assum-
ing that extinct turtles were basking as modern ones).
Knowing the composition of water, the fractionation
equation determined for ectotherms (poikilotherms)
can be solved for the temperature at which the fauna
lived in the same environment.

The oxygen isotope measurements performed on
the phosphate of both fish and reptiles allowed us to
investigate environmental, ecological, and taphonom-
ical aspects of the Late Jurassic coastal deposits of
western Europe: (1) The thermal homogeneity of
coastal marine waters at the regional scale of western
Europe will be tested because these environments
were more or less influenced by the North Atlantic
and Tethyan oceanic domains, and more or less
protected. (2) The autochthony of fish and reptiles
will be tested to sort out this concentration of coastal
marine vertebrates. (3) The modern relationship
between environmental water and turtle bone isotope
compositions will be applied to solve the unknown
water composition in the oxygen isotope fractionation
equations, to improve the estimate of past water
temperatures. (4) The marine status of some Late
Jurassic turtles will be tested both from their isotopic
signature and their anatomy, several tens of million
years before the first known marine turtles.

2. Palaeogeography and depositional environments

During the Late Jurassic, western Europe was an
archipelago located on the northern margin of the
Tethys (Fig. 1), between the opening North Atlantic
ocean (western Tethys) and the Mediterranean Tethys
(central Tethys). It consisted of islands and shallow
carbonate platforms (Fourcade et al., 1993a; Thierry,
2000); the studied sites were lying between palae-
olatitudes ~29°N and 35°N (Fourcade et al., 1993b;
Thierry et al., 2000), a latitudinal belt that corresponds
to the modern subtropical semiarid zone. Conse-
quently, it was supposed that the climate was
relatively warm and dry, as supported by the presence
of xerophytic plants at several sites (e.g., Solnhofen)
(Barthel et al., 1990).

Reconstructions of ocean circulations based on
Nd isotope ratios of biogenic apatites and results
obtained from global circulation models (GCMs)
support the presence of a permanent westward-
flowing Tethys Circumglobal Current (TCC) during
the Late Jurassic and Early Cretaceous (Barron et al.,
1981; Barron and Peterson, 1989; Stille et al., 1996).
This surface current would have allowed large
masses of Pacific waters to flow into the Tethys
and the young North Atlantic Ocean, which was still
quite narrow in the earliest Cretaceous. The reported
depositional environments can be divided into two
types according to their palacogeographic location
and marine connections: those from southeastern
France and Bavaria (Cerin, Canjuers, and Solnho-
fen), which are essentially sourced by the Medi-
terranean Tethys; and those from the Aquitaine Basin
(Crayssac, Chassiron), which are influenced both by
waters from the opening North Atlantic ocean and
the Mediterranean Tethys (Fig. 1). The Aquitaine
basin was likely occupied by a gulf (SE-NW
orientation) during the Tithonian, the ‘Charentais
Gulf’ (Delfaud and Gottis, 1966; Hantzpergue and
Lafaurie, 1994), fed mainly by waters from the
opening North Atlantic Ocean. However, this
hypothesis is not supported by a recent palacogeo-
graphic reconstruction (Thierry, 2000; Thierry et al.,
2000; Fig. 1), which shows the possibility of a
connection southward and eastward between the
Aquitaine Basin and the Mediterranean Tethys.
According to their respective geographical positions,
Chassiron was probably principally connected to the



Table 1
Systematics, material, location, age, and oxygen isotope compositions of phosphate from Late Jurassic vertebrate remains of western Europe
Sample  Taxon Taxon Family Group Material Locality Stage Ammonite Ammonite 0 IROp T (°C) using 5'%0,, T (°C) using
abbreviation zone subzone (%0 SMOW)  6'%0,=1 %" (%0 SMOW)  6'%0,, from
from turtles®  plesiochelyid
turtles®
BG32 Proscinetes sp. Pro. Pycnodontidae Osteichthyes  Tooth Canjuers Lower Tithonian Mucronatum  Indet. 19.9 21.8
BG38 Proscinetes sp. Pro. Pycnodontidae Osteichthyes  Tooth Canjuers Lower Tithonian Mucronatum  Indet. 19.8 222
BG36 Lepidotes sp. Lep. Semionotidae Osteichthyes ~ Scales Canjuers Lower Tithonian Mucronatum  Indet. 20.1 20.9
BG37 Lepidotes sp. Lep. Semionotidae Osteichthyes ~ Scales Canjuers Lower Tithonian Mucronatum  Indet. 20.4 19.6
BG39 Lepidotes sp. Lep. Semionotidae Osteichthyes ~ Scales Canjuers Lower Tithonian Mucronatum  Indet. 20.6 18.7
BG33  Steneosaurus Ste. Teleosauridae Crocodylia Osteoderm  Canjuers Lower Tithonian Mucronatum  Indet. 19.9
priscus
BG50!  Stencosaurus Ste. Teleosauridae Crocodylia Tooth Canjuers Lower Tithonian Mucronatum  Indet. 203
priscus
BG35 Eurysternum sp. Eur. ‘Thalassemydidae’  Chelonia Osteoscute  Canjuers Lower Tithonian Mucronatum  Indet. 18.9 —32
BG41 Lepidotes sp. Lep. Semionotidae Osteichthyes  Tooth Chassiron ~ Lower Tithonian Gigas Gravesiana ~ 22.8 9.0 11.3 (a)/12.6 (b)
BG42 Lepidotes sp. Lep. Semionotidae Osteichthyes ~ Scale Chassiron ~ Lower Tithonian Gigas Gravesiana ~ 21.7 139 16.1 (a)/17.5 (b)
BG43 Lepidotes sp. Lep. Semionotidae Osteichthyes ~ Scale Chassiron ~ Lower Tithonian Gigas Gravesiana ~ 21.5 14.8 17.0 (a)/18.3 (b)
BGl11 Lepidotes sp. Lep. Semionotidae Osteichthyes ~ Scale Chassiron ~ Lower Tithonian Gigas Gravesiana ~ 22.0 12.6 14.8 (a)/16.1 (b)
BG14 Semionotidae Sem. Semionotidae Osteichthyes  Tooth Chassiron ~ Lower Tithonian Gigas Gravesiana ~ 22.1 12.1 14.4 (a)/15.7 (b)
BG17 Semionotidae Sem. Semionotidae Osteichthyes  Tooth Chassiron ~ Lower Tithonian Gigas Gravesiana ~ 21.3 15.6 17.9 (a)/19.2 (b)
BG29 Steneosaurus sp. Ste. Teleosauridae Crocodylia Tooth Chassiron ~ Lower Tithonian Gigas Gravesiana ~ 21.1
BGI12 Steneosaurus sp. Ste. Teleosauridae Crocodylia Osteoderm  Chassiron  Lower Tithonian Gigas Gravesiana ~ 21.9
BG16 ‘Thalassemys’ Ple. Plesiochelyidae Chelonia Osteoscute ~ Chassiron  Lower Tithonian Gigas Gravesiana ~ 21.6 —0.2
moseri
BG10 ‘Thalassemys’ Ple. Plesiochelyidae Chelonia Osteoscute  Chassiron  Lower Tithonian Gigas Gravesiana ~ 21.9 —0.5
moseri
BG25 Lepidotes sp. Lep. Semionotidae Osteichthyes  Scale Crayssac Lower Tithonian Gigas Gravesiana  20.3 20.0
BG20 Lepidotes sp. Lep. Semionotidae Osteichthyes ~ Scale Crayssac Lower Tithonian Gigas Gravesiana ~ 20.7 183
BG28 Lepidotes sp. Lep. Semionotidae Osteichthyes ~ Scale Crayssac Lower Tithonian Gigas Gravesiana ~ 20.2 20.4
BG44 Lepidotes sp. Lep. Semionotidae Osteichthyes ~ Scale Crayssac Lower Tithonian Gigas Gravesiana ~ 22.8 9.1
BGO05 Semionotidae Sem. Semionotidae Osteichthyes ~ Tooth Crayssac Lower Tithonian Gigas Gravesiana ~ 22.6 9.9
BG23 Semionotidae Sem. Semionotidae Osteichthyes  Tooth Crayssac Lower Tithonian Gigas Gravesiana ~ 20.3 20.0
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BG24
BG21
BG22
BG31
BG34
BG67
BG72
BG68
BG62
BG63
BG65
BGo64
BG48

BG49

BG45

BG70

BG47

BG46

BG71

Osteichthyes
Steneosaurus sp.
Steneosaurus sp.
Steneosaurus sp.
Chelonia

Gyrodus circularis
Lepidotes maximus
Lepidotes maximus
Steneosaurus sp.
Steneosaurus sp.
Plesiochelyidae
‘Thalassamydidae’
Pycnodontiformes

Pycnodontiformes
Pycnodontiformes
Lepidotes sp.
Osteichthyes
Osteichthyes

Idiochelys
fitzingeri

Ost.
Ste.
Ste.
Ste.
Che.
Gyr.
Lep.
Lep.
Ste.
Ste.
Ple.
‘Tha.”
Pyec.

Pyc.
Pyc.
Lep.
Ost.
Ost.

Idi.

Osteichthyes indet.
Teleosauridae
Teleosauridae
Teleosauridae
Chelonia indet.
Gyrodontidae
Semionotidae
Semionotidae
Teleosauridae
Teleosauridae
Plesiochelyidae
‘Thalassamydidae”
Pycnodontiformes
indet.
Pycnodontiformes
indet.
Pycnodontiformes
indet.
Semionotidae

Osteichthyes indet.
Osteichthyes indet.

‘Thalassemydidae”

Osteichthyes
Crocodylia
Crocodylia
Crocodylia
Chelonia
Osteichthyes
Osteichthyes
Osteichthyes
Crocodylia
Crocodylia
Chelonia
Chelonia
Osteichthyes

Osteichthyes
Osteichthyes
Osteichthyes
Osteichthyes
Osteichthyes

Chelonia

Scale
Osteoderm
Tooth
Osteoderm
Osteoscute
Scale
Tooth
Scale
Osteoderm
Tooth
Osteoscute
Osteoscute
Tooth

Tooth

Teeth

Scale

Tooth

Scales

Osteoscute

Crayssac
Crayssac
Crayssac
Crayssac
Crayssac
Solnhofen
Solnhofen
Solnhofen
Solnhofen
Solnhofen
Solnhofen
Solnhofen
Cerin

Cerin
Cerin
Cerin
Cerin
Cerin

Cerin

Lower Tithonian
Lower Tithonian
Lower Tithonian
Lower Tithonian
Lower Tithonian
Lower Tithonian
Lower Tithonian
Lower Tithonian
Lower Tithonian
Lower Tithonian
Lower Tithonian
Lower Tithonian
Upper Kimmeridgian—
Lower Tithonian
Upper Kimmeridgian—
Lower Tithonian
Upper Kimmeridgian—
Lower Tithonian
Upper Kimmeridgian—
Lower Tithonian
Upper Kimmeridgian—
Lower Tithonian
Upper Kimmeridgian—
Lower Tithonian
Upper Kimmeridgian—
Lower Tithonian

Gigas

Gigas

Gigas

Gigas

Gigas
Hybonotum
Hybonotum
Hybonotum
Hybonotum
Hybonotum
Hybonotum
Hybonotum
Beckeri—
Hybonotum
Beckeri—
Hybonotum
Beckeri—
Hybonotum
Beckeri-
Hybonotum
Beckeri—
Hybonotum
Beckeri-
Hybonotum
Beckeri—
Hybonotum

Gravesiana
Gravesiana
Gravesiana
Gravesiana
Gravesiana
Gravesiana
Gravesiana
Gravesiana
Gravesiana
Gravesiana
Gravesiana
Gravesiana
Irius-Gigas

Irius—Gigas
Irius-Gigas
Irius-Gigas
Irius—Gigas
Irius-Gigas

Irius-Gigas

19.7
20.2
21.7
20.5
203
19.9
21.0
20.8
21.3
21.0
214
19.2
20.8

20.2

20.2

203

19.7

223

19.5

22.6

21.8
16.9
17.8

17.8

20.4

20.4

20.0

22.6

112

-0.7
-29

-2.6

229
18.2
19.0

# Water temperatures calculated using Kolodny et al.’s (1983) equation: T' (°C):113,4—4A38(6'ROP—5 130,,) with a 6'%0,, of —1%o.

® 5'%0,, calculated with the 3'%0, of turtles by using Barrick et al.’s (1999) equation: 3'*0,, (%0 SMOW)=1.015'%0,-22.3.

° Water temperatures calculated using Kolodny et al.’s (1983) equation and with &'%0,, derived from the & '80;, of plesiochelyid turtles. (a) and (b): temperatures calculated using the &'*0,, inferred from turtle samples BG16 and BG10,

respectively.

9 BG33 and BG50 were sampled from the same Steneosaurus specimen (collection no. CNJ78).
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North Atlantic, whereas Crayssac was possibly
linked to the Mediterranean Tethys.

Cerin (Upper Kimmeridgian—Lower Tithonian,
Ain, France) corresponds to a back-insular complex
lagoon (Bernier et al., 1982). Canjuers (Lower
Tithonian, Var, France) corresponds to a back-coral
reef lagoon (Atrops, 1994; Roman et al., 1994).
Solnhofen (Lower Tithonian, Solnhofen sensu lato,
i.e., sites from the Solnhofen area, Bavaria, Germany)
corresponds to back-coral reef lagoons, with higher
marine influences than in Canjuers (Barthel et al.,
1990). Crayssac (Lower Tithonian, Lot, France) was a
coastal mudflat (Mazin et al., 1995). Chassiron
(Lower Tithonian, Oléron island, Charente—Maritime,
France) was a relatively open shallow marine environ-
ment (Hantzpergue et al., 2004).

3. Taxa and purported ecology

The analyzed taxa are exclusively aquatic or
semiaquatic (amphibious) vertebrates: fish, turtles,
and crocodilians from genera or families that were
reported at most studied sites (Table 1).

The fish remains (Osteichthyes, Actinopterygii)
belong to the Pycnodontiformes (Gyrodontidae, Pyc-
nodontidae, and Pycnodontiformes indet.) and Semi-
onotidae. These are durophagous forms (hard-prey
feeders), considered to have lived in reef environ-
ments and shallow marine bottoms rich in shells
(Wenz et al., 1994), although the semionotid Lep-
idotes 1s known to be highly euryhaline (Kriwet,
2000).

The marine crocodilian Steneosaurus (Thalattosu-
chia, Teleosauridae) is a piscivorous crocodilian,
supposed to be an inhabitant of the shelf sea but
probably capable of incursions into the open sea
(Buffetaut, 1982; Hua, 1997). At Solnhofen and
Canjuers, the occurrence of Steneosaurus is inter-
preted as that of a crocodilian living around the coral
reefs before being carried away into the lagoon
through passes during storms (Barthel et al., 1990;
Roman et al., 1994).

Two families of turtles are documented: the
Plesiochelyidae and the ‘Thalassemydidae.” The
systematic validity of the latter is dubious; it could
be a junior synonym of Plesiochelyidae (Gaffney and
Meylan, 1988; de Broin, 1994; Lapparent de Broin et

al., 1996). These turtles are considered amphibious
based on their skull and carapace (de Broin, 1994,
Buffetaut, 1994). Their depositional environment is
commonly shallow marine waters, but they were not
anatomically adapted to a pelagic lifestyle: they had
limbs with enlarged autopods but that were not
modified into paddles, as encountered later in the
chelonioid sea turtles (de Broin, 1994; Buffetaut,
1994). Only the ‘Thalassemydidae’ occur generally in
the protected environments where lithographic lime-
stones were deposited, whereas the Plesiochelyidae
are usually found in more open marine environments
(de Broin, 1994). An exception is Solnhofen, where
the plesiochelyid Plesiochelys has been reported
(Barthel et al., 1990), as well as some indeterminate
plesiochelyid remains, including a specimen analyzed
in this study (BG65). Although the supposed aquatic
environment of these turtles is still questioned, from
fresh continental to coastal marine waters (de Broin,
1994; Buffetaut, 1994), they are commonly regarded
as coastal marine inhabitants (Bardet, 1995).

4. Sample collection, analytical techniques, and
diagenetic alterations

The studied vertebrate fossil samples come from
five well-dated localities based on ammonite zones
from the Upper Kimmeridgian to the Lower Tithonian
(Table 1). Specimens were collected from private
collections (Crayssac, Chassiron), institutional collec-
tions (Cerin, Canjuers, Solnhofen), and excavations
(Crayssac, Chassiron). Forty-three samples were
analyzed: they include twenty-seven fish, seven
turtles, and nine crocodilians (Table 1). The phos-
phatic biogenic remains include fish teeth and ganoid
scales, turtle osteoscutes, and crocodilian teeth and
osteoderms (osteoscutes and osteoderms are mineral-
ized dermal bony plates). Highly mineralized tissues
such as tooth enamel and ganoine layers of scales
(=stratified enamel) were preferentially analyzed to
avoid diagenetic alteration. In the same way, only the
cortical zones of turtle and crocodilian dermal bony
plates were selected for oxygen isotope analysis.

Measurements of oxygen isotope ratios in apatite
start with isolating PO; "~ using acid dissolution and
anion exchange resin, according to a protocol derived
from the original method published by Crowson et al.
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(1991) and slightly modified by Lécuyer et al. (1993).
Silver phosphate is quantitatively precipitated in a
thermostatic bath set at a temperature of 70 °C. After
filtration, washing with double deionized water, and
drying at 50 °C, 15 mg of AgzPO, is mixed with 0.8
mg of pure powder graphite. '®0/'°O ratios are
basically measured by reducing silver phosphates to
CO, using graphite reagent (O’Neil et al., 1994;
Lécuyer et al., 1998). Samples are weighed into tin
reaction capsules and loaded into quartz tubes and
degassed for 30 min at 80 °C in vacuum. Each sample
was heated at 1100 °C for 1 min to promote the redox
reaction. The CO, produced during this reaction was
directly trapped in liquid nitrogen to avoid any kind of
isotopic reaction with quartz at high temperature. CO,
was then analyzed with a Finnigan DeltaE™ mass
spectrometer at the Laboratory UMR CNRS 5125
‘PEPS’ at the University of Claude Bernard Lyon 1.
Isotopic compositions are quoted in the standard o

notation relative to V-SMOW. Silver phosphate
precipitated from standard NBS120c (natural Miocene
phosphorite from Florida) was repeatedly analyzed
(6'%0=21.7240.14; n=20) along with the silver
phosphate samples derived from the Late Jurassic
vertebrates from western Europe.

We cannot exclude the possibility that some
processes of diagenetic alteration could have dis-
turbed the pristine oxygen isotope compositions of
studied phosphatic vertebrate remains. Well-preserved
and unbroken teeth were systematically selected for
the isotopic measurements of enamel. Osteoscutes and
osteoderms from turtles and crocodilians constitute
highly mineralized apatites that are less sensitive to
postdepositional isotopic exchange than other porous
bones. Based on the phosphate chemical yields
measured during the wet chemistry procedure, clus-
tered P,O5 contents from 35% to 40% indicate that the
original stoichiometry of studied Late Jurassic bio-

23.0 —
- B [epidotes (Osteichthyes)
i < Steneosaurus (Crocodylia)
225 [
220 |
s | %
o -
= 215
« C
2 L
o 21.0 —
S L
w i
205 [ +
200 [
105 L | | | | |
Chassiron Crayssac Cerin Canjuers Solnhofen
Marine North-Atlantic Mediterranean Tethys
water masses (Western Tethys) (Central Tethys)
‘Charentais Gulf'? L
Dep_ositiona: Relatively Littoral mudflat agoons
environments ;
open littoral Protected environments

Fig. 2. Comparison of (3180p values of Late Jurassic vertebrate genera sampled from the different localities. Water masses and depositional
environments are also indicated for each studied site from western Europe.
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genic apatites was preserved in the limestone deposits. 60% can be related to a replacement of apatite by
Only sample BG05 was excluded from the dataset calcium carbonate and metaloxides. Moreover, the
because its low silver phosphate chemical recovery of oxygen isotope compositions of fish teeth from the
CHASSIRON CRAYSSAC
235 235
23.0F ; = 23.0F } =
225F = 225F =
< 220F t } 4 £ 220f =
Q 215k 4 Qasf t =
= 4 } = <
@2 210 t 4 2 210k E
& &
2 205F 4 2205F =
[ o t % t
2 20.0F 4 % 200F =
19.5F = 19.5F t =
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18.5 | | | | 18.5 | | | | |
’ Lep. Sem. Ste. Ple. ’ Lep. Sem. Ost. Ste. Che.
Taxon Taxon
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Fig. 3. 5'80p values of various Late Jurassic vertebrate taxa of western Europe from the site of Chassiron and from the four lithographic
limestone sites of Crayssac, Cerin, Canjuers, and Solnhofen (see Table 1 for abbreviations of taxa).
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relatively open coastal environment of Chassiron
match well the oxygen isotope compositions of fish
teeth from the Late Jurassic (Lécuyer et al., 2003b) or
Early Cretaceous (Pucéat et al., 2003) of France, for
which REE contents or 6'®0 values of apatite
carbonate suggest that most samples escaped diage-
netic alteration processes.

5. Results

The '®0 values (% SMOW) measured in
phosphates from Late Jurassic biogenic apatites (fish,
turtles, and crocodilians) of west European coastal
marine environments are reported in Table 1. Sample
BGO05 was excluded from the dataset because of
evidence of diagenetic alteration (see Sample Collec-
tion, Analytical Techniques, and Diagenetic Alter-
ations). These Late Jurassic vertebrates have a wide
range (4%o) of 6'*0 values, from 18.9%o to 22.8%o. To
compare the five sampling sites, the §'%0 values of
ubiquitous genera, such as Lepidotes and Steneosau-
rus, are illustrated in Fig. 2 according to marine water
masses, palacogeographic connections, and depositio-
nal environments. Samples from the four lithographic

limestone sites, which correspond to protected envi-
ronments (Cerin, Solnhofen, Crayssac, and Canjuers),
have a mean 6'%0 value of 20.4+0.8%o, significantly
lower than that of Chassiron (relatively open littoral),
which has a mean 6'*0 value of 21.840.5%o. This
difference is well supported in comparing the §'%0
values from similar genera, reaching about 1%o. In the
two lagoonal environments of the Mediterranean
Tethys domain, Solnhofen samples have 6'*0 values
about 0.5-1%o higher than those from Canjuers.

The 6'®0 values of various taxa from the five
studied sites are illustrated in Fig. 3. The 6'®0 values
of fish from the lithographic limestone sites include
the highest values of analyzed vertebrates and are
highly variable (especially in Cerin and Crayssac),
ranging from 19.7%o to 22.8%o, with a mean value of
20.8+0.9%o. This large variability is also observed at
the genus level for Lepidotes (20.7+0.8%o), especially
at Crayssac (20.2-22.8%o). In Chassiron, the '%0
values of Lepidotes are also highly variable (21.5-
22.8%o0). The Pycnodontiformes from the lithographic
limestones have rather constant 6'%0 values
(20.1£0.4%o), slightly lower in Solnhofen and Canj-
uers, or equivalent in Cerin to Lepidotes. The marine
crocodilian Steneosaurus has 6'*0 values close to the

22.5
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[ % ©  Steneosaurus
215
£ ok |
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19.0 } }
1851 ! ! ! | !
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Fig. 4. Comparison of the (3180p values between the crocodilian Steneosaurus and the turtle families for all the reported localities (from Late

Jurassic remains of western Europe).
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fish Lepidotes, ranging from 19.9%0 to 21.9%o0 (see
also Fig. 2), with a mean 6'%0 value of 20.7+0.7%0
for the lithographic limestone sites. At Canjuers,
osteoderm and tooth samples from the same specimen
of Steneosaurus (BG33, BGS50) have comparable
6'%0 values of 19.9%0 and 20.3%o, respectively. At
Crayssac, the tooth sample from Steneosaurus has a
0'%0 value 1.2-1.5%o higher than the two associated
osteoderms, a feature already recognized in a living
crocodilian from the Oubangui river (Central Africa)
(Lécuyer et al., 2003a). The turtles of the Plesioche-
lyidae family have 6'*O values (21.4-21.9%o) close to
Lepidotes and to Steneosaurus, as shown for Solnho-
fen and Chassiron (Figs. 3 and 4). Conversely, the
sample of ‘Thalassemydidae’ from Solnhofen obvi-
ously differs from the ‘isotopic faunal group’ of
‘Lepidotes, Steneosaurus, and Plesiochelyidae,” with
a %0 value of at least 1.5%o lower, and a difference
of 2.2%0 from the plesiochelyid specimen. The
‘Thalassemydidae’ have low and constant &'%0
phosphate values (18.9-19.5%0), and represent the
lowest vertebrate 3'%0 values among the related sites
(Cerin, Solnhofen, and Canjuers) (Figs. 3 and 4). The
indeterminate turtle from Crayssac has an intermedi-
ate 6'%0 value of 20.3%o, close to Steneosaurus
values (Fig. 4).

6. Discussion

6.1. Coastal water temperatures and vertebrate
ecology

Temperatures of Late Jurassic marine waters (Table 1)
were calculated by using the oxygen isotope fractiona-
tion equation determined by Kolodny et al. (1983),
which gives results similar to those obtained with
equations determined by Longinelli and Nuti (1973)
and Lécuyer et al. (2003b):

T(°C) = 113.3 — 4.38(5"0, — 60y (1)

where 7T is the ambient water temperature (more
exactly the average temperature of fish apatite
deposition), and 4'*0, and §'°0,, are the oxygen
isotope compositions of phosphate and water, respec-
tively. The composition of water is classically assumed
to be equal to —1%o according to the hypothesis of a

continental ice-free Earth (e.g., Shackleton and Ken-
nett, 1975), although recently, Lécuyer et al. (2003b)
recommended the use of a 6'®0 of surface seawater
equal to 0%o because evaporation dominates precip-
itation at low latitudes. We also emphasize that the
hypothesis of a constant seawater isotope composition
for the various marine environments throughout the
Upper Kimmeridgian—Lower Tithonian interval is an
unlikely scenario.

Mean calculated marine temperatures that corre-
spond to the various lithographic limestone deposits
(including all fish) remain in a narrow range (~18.5—
20.5 °C), consistent with their close latitudinal
positions. These protected environments of shallow
carbonate platforms are characterized by higher
temperatures than those calculated for the relatively
open coastal environment of Chassiron (~13 °C).
The low mean temperature of seawater at Chassiron
could be interpreted as an influence of cooler waters
from the opening North Atlantic. The close 6'*0
values between Crayssac and the other lithographic
limestone sites (Fig. 2) are consistent with the recent
Early Tithonian palaeogeographical map (Thierry,
2000; Thierry et al., 2000) (Fig. 1). It shows that
Crayssac was probably fed both by the North
Atlantic Ocean and the Mediterranean Tethys waters,
a scenario at variance with the hypothesis of the
‘Charentais Gulf® (Delfaud and Gottis, 1966; Hantz-
pergue and Lafaurie, 1994). In the Mediterranean
Tethys domain, although Canjuers and Solnhofen are
relatively similar back-coral reef lagoons, they
present a slight difference in marine temperatures.
The mean marine temperatures derived from Pycno-
dontiformes and Lepidotes 6'%0 values at Canjuers
(20.6+1.5 °C) are higher than in Solnhofen
(18.842.6 °C). Nevertheless, the 0'%0 values of
Pycnodontiformes from these two sites resemble
each other, highlighting that the difference is due
to Lepidotes from Solnhofen, which lived either in
cooler waters or in more marine waters than in
Canjuers. This behaviour was likely governed by its
relative tolerance to water temperature and salinity.

The protected environments that deposited the
lithographic limestones are characterized by an
important range of apparent marine temperatures
(9.1-22.6 °C), but the mean temperatures are quite
uniform and high (~18.5-20.5 °C). The explanation of
this variability lies in fish samples that record the
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lowest isotopic marine temperatures. The relatively
homogeneous temperatures documented at Canjuers
(18.7-22.2 °C; 20.6+1.5 °C) and at Solnhofen (16.9—
21.8 °C; 18.8£2.6 °C) are consistent with the studied
fish (Pycnodontiformes and Lepidotes), whose living
environment is supposed to be restricted to the coral
reef system. Conversely, large temperature ranges are
observed at Cerin (11.2-22.6 °C, 18.7+4 °C) and at
Crayssac (9.1-22.6 °C; 18.4+4.8 °C), only because of
one analyzed fish sample in each site (BG46 and
BG44, respectively). These observations suggest the
presence of beached fish that originated from offshore
deeper and cooler waters. The Pycnodontiformes from
the lithographic limestones have comparable 6'*0
values (20.140.4%o), constituting a reliable proxy of
the temperature range of shallow coastal marine
waters (18-22 °C). This palaeotemperature range of
sea surface is consistent with those derived from
belemnites for the Late Jurassic of western Europe
(Grocke et al., 2003). However, on the basis of a 5'%0
of seawater set at —1%o, the calculated isotopic
temperatures inferred from fish are rather low,
considering the tropical palaeolatitudes of studied
sites. They are barely compatible with the presence of
corals (in Solnhofen and Canjuers), which are
interpreted as indicators of relatively warm waters
(~20-30 °C; e.g., Barthel et al., 1990). On the other
hand, they may be considered high enough to
accommodate the occurrence of crocodilians if we
agreed on extant forms that require a minimum mean
air temperature of ~5.5 °C for the coldest month,
corresponding to an annual mean air temperature of at
least ~14 °C (Markwick, 1998).

According to their quite similar oxygen isotope
compositions, fish (except beached fish), the crocodi-
lian Steneosaurus, and the plesiochelyid turtles were
inhabitants of these coastal marine environments.

6.2. The dichotomy of turtle aquatic environments and
the improvement of seawater palaeotemperature
estimates

Oxygen isotope compositions of modern aquatic
turtles are directly related to ambient water composi-
tions (Barrick et al., 1999) according to the following
equation:

50, = 1.016"%0, — 22.3 (2)

where §'%0,, and 5180p are the oxygen isotope
compositions of water and phosphate, respectively.
The use of Eq. (2) suggests that Plesiochelyidae and
‘Thalassemydidae’ lived in aquatic environments of
contrasting oxygen isotope compositions, a discrim-
ination clearly illustrated at Solnhofen where the two
turtle families coexisted (Fig. 5). The 'O values of
water calculated from Plesiochelyidae range from
—0.7%0 to —0.2%0 (Table 1; Fig. 5), indicating a
marine environment. This was already suggested from
their usual coastal marine depositional environments
(de Broin, 1994), but it could have been due to a
taphonomical bias. The 6'%0 values of ambient waters
derived from ‘Thalassemydidae’ are between —3.2%o
and —2.6%o (Table 1; Fig. 5). These oxygen isotope
compositions are compatible with the compositions of
freshwaters or brackish waters at low latitude and
altitude (see e.g., Bowen and Wilkinson, 2002). The
‘oxygen isotopic geological noise’ has been quantified
for recent fish teeth in the range 0.6—1.1%o according
to Venneman et al. (2001), and Pucéat et al. (2003)
observed an envelope of +0.8%0 around the 6'*0
tendency Cretaceous curve. This natural ‘noise’ is
significantly lower than the average isotopic differ-
ence documented for the studied samples of Plesio-
chelyidae and ‘Thalassemydidae.” Therefore, we
consider that the isotopic signal is contrasted
enough to propose two different environmental
waters: a marine water for Plesiochelyidae and a
freshwater or brackish water for ‘Thalassemydidae’.
This ecological difference was not deciphered from
the quite similar anatomy of these two turtle
families (Gaffney and Meylan, 1988; de Broin,
1994; Lapparent de Broin et al., 1996). The
recovered ‘Thalassemydidae’ from the lithographic
limestones are well-preserved, subcomplete, articu-
lated, and not water-worn specimens (de Broin,
1994; Buffetaut, 1994), suggesting a restricted
transport before deposition.

Furthermore, the 580 values of ambient waters
derived from ‘Thalassemydidae’ indicate that the
coastal environments of Solnhofen, Cerin, and Canj-
uers were somewhat supplied by freshwater, whereas
terrigenous sediments are scarce in Solnhofen (Barthel
et al., 1990) and not mentioned at Cerin and Canjuers.
A freshwater supply matches well with the presence
of common terrestrial vertebrates such as the Sphe-
nodontidae (Lepidosauria) in these three sites, the
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Fig. 5. Determination of the aquatic environment of turtles from the Late Jurassic of western Europe. The 0 '®0 values of ambient waters were
calculated from the 5180p of turtles using Barrick et al.’s (1999) equation: '%0,, (%o SMOW)=1 .015180p—22.3 (see Table 1 for abbreviations

of taxa).

Atoposauridae (Crocodylia) in Cerin and Solnhofen,
or the theropod dinosaur Compsognathus in Canjuers
and Solnhofen (Buffetaut, 1994; Billon-Bruyat,
2003). It is also consistent with the presence of
insects in Solnhofen, which are most dependent on a
freshwater habitat for the larval stages of their life
cycle (Barthel et al., 1990).

Seawater palaeotemperature estimates may be
refined by using the calculated 6'®0 values of
seawater from the plesiochelyids to solve Kolodny et
al.’s (1983) equation. Combining fish and turtle 6'%0
values provides an improved picture of temperatures
and isotopic compositions (and indirectly salinity) of
water masses. Compared to the classical hypothesis of
a 0'%0 seawater=—1%o assumed for Mesozoic times
(ice-free Earth), computed temperatures in this study
are found from 1 to 3.5 °C higher (1 °C at Solnhofen
and 2-3.5 °C at Chassiron; Table 1), and are more
compatible with the low palaeolatitudes of western
Europe at the Jurassic/Cretaceous boundary.

6.3. Marine turtles as early as the Late Jurassic?

A surprising result obtained in this study is the
marine ‘isotopic signature’ of plesiochelyid turtles.
The oxygen isotope composition of phosphate of
ectotherms mainly depends on temperature and
isotopic composition of drinking water (see Introduc-
tion). Plesiochelyids certainly did not drunk marine
water except during feeding, the aim of turtles in the
marine environment being to excrete marine salts to
maintain their osmoregulation. According to their
clearly marine ‘isotopic signature,” we propose that
plesiochelyids mainly or exclusively depended on
marine resources for feeding; hence, they represented
an important member of coastal marine trophic webs,
an ecological condition defining them as marine
organisms (see e.g., Hémery, 2001 for the concept
of marine birds).

Like several groups of tetrapods (e.g., crocodi-
lians, cetaceans), turtles were secondarily adapted to
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life in the marine environment. Although these Late
Jurassic turtles (Callovian—Tithonian) have been
considered coastal marine inhabitants based on their
usual depositional environments (de Broin, 1994;
Bardet, 1995), they have never been recognized
with certainty as marine turtles. The marine turtles
sensu stricto are defined as a monophyletic group,
the Chelonioidea (including fossil and extant sea
turtles). They appeared after the plesiochelyids in
the fossil record; their first occurrence is Santa-
nachelys, a primitive chelonioid recently reported
from the Late Aptian or Early Albian (Hirayama,
1998; Fig. 6).

Plesiochelyids and Santanachelys still have limbs
with movable digits as in freshwater turtles (i.e.,
they were not totally modified into paddles as in
later chelonioids). Santanachelys has large interor-
bital foramina, indicative of huge lachrymal glands
surrounding the eyes (Fig. 6), which function as salt
glands in chelonioids for excreting marine salts, a
key adaptation to marine life (Hirayama, 1998). One
of the diagnostic features of chelonioids is that
the large foramen interorbitale is formed by a
relatively narrow processus inferior parietalis, as
narrow as the foramen nervi trigemini or absent
(Gaffney, 1976, 1979; Hirayama, 1998; Fig. 6).
Surprisingly, this processus inferior parietalis has
been recognized in plesiochelyids as intermediate in
size between those of chelonioids and those of other
turtles (Gaffney, 1976; Fig. 6). Because plesioche-
lyids have quite large interorbital foramina, the
presence of relatively important lachrymal salt
glands can be inferred. This physiological adaptation
to the marine environment deduced from the
anatomy fits the marine oxygen isotope ‘signature’
of the osteoscutes. Hirayama (1998) concluded from
the study of Santanachelys that the salt-excreting
system and the occupation of the marine environ-
ment preceded the evolution of paddles in chelo-
nioids. In the same way, the plesiochelyids lived in
a marine environment without evolving paddles.
According to the phylogeny of eucryptodiran turtles
(Gaffney and Meylan, 1988; Hirayama, 1998), the
plesiochelyids are considered the sister group of all
other eucryptodires (i.e., a basal group compared to
chelonioids) (Fig. 6). This phylogenetic dichotomy,
combined with the marine character of plesioche-
lyids, supports a scenario in which eucryptodiran

turtles were adapted twice independently to marine
life. Although turtles have adapted several times to
life in the marine domain (Bardet, 1995), the most
ancient marine turtles known so far are the Late
Jurassic plesiochelyids.

7. Conclusions

Following the objectives presented in the Intro-
duction, we can conclude that:

(1) The oxygen isotope analysis of fish showed that
coastal marine waters were thermally homoge-
nous at the regional scale of western Europe
during the Late Jurassic. The protected coastal
marine environments are characterized by higher
mean marine temperatures (~18.5-20.5 °C) than
that calculated for Chassiron (~13 °C), more
open and likely influenced by cooler waters from
the opening North Atlantic.

(2) In the protected deposits, some fish samples
record the lowest isotopic marine temperatures,
suggesting the presence of beached fish that
originated from offshore deeper and cooler
waters. On the basis of their distribution of
6'80 wvalues, fish (except beached fish), the
crocodilian Steneosaurus, and plesiochelyid
turtles are considered autochthonous fauna of
the reported coastal marine environments. The
‘thalassemyid’ turtles have 5'®0 values between
—3.2%0 and —2.6%o, suggesting that they lived
in fresh or at least in brackish waters that were
likely present in the coastal environments of
Cerin, Canjuers, and Solnhofen.

(3) Considering the marine 6'®0 values of plesio-
chelyid turtles (—0.7%0 to —0.2%0), the com-
bined oxygen isotope analysis of turtle and fish
phosphate allowed us to refine estimates of
isotopic compositions of water masses and
temperatures in coastal marine environments.
Estimates of isotopic temperatures increased by
about 1 and 2-3.5 °C in Solnhofen and
Chassiron, respectively.

(4) The Late Jurassic plesiochelyids can be consid-
ered both from oxygen isotope (marine ‘isotopic
signature’) and cranial anatomy (presence of a
salt-excreting system) data as the first turtles to
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be secondarily adapted to the marine environ-
ment, several tens of million years before the
chelonioids or ‘sea turtles.’
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