
HAL Id: tel-01878217
https://theses.hal.science/tel-01878217

Submitted on 20 Sep 2018

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Amélioration des outils géochimiques pour
l’investigation des paléoenvironnements

François Fourel

To cite this version:
François Fourel. Amélioration des outils géochimiques pour l’investigation des paléoenvironnements.
Autre. Université Claude Bernard - Lyon I, 2014. Français. �NNT : 2014LYO10206�. �tel-01878217�

https://theses.hal.science/tel-01878217
https://hal.archives-ouvertes.fr


Université de Lyon 

Ecole doctorale : Evolution, Ecosystèmes, Microbiologie, Modélisation 

Thèse de doctorat 
Sciences de l’Univers 

François FOUREL 

Amélioration des Outils Géochimiques pour l’Investigation des 

Paléoenvironnements. 

Thèse dirigée par : Christophe Lécuyer 

Soutenue le 23 Octobre 2014 

Jury : 



UNIVERSITE CLAUDE BERNARD - LYON 1

Président de l’Université M. François-Noël GILLY

COMPOSANTES SANTE

COMPOSANTES ET DEPARTEMENTS DE SCIENCES ET TECHNOLOGIE



Dédicace : 



Remerciements : 



Titre en français :

Résumé en français:



Mots clés  en français :



Titre en anglais :

Résumé en anglais:  



Mots clés  en anglais :







INTRODUCTION 

1



2



"L'histoire, je le crains, ne nous permet guère de prévoir, mais, associée à l'indépendance 

d'esprit, elle peut nous aider à mieux voir." 

Paul. Valéry 

CHAPITRE 1 : Un peu d’histoire

Figure 1.1 : Portrait de Frederick Soddy
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Figure 1.2 : Abondance naturelle des isotopes stables les plus communément analysés par 

IRMS 
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Figure 1.3 : Spectromètre de masse de Nier fin des années 50

A. NIER
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Figure 1.4 : Schéma de principe de l’IRMS

IRMSPREP. SYSTEMPPPSAMPLES
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Figure 1.5 : Première publication IRMS en flux continu. 

9



Figure 1.6 : Système utilisé par Preston et Owens pour leur travail initial sur les analyses 

IRMS en flux continu (communication personnelle de Tom Preston). 
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Figure 1.7 : Schéma comparatif des systèmes d’introduction en mode dual inlet et en mode 

flux continu. 
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« L'existence animale dépend, non seulement de l'environnement, mais aussi de la 

connaissance de l'environnement. Tout progrès de la connaissance profite à l'action, tout 

progrès de l'action profite à la connaissance. » 

Edgar Morin 
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Figure 2.1 : Vue des côtes de l’île de Rhodes (Grèce)
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Bison Priscus
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Stable carbon and oxygen isotope compositions of invertebrate carbonate shells and
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The coastal sediments of Rhodes in the eastern Mediterranean have recorded transgression–regression cycles
that took place during the early Pleistocene. The sedimentary deposits from the Kritika Member of the
Rhodes Formation consist in conglomerates, sandstones, siltstones and clays deposited in brackish to shallow
marine environments. Faunal associations are dominated by molluscs and reveal rapid ecological changes.
Carbon and oxygen isotope ratios of aquatic skeletal carbonates show that these ecological changes were
most likely driven by large salinity changes while water temperature remained rather constant at about
22.0±1.5 °C. The tectonic activity of the island rather than glacio-eustatic variations of climatic origin is
advocated to be responsible for the ecological and salinity changes and sea-level variations recorded in the
sedimentary sequence.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Coastal environments are prone to large changes in water tempera-
ture and salinity through time. Tectonic activity and climate control the
coastline geometry where themixing of waters depends on bathymetry,
shelf morphology, rate of freshwater input and current activity. Drastic
changes inwater temperature and salinity potentially have deep impacts
upon aquatic ecosystems (e.g. Hart et al., 1990; Regier andHolmes, 1990;
Håkanson, 2006). Rapid ecological changes are commonly recorded in
Cenozoic and Quaternary coastal sediments (e.g. Graham et al., 2003;
Cripps et al., 2005; Kowalke, 2005), yet deciphering the respective
roles of temperature and salinity remains an uphill task due to the lack
of adequate quantitative proxies in most cases.

In the coastal environments, salinity is a key parameter of the aquatic
environment as it is very sensitive to the water balance between fresh
and marine water inputs. Salinity controls the changes in biodiversity
that are recorded in the regression–transgression sedimentary cycles. If
co-existing freshwater and marine species are preserved in coastal sedi-
mentary sequences, salinities can be theoretically deduced from their
δ13C values because fresh waters are 13C-depleted by several ‰ relative

to marine waters (Klein et al., 1996; Hendry and Kalin, 1997; Aucour et
al., 1999; Hendry et al., 2001). However, the mass balance approach
requires the knowledge of the relative abundance of dissolved
carbon (DC) in the two mixing aqueous reservoirs. The ratio of the
DC content of the two aqueous reservoirs varies consequently according
to the environment (estuary, mangrove, lagoon) and cannot be inferred
easily from the sedimentary record. Oxygen is equally shared between
aqueous reservoirs, and once the water temperature is estimated, the
δ18O values of both freshwater and marine end-members can be calcu-
lated by using the isotopic fractionation equation between aragonite
and water (Grossman and Ku, 1986; Kim et al., 2007) or calcite and
water (O'Neil et al., 1969; Kim and O'Neil, 1997). Then, salinities can be
theoretically deduced from amass balance equation combining the com-
positions of these two aquatic end-members.

Temperature and salinity recorded in carbonate shells are
influenced by biological factors. If growth of shell is slow enough,
calcium carbonate is precipitated in oxygen isotope equilibrium with
seawater (McConnaughey, 1989; Auclair et al., 2003). However, the
skeletal calcification can be temperature-dependent, which means that
the temperature and salinity conditions under which the shell has
been formed may differ significantly from their yearly mean values
(e.g. Romanek et al., 1987; Cornu et al., 1993; Elliot et al., 2003). Shell
growth can also be disturbed through predator injuries, and also
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during periods of gametogenesis or severe restrictions in food sup-
ply. For recent geological periods, the oxygen isotope compositions
of fossil molluscs can be corrected from the growth-dependent tem-
perature factor by using the δ18O values of modern counterparts (at
the genus or species level) for which the temperature and isotopic
composition where they live are measured. Salinity is not easily
recorded in the chemical composition of fossil skeletons as it is indi-
rectly related to the oxygen isotope composition of ambient water.
Even though several attempts were made to decipher temperature
and salinity parameters that are imbricated in the oxygen isotope
composition of biominerals (e.g. Williams and Thunell, 1979;
Thunell and Williams, 1989; Lécuyer et al., 1996; Emeis et al.,
2000; Scheurle and Hebbeln, 2003), an innovative strategy is pro-
posed and that consists in a multi-taxa geochemical approach. Sta-
ble carbon and oxygen isotope ratios were measured in specimens
belonging to a faunal assemblage made of gastropods, bivalves
and foraminifera, all of them being characterized by specific ecolog-
ical preferences that were partly revealed by the geochemical anal-
ysis. Temperature and salinity variations through time were
therefore determined in a coastal environment submitted to sea
level changes whose causes could have been either eustatic or tec-
tonic in origin. The late Pliocene–middle Pleistocene sedimentary
sequences outcropping in Rhodes, Greece, offer an interesting op-
portunity to test this multi-taxa geochemical approach constrained
by the well-known ecology of studied aquatic invertebrate fauna.

2. Geological setting

The north-eastern part of Rhodes (Fig. 1) consists in transgressive
Pliocene–Pleistocene sediments resting upon a deformed and deeply
eroded, mainly calcareous, Mesozoic ‘Hellenic’ basement (Mutti et
al., 1970; Lekkas et al., 2001). The faulting of this basement created
a series of horsts and grabens, which were filled in with detrital,
mainly marine, sediments (Mutti et al., 1970; Meulenkamp et al.,
1972; Hanken et al., 1996). The Kritika Member stands at the base
of this lithographic unit, in the Rhodes Formation. Its facies is mostly
siliciclastic and it consists in conglomerates, sandstones, siltstones,
clays and a few lignite beds which were deposited in brackish to shal-
low marine environments (Keraudren, 1970; Broekman, 1972;
Meulenkamp et al., 1972; Hanken et al., 1996; Hajjaji et al., 1998;
Benali-Baitich, 2003).

The age of the Kritika sediments was estimated by biostratigraphic
correlation with the Pliocene–Pleistocene boundary section occurring
at Vrica–Crotone, Italy (Thomsen et al., 2001). Calcareous nanofossils
suggest that the mainly brackish deposits are of early Pleistocene age.
The Kritika Member is of Gelasian age (1.89–2.58 Ma) (Cornée et al.,
2006a,2006b). The Kritika Member overlies the Upper Pliocene
fluvio-lacustrine Damatria Formation and is separated from the overly-
ing Rhodes Formation by an erosional unconformity. The Rhodes For-
mation includes several facies groups including the Lindos Bay clay
characterized by deep-water faunas (bryozoans and pteropods)
according to Moissette and Spjeldnaes (1995). All the sediments and

fossils examined in this study belong to the Kritika Member that has
been deposited during a tectonically controlled sedimentary cycle
(Cornée et al., 2006a,2006b). The Kritika Member is organized into
transgressive–regressive sedimentary sub-cycles bounded by
beachrocks, prograding beach conglomerates, and lower shoreface de-
posits (Ferry et al., 2001). The duration of the sedimentary cycles cannot
be determined because of a lack of precise dating.

Even though the siliciclastic Kritika Member is poorly fossilifer-
ous, some marine beds contain abundant rhodoliths, foraminifers,
solitary corals, molluscs, bryozoans and ostracodes, indicating
beach to lower shoreface depositional environments (Hajjaji et al.,
1998; Benali-Baitich, 2003; Maillet, 2003). Minor influxes of fresh-
water organisms are also recorded (Benali-Baitich, 2003; Maillet,
2003). Carbonate facies are scarce and principally consist of commu-
nities of skeletal organisms developed on drowned beachrocks: red
algae, hermatypic corals (Cladocora caespitosa), serpulids, bivalves (oys-
ters, spondylids), and bryozoans (Ferry et al., 2001). Freshwater to brack-
ish characean and dasycladacean algae, benthic foraminifers, molluscs,
and ostracodes occur in some beds and are particularly common at the
top of the Formation.

One of the best exposures of this Formation occurs in Northeast-
ern Rhodes, in the Faliraki area (N36°22.34′, E28°13.57′; Fig. 1)
where it was deposited in large embayments open to the East
(Mutti et al., 1970). We studied two sections, Faliraki1 (F1) and
Faliraki2 (F2), 35 and 50 m thick, respectively, which outcrop along
the main road leading to the village of Faliraki (Fig. 2). Beachrock
beds occur in each section; they indicate temporary emersions and
are considered as sequence boundaries. The two sections were corre-
lated in the field by mapping index beds. They are composed of
decameter-thick sedimentary sequences organized in a repetitive
pattern with, from bottom to top:

− a dismembered conglomeratic beachrock bed, which shows one
meter long 3D-dunes and contains well rounded pebbles from
the metamorphic basement;

− beachrock beds encrusted by continuous red algal, bryozoan and
serpulid rich bindstones which grew on and covered the dismem-
bered underlying blocks, and in some cases, colonies of the zoo-
xanthellate coral Cladocora caespitosa;

− silty to sandy marls with fossils from open marine (bivalves, espe-
cially Glycymeris, red algae, foraminifers), brackish (coal interbeds,
molluscs), or fresh-water environments (Planorbis) in the marly
levels;

− sandstones with hummocky cross-stratifications, cross-trough
stratification and ripple-marks changing upward into dismem-
bered conglomerates.

3. Material and method

A sampling campaign took place in May 2007. Fifty-eight samples
of fossil bivalves, gastropods and bryozoans (4 to 12 individuals of a
given genus or species per sedimentary sample), and nine samples

Fig. 1. Location map of the island of Rhodes in the eastern Mediterranean relative to the subduction context of the Aegean arc. The studied early Pleistocene sedimentary sequence
outcrops at Faliraki in the northeastern part of the island.
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of benthic foraminifera (Elphidium; 6 to 16 individuals per sample)
were collected at various levels in F1 and F2 outcrops.

Three present-day gastropods and ten bivalves were sampled at
Plimiri beach (Fig. 1; N35°54′16″, E27°49′16″) at ca. 1 m depth. Forami-
nifera were collected at Faliraki (N36°22′11″, E28°13′26″) at ca. 4 m
depth. Three marine waters were collected at Tsampika (N36°12′53″,
E28°08′39″), Ladiko (N36°19′12″, E28°12′21″) and Saint-Paul's bay
(N36°05′11″, E28°05′20″) at 1 m depth (Fig. 1). A resurgent fresh water
samplewas collected at Tsampika. A present-dayGlycymeriswas also col-
lected off Marseille, France (N43°17′42″, E5°21′31″).

3.1. Carbon and oxygen isotope analyses of carbonate skeletons

The sedimentary particles and the organic matter were removed
from the carbonate skeletons of the individual fossil and present-day
molluscs, bryozoans and foraminifera by using ultrasonic waves then

H2O2 10% during 12 h, respectively. After washing with deionized
water, the samples were dried at ambient temperature. Stable isotope
analysiswas performed on one complete valve for large shells including
Glycymeris, whole shells for other molluscs and several individuals for
foraminifera (Table 1). Foraminifera were pooled according to their
taxonomy and stratigraphic position and crushed in an agate mortar
until a fine powder was obtained. The carbon and oxygen isotope ratios
were determined using an auto samplerMultiPrepTM system coupled to
a dual-inlet GV IsoprimeTM isotope ratiomass spectrometer (IRMS). For
each sample, an aliquot of about 100–200 μg of calcium carbonate was
reacted with anhydrous oversaturated phosphoric acid at 90 °C during
20 min. Isotopic compositions are quoted in the delta notation in ‰

relative to V-PDB. SMOW–PDB conversions were applied using the
equation proposed by Coplen (1994). All sample measurements were
triplicated and adjusted to the international reference NIST NBS19.
External reproducibility is ±0.1‰ for δ18O values and ±0.05 for δ13C

Fig. 2. Correlation between the two lithostratigraphic sequences studied at Faliraki, Rhodes.
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Table 1
Taxonomy, environment and stable isotope (C and O) compositions of calcareous aquatic invertebrates from the early Pleistocene sediments of Rhodes.

Sample Section Environment Class Taxon Mineralogy δ13C (‰) δ18O (‰)

(V-PDB) (V-PDB)

Fal7i-1 Faliraki1 Brackish Foraminifera Elphidium sp. Low-Mg calcite 0.82 −0.72
Fal7i-2 Faliraki1 Brackish Bivalvia Cardium sp. n.d. −3.51 −0.48
Fal7i-3 Faliraki1 Brackish Gastropoda Planorbis planorbis Aragonite −8.73 −3.57
Fal7i-4 Faliraki1 Brackish Gastropoda Theodoxus rhodiensis Aragonite+minor calcite −2.44 −4.63
Fal7i-5 Faliraki1 Brackish Gastropoda Potamides cf. girondicus Aragonite+minor calcite −1.98 0.46
Fal7i-6 Faliraki1 Brackish Gastropoda Ventrosia ventrosa Aragonite −2.90 −1.29
Fal7i-7 Faliraki1 Brackish Gastropoda Melanopsis sporadum Aragonite −4.57 −4.43
Fal7c-Bi Faliraki1 Brackish Bivalvia n.d. n.d. −1.25 1.28
Fal7b-Bi Faliraki1 Brackish Bivalvia Tellina sp. n.d. 0.10 0.32
Fal7a-For Faliraki1 Brackish Foraminifera Elphidium sp. Low-Mg calcite 0.86 −0.20
Fal7a-Gas Faliraki1 Brackish Gastropoda Obtusella macillenta n.d. 0.64 −5.89
Fal7-Bi Faliraki1 Brackish Bivalvia n.d. n.d. −3.36 −2.50
Fal6-Bi Faliraki1 Brackish Bivalvia Nucula sulcata (embryo) n.d. 0.48 1.65
Fal5-Bi Faliraki1 Marine Bivalvia Nucula sp. n.d. 0.62 2.07
Fal5-Gas Faliraki1 Marine Gastropoda Cerithium sp. n.d. 1.82 1.19
Fal8d-1 Faliraki2 Marine Bivalvia Glycymeris sp. Aragonite 1.27 1.39
Fal8d-2 Faliraki2 Marine Bivalvia Abra cf. alba Aragonite 1.21 0.21
Fal8d-3 Faliraki2 Marine Foraminifera Elphidium sp. n.d. 0.74 −0.93
Fal8d-4 Faliraki2 Marine Gastropoda Acinopsis cancellata Aragonite 1.16 −0.42
Fal8d-5 Faliraki2 Marine Gastropoda Bittium lacteum Aragonite 1.55 −0.24
Fal8d-6 Faliraki2 Marine Bivalvia Glycymeris sp. Aragonite 1.21 0.53
Fal8d-7 Faliraki2 Marine Bivalvia Glycymeris sp. Aragonite 1.38 −0.21
Fal4-2 Faliraki1 Marine Foraminifera Elphidium sp. n.d. 1.11 −0.02
Fal4-3 Faliraki1 Marine Bivalvia Nucula sp. n.d. 1.03 1.85
Fal4-4 Faliraki1 Marine Decapoda n.d. n.d. −3.75 1.86
Fal4-5 Faliraki1 Marine Bivalvia Acanthocardia paucicostata

Parvicardium scriptum
n.d. 1.95 1.56

Fal3-1 Faliraki1 Marine Foraminifera Elphidium sp. Low-Mg calcite 0.38 −0.26
Fal3-2 Faliraki1 Marine Pteropoda Creseis sp. n.d. 1.07 1.92
Fal3-3 Faliraki1 Marine Bryozoa M. moniliferum n.d. −0.23 0.42
Fal3-4 Faliraki1 Marine Bryozoa I. atlantica n.d. −1.56 0.19
Fal3-5 Faliraki1 Marine Bryozoa Crisia spp. n.d. −1.32 0.37
Fal3-6 Faliraki1 Marine Bryozoa M. cereoides n.d. 0.61 0.74
Fal3-7 Faliraki1 Marine Corallinacea n.d. n.d. −0.06 0.45
Fal3-8 Faliraki1 Marine Bivalvia Arca sp. Juvenile Aragonite 2.32 1.54
Fal3-9 Faliraki1 Marine Bivalvia Plagiocardium papillosum Aragonite 1.70 1.09
Fal3-10 Faliraki1 Marine Polyplacophora Chiton corallinus n.d. −0.50 1.00
Fal3-11 Faliraki1 Marine Gastropoda Jujubinus exasperatus n.d. 2.40 0.83
Fal3-12 Faliraki1 Marine Gastropoda Acinopsis cancellata Aragonite 1.51 1.17
Fal3-13 Faliraki1 Marine Gastropoda Bittium latreilli n.d. 2.06 1.11
Fal8ter-1 Faliraki2 Marine Gastropoda Bittium lacteum Aragonite 1.95 1.25
Fal8ter-2 Faliraki2 Marine Bryozoa M. cereoides Aragonite 0.35 0.08
Fal8ter-3 Faliraki2 Marine Corallinacea n.d. Mg-calcite −2.15 1.07
Fal8ter-4 Faliraki2 Marine Gastropoda n.d. n.d. 1.43 1.13
Fal8ter-5 Faliraki2 Marine Bivalvia Abra cf. alba Aragonite 1.16 1.46
Fal8bis-1 Faliraki2 Marine Gastropoda Pusillina marginata Aragonite −0.71 0.33
Fal8bis-2 Faliraki2 Marine Gastropoda Cerithidium submamillatum Aragonite 1.64 1.26
Fal8bis-3 Faliraki2 Marine Bivalvia Abra cf. alba Aragonite 1.52 0.93
Fal8bis-4 Faliraki2 Marine Bivalvia Acar sp. Juvenile Aragonite 2.34 2.13
Fal8bis-5 Faliraki2 Marine Bivalvia Glycymeris sp. Aragonite 2.04 0.65
Fal2-1 Faliraki1 Marine Foraminifera Elphidium sp. Low-Mg calcite 0.83 −0.15
Fal2-2 Faliraki1 Marine Corallinacea n.d. n.d. 1.85 0.86
Fal2-3 Faliraki1 Marine Decapoda n.d. n.d. −0.28 1.79
Fal2-4 Faliraki1 Marine Bivalvia Acanthocardia sp. Aragonite 2.05 1.75
Fal2-5 Faliraki1 Marine Polyplacophora n.d. n.d. 0.43 1.23
Fal2-6 Faliraki1 Marine Gastropoda Jujubinus sp. n.d. 2.30 0.94
Fal2-7 Faliraki1 Marine Gastropoda Gibbula guttadauri n.d. 1.84 1.18
Fal2-8 Faliraki1 Marine Gastropoda Bittium lacteum n.d. 2.20 1.01
Fal2-9 Faliraki1 Marine Bivalvia Arca noae Aragonite 2.33 1.62
Fal2-10 Faliraki1 Marine Gastropoda Acinopsis cancellata Aragonite 1.28 1.01
Fal2-11 Faliraki1 Marine Bryozoa M. cereoides n.d. 0.93 0.71
Fal2-12 Faliraki1 Marine Bryozoa S. cervicornis n.d. 0.51 0.55
Fal2-13 Faliraki1 Marine Bryozoa M. moniliferum n.d. 0.86 0.25
Fal8c′-1 Faliraki2 Marine Bryozoa M. cereoides Aragonite 0.39 0.15
Fal8c′-2 Faliraki2 Marine Gastropoda Bittium lacteum Aragonite 1.60 0.04
Fal8c′-3 Faliraki2 Marine Gastropoda Turboella lia Aragonite −1.29 −0.15
Fal8c′-4 Faliraki2 Marine Foraminifera Elphidium sp. n.d. 0.41 −0.66
Fal1 Faliraki1 Brackish Bivalvia n.d. n.d. −0.79 0.21
Fal8b-1 Faliraki2 Brackish Gastropoda Pusillina marginata Aragonite −0.89 0.41
Fal8b-2 Faliraki2 Brackish Bivalvia Divaricella divaricata n.d. −0.31 −0.02
Fal8b-3 Faliraki2 Brackish Gastropoda Hydrobia sp. Aragonite −0.11 −3.51
Fal8b-4 Faliraki2 Brackish Gastropoda Cerithidium submamillatum Aragonite −0.66 0.25
Fal8b-5 Faliraki2 Brackish Foraminifera Elphidium sp. n.d. −0.55 −0.51
Fal8b-6 Faliraki2 Brackish Bivalvia Parvicardium scriptum Aragonite −0.71 0.20
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values (1σ). The δ18O and d13C values of skeletal carbonates are reported
in Tables 1 and 2.

3.2. Oxygen isotope analysis of marine waters from Rhodes

The oxygen isotope ratios of marine and fresh water samples were
determined according to the CO2 equilibration technique developed
by Horita et al. (1989). Aliquots of 200 μL of water were automatically
equilibrated with CO2 and analyzed using a MultiPrepTM system
online with a GVI IsoPrime™ dual inlet IRMS. Reproducibility was
typically ±0.03‰ (Table 3).

3.3. Raman spectroscopy

Raman spectra were collected using a LabRam™ HR spectrometer
and excitation provided by the 514.53 nm line of a Spectra-Physics™
Ar laser on untreated shells to determine the polymorphs of calcium
carbonate. Different parts of the shells were probed at the micrometer
scale in backscattering geometry through an Olympus™ microscope.
Laser power varied from 0.1 to 10 mW in order to prevent local
heating and transformation especially for the absorbing black
pigment-bearing parts of some shells. Recording times ranged from
1 to 10 min depending on laser power.

4. Results

4.1. Carbon and oxygen isotope compositions of early Pleistocene carbon-
ate skeletons

Oxygen and carbon isotope compositions of the bulk carbonate
skeletons from the early Pleistocene littoral environment of Rhodes
range, respectively from –5.9‰ to 2.1‰ and from –8.7‰ to 2.4‰
(Table 1). These large variations of composition reflect the large spec-
trum of studied taxa that lived in fresh (Planorbis planorbis,
Melanopsis sporadum and Theodoxus rhodiensis), brackish

(Gastropoda, Bivalvia) and marine (Gastropoda, Bivalvia, Foraminif-
era and Bryozoa) aquatic environments (Table 4). As a general ten-
dency, the skeletons of the fresh water fauna have the lowest δ18O
and δ13C values, those of the marine water the highest, and those
from the brackish the intermediate ones (Fig. 3). The inter-species
differences in stable isotope compositions can be sizable. The greatest
heterogeneities are observed in the brackish water fauna in which
inter-species differences in δ18O and δ13C are, indeed, respectively
as high as 6.9‰ and 9.3‰ for gastropods (1.7‰ and 3.7‰ in marine
environments, m.e. hereafter), 3.8‰ and 4.0‰ for bivalves (2.3‰
and 1.7‰ in m.e.) and 0.5‰ and 1.8‰ for foraminifera (0.9‰ and
0.7‰ in m.e.). These large inter-species differences may reflect
quick and important environmental changes in an area at the conver-
gence of marine and continental influences, thus prone to variations
in salinity and temperature.

In marine sediments (Fig. 4), Abra cf. alba of Fal8d (δ18O=0.21‰)
excepted, bivalves (n=14) have δ18O and δ13C values which range
from −0.21‰ to 2.13‰ and from 0.62‰ to 2.34‰, respectively.
Most gastropods (10 out of 15) have positive δ18O and δ13C values
that range from 0.83‰ to 1.26‰ and from 1.28‰ to 2.40‰, respec-
tively. However, Acinopsis cancellata, Bittium lacteum and Turboella
lia from layer Fal8d (see the isotopic composition of Abra above) Fal8-
ter and Fal8c′ are characterized by δ18O values negative or close to
0‰. It is noteworthy that Pusillina marginata from sample Fal8bis
has both low δ18O and low δ13C values comparable to those measured
in specimens of the same taxa collected in brackish sediment Fal8b.
The nine samples (five species) of bryozoans, exclusively marine,
have positive δ18O values ranging from 0.08‰ to 0.74‰ and exhibit
large variations in δ13C values from −1.56‰ to 0.93‰. The correla-
tions between the two variables are not significant. Foraminifera are
represented by the genus Elphidium sp. (n=9). The benthics collected
in sediments of marine origin have positive δ18O and δ13C values
(0.08‰ to 0.74‰ and 0.41‰ to 1.11‰), in contrast with those of the
brackish sediments (−0.72‰ to −0.23‰ and −0.97‰ to 0.82‰).
Glycymeris shells have δ18O values that range from −0.21 to 1.39 with

Table 1 (continued)

Sample Section Environment Class Taxon Mineralogy δ13C (‰) δ18O (‰)

(V-PDB) (V-PDB)

Fal8ε-1 Faliraki2 Brackish Bivalvia Acanthochitona fascicularis Aragonite −0.41 0.33
Fal8ε-2 Faliraki2 Brackish Foraminifera Elphidium sp. n.d. −0.97 −0.23
Fal8ε-3 Faliraki2 Brackish Gastropoda Planorbis planorbis Aragonite −4.37 −4.92
Fal8ε-4 Faliraki2 Brackish Gastropoda Cerithium sp. Aragonite 0.43 0.96
Fal8ε-5 Faliraki2 Brackish Gastropoda Ventrosia ventrosa Aragonite −0.88 −2.63

Table 2
Taxonomy, location and stable isotope (C and O) compositions of present-day marine invertebrates from the eastern coast of Rhodes.

Sample # specimens Environment Location Class Taxon Mineralogy δ13C δ18O T (°C)

‰ (V-PDB) ‰ (V-PDB) δ18O sw=1.8‰ (V-SMOW)

GM 1 5 m Marseille, France Bivalvia Glycymeris pilosa Aragonite 2.29 1.44 15a

FalBR 13 −4 m Faliraki beach Foraminifera Elphidium Low-Mg calcite 0.51 −0.40 22
RH-1 1 −2 m Plimiri beach Gastropoda Monodonta turbinata Aragonite 0.69 1.42 17
RH-2 1 −2 m Plimiri beach Gastropoda Strombus decorus raybardii Aragonite 0.46 0.99 19
RH-3 1 −2 m Plimiri beach Gastropoda Strombus decorus raybardii Aragonite 0.54 0.88 18
RH-4 1 −2 m Plimiri beach Bivalvia Glycymeris pilosa Aragonite 2.32 1.02 19
RH-5 1 −2 m Plimiri beach Bivalvia Glycymeris pilosa Aragonite 2.77 1.14 18
RH-6 1 −2 m Plimiri beach Bivalvia Glycymeris pilosa Aragonite 2.30 1.52 16
RH-7 1 −2 m Plimiri beach Bivalvia Glycymeris pilosa Aragonite 2.08 0.85 20
RH-8 1 −2 m Plimiri beach Bivalvia Glycymeris pilosa Aragonite 2.25 0.90 19
RH-9 1 −2 m Plimiri beach Bivalvia Glycymeris pilosa Aragonite 2.27 0.98 21
RH-10 1 −2 m Plimiri beach Bivalvia Glycymeris pilosa Aragonite 2.32 0.72 20
RH-11 1 −2 m Plimiri beach Bivalvia Acanthocardia tubercolata Aragonite 1.49 1.16 18
RH-12 1 −2 m Plimiri beach Bivalvia Acanthocardia tubercolata Aragonite 1.16 0.25 23
RH-13 1 −2 m Plimiri beach Bivalvia Barbatia barbata Aragonite 1.77 1.05 19

a Temperature calculated with a δ18O of water=1.5‰ (V-SMOW) off Marseille (Pierre, 1999).
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a mean value of 0.59±0.66‰. The three freshwater species (Planorbis
planorbis,Melanopsis sporadum and Theodoxus rhodiensis) have the low-
est δ18O (−4.63‰ to−3.57‰) and δ13C values (−8.73‰ to−2.44‰).

4.2. Carbon and oxygen isotope compositions of present-day bulk carbonate
skeletons

Among Rhodes molluscs, oxygen isotope ratios range from 0.25‰
to 1.52‰ whereas δ13C values can be considered as genus-dependent
with the highest values measured in Glycymeris shells (2.77‰) and
the lowest in gastropods shells (0.46‰ to 0.69‰) (Table 2).
Glycymeris shells have a mean δ18O value of 1.02±0.26‰. The fora-
minifera sample (Elphidium), has a δ18O value of −0.40‰ and a
δ13C value of 0.51‰ (Table 2).

4.3. Oxygen isotope compositions of waters

The marine waters sampled in the northeastern shore of Rhodes are
18O-enriched relative to SMOW, with δ18O values of 1.69‰ to 1.91‰
(Table 3). These compositions are in agreement with the systematic
isotopic study of the Mediterranean seawater performed by Pierre
(1999). The resurgent fresh water sampled at Tsampika beach (Fig. 1)
has a negative δ18O value of −2.96‰ which lies in the upper range of
meteoric water compositions in Rhodes (IAEA/WMO, 2006).

4.4. Mineralogy of carbonate skeletons

Shell mineralogy was determined from the Raman spectra. Dif-
ferent peak positions and numbers for aragonite and calcite allow
straightforward recognition (Gillet et al., 1993). Low-and high-Mg
biogenic calcites can also be distinguished by the width of Raman
lines, which are much broader in high-Mg calcite due to disordering

Table 3
Oxygen isotope compositions of fresh and marine waters from Rhodes.

Sample Location Water δ18O (H2O)
‰ (V-SMOW)

TSA-SW Tsampika Marine 1.91
TSA-FW Tsampika Fresh −2.96
LAD-SW Ladiko Marine 1.70
SPB-SW Saint-Paul's Bay Marine 1.69

Table 4
Taxa and ecology of aquatic invertebrates from the early Pleistocene sediments of
Rhodes.

Taxa Ecology

Bivalvia
Abra cf. alba 0–100 m (optimum: intertidal and lagoons,

brackish water)
Acanthocardia paucicostata Eurybathyal (optimum: intertidal)

tropical–subtropical to temperate
Acanthocardia sp. Littoral–infralittoral
Acar sp. Normal marine
Arca noae Normal marine, littoral to infralittoral, warm water
Arca sp. Littoral–infralittoral
Cardium sp. Littoral–circalittoral
Divaricella divaricata Littoral–circalittoral (optimum: littoral–infralittoral)
Glycymeris Littoral–infralittoral
Nucula sp. Infralittoral
Parvicardium scriptum Infralittoral
Plagiocardium papillosum Eurybathyal (optimum: 0–15 m)
Tellina sp. Infralittoral

Gastropoda
Acinopsis cancellata 2–100 m (optimum: 50 m)
Bittium lacteum Eurybathyal (optimum: 0–40 m)
Bittium latreilli Eurybathyal (optimum: 0–40 m)
Cerithidium submamillatum 0–50 m
Cerithium sp. 0–50 m
Gibbula guttadauri 0–50 m
Hydrobia sp. Brackish water (optimum: lagoons)
Jujubinus exasperatus 0–50 m (optimum: 30–50 m)
Obtusella macillenta Normal marine (0–250 m)
Potamides cf. girondicus Brackishwater
Planorbis planorbis Freshwater
Pusillina marginata Normal marine
Melanopsis sporadum Fresh and brackish water
Theodoxus rhodiensis Fresh and brackish water
Turboella lia Infralittoral (optimum: 0–20 m)

Bryozoa
Crisia spp. Mostly shallow-water genus
Idmidronea atlantica 10–850 m (optimum 40–400 m)
Margaretta cereoides 10–90 m (optimum 10–50 m)
Metrarabdotos moniliferum Metrarbdotos is an extant warm-water genus
Smittina cervicornis 30–110 m (optimum 40–60 m)

Fig. 3. Distribution of early Pleistocene freshwater, brackish and marine fauna in a
δ18O–δ13C space. Filled circles: marine bivalves; filled squares: marine gastropods;
filled diamonds: marine foraminifers; open squares: brackish gastropods; open circles:
brackish bivalves; and open diamonds: brackish foraminifers. Errors bars illustrate
standard deviations (2σ).

Fig. 4. Distribution of early Pleistocene marine fauna in a δ18O–δ13C space. Filled cir-
cles: bivalves; filled squares: gastropods; plus in square: foraminifers; cross: bryo-
zoans; plus: Corallinacea; filled triangles: chitons; open circles: decapods; and
inverted filled triangles: pteropods. Errors bars illustrate standard deviations (2σ).
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of the structure by cationic substitution (Lécuyer et al., 2004). Min-
eralogical determination of shells is reported in Table 1. Fluores-
cence and specific bands from pigments were also observed on the
outer parts of several shells. All bivalves and gastropods are charac-
terized by aragonitic shells whereas the test of foraminifera
Elphidium is made of low-Mg calcite (Loeblich and Tappan, 1987).

5. Discussion

5.1. State of preservation of fossil carbonate shells

The widespread occurrence of pigments and metastable aragonite
attests to the good preservation of the original structure of the bio-
genic carbonate. The presence of minor calcite on the outer side of
some gastropods is likely not a mark of diagenetic transformation
but a mark of the original mineralogy observed on living species
(Lécuyer et al., 2004).

5.2. Calcareous aquatic invertebrates and the environmental isotopic
record

Bivalvia and gastropods occur in fresh, brackish or marine sedi-
ments and their carbon and oxygen isotope compositions reflect
changes in isotopic composition of dissolved carbon and in water sa-
linity. As illustrated in Fig. 4, the δ13C and δ18O values in bivalves and
gastropods, which are close to each other, are the highest of the ma-
rine taxa (Fig. 4). This result is in agreement with Lécuyer et al.
(2004) who showed that gastropods and bivalves fractionate oxygen
isotopes in a similar way and close to the equilibrium with tropical
seawater. The few Corallinacea, chiton, decapod and pteropod sam-
ples have δ18O values similar to those of bivalves and gastropods.
The scattering of their δ13C values (Fig. 4) could be explained by a
combination of factors such as diet or kinetics (growth rate) as well
as metabolic (respiration) processes.

Bryozoans have δ18O values about 1‰ lower than those recorded
in mollusc shells (Fig. 4). Their preserved aragonite mineralogy sug-
gests that the studied fossil samples were not affected by a strong dia-
genetic alteration. Lower oxygen isotope ratios compared to molluscs
may suggest that they grew in warmer waters. However, even though
several species, which are not those studied here, are known to pre-
cipitate their aragonitic or magnesian calcitic skeleton in oxygen iso-
tope equilibrium with seawater (Machiyama et al., 2003; Smith and
Key, 2004), other species indicated significant disequilibrium oxygen
isotope fractionation during calcification (Crowley and Taylor, 2000).

5.3. Seawater temperature during the early Pleistocene

Water temperatures are calculated on the basis of the oxygen isotope
fractionations that were experimentally determined for inorganic
low-Mg calcite (Kim and O'Neil, 1997) and inorganic aragonite (Kim et
al., 2007). The mean ‘isotopic temperature of 19 °C′ calculated with the
δ18O values obtained for the present-day Glycymeris of Rhodes are close
to themeasured yearlymean temperature of 20 °C for the surfacewaters
(Levitus 94, 1994). The mean δ18O value of the modern adult Glycymeris
(sample GM) shell fromMarseille indicates an “isotopic temperature” of
15 °C using a seawater δ18O value of 1.5‰ (Pierre, 1999). This tempera-
ture is 3 °C lower than the average seawater temperature of 18 °C off
Marseille (Levitus 94, 1994). The temperature calculated from
present-day Glycymeris shells induces a negative temperature
bias of 2±1 °C relative to oceanographic data whichmost likely re-
sults from a temperature-dependent growth mode already known
for other molluscs (e.g. Romanek et al., 1987; Cornu et al., 1993;
Elliot et al., 2003).

Elphidium oxygen isotope ratios lead to overestimate water tem-
peratures by 3 °C, corresponding to a negative isotopic offset of
0.7‰ relative to the expected isotopic ‘equilibrium’ values (use of

equation determined by Kim and O'Neil, 1997). This offset suggests
that the shell of Elphidium is precipitated out of isotopic equilibrium
with the environmental water, a result in agreement with previous
studies (Erlenkeuser and von Grafenstein, 1999; Polyak et al., 2003;
Bauch et al., 2004). Despite a rather constant δ18O value of −0.43±
0.3‰ throughout the Faliraki sedimentary sequence, Elphidium isoto-
pic composition does not help to distinguish between brackish and
marine environments (Fig. 5A), a result that is at variance with the
observations made by Diz et al. (2009). However, this mean δ18O
value compares well with the present-day value of −0.4‰, suggesting
that marine water temperatures during the Pleistocene were rather
similar. The oxygen isotope offset between Elphidium and its living
water is known to be species-dependent but can also be influenced by
ecological parameters that cannot be inferred from the Pleistocene sed-
imentary deposits of Rhodes. Glycymeris, which is known to be strictly
marine, seemsmore appropriate as a proxy of past water temperatures
because several specimens in the present-day waters of Rhodes can be
compared to those occurring in the Pleistocene marine sediments. To
a first approximation, we can apply to the fossil Glycymeris shells the
same temperature bias as above, leading to an estimation of the mean
seawater temperature of 22.0±1.5 °C if the δ18O of seawater off Rhodes
during the early Pleistocene is assumed to be identical to the
present-day value of 1.8‰ (Pierre, 1999). Indeed, the studied sediments
have ages comprising between 1.89 and 2.58 Ma and were deposited
during a period characterized by rather constant warm marine waters
according to the δ18O of worldwide benthic foraminifera (Zachos et al.,
2001). Considering that the water exchange between the Atlantic
Ocean and theMediterranean Seawere already limited andwithin a geo-
graphic configuration close to present-days, a δ18O value of seawater
close to the present-day value of +1.8‰ can be considered as a robust
working hypothesis. However, if the development of ice caps remained
limited, calculated temperatures would be considered as maximal esti-
mates. This calculated temperature of 22.0±1.5 °C for Pleistocene sea-
water is slightly higher but remains comparable to the present-day
average seawater temperature off Rhodes of 20 °C (Levitus 94, 1994).
This result suggests that the studied Glycymeris lived in a warm water
mass compatible with the climatic conditions of an interglacial phase.

5.4. Variations in water temperature or salinity?

Bivalves, gastropods and foraminifera are numerous enough
throughout the Faliraki sedimentary sequence so that water temper-
ature or salinity changes can be tracked. Carbon and oxygen isotope
compositions of these three groups are reported as a function of the
lithostratigraphy in Fig. 5.

The δ18O and δ13C values of Elphidium do not show significant
changes along the sequence. Except sample Fal7, the highest δ13C
and δ18O in bivalves correspond to the middle part of the sedimen-
tary sequence where the marine levels associated with the
beachrock and sandy deposits occur. However, the isotopic variabil-
ity between the freshwater–brackish and the marine facies does not
exceed 2‰ (Fig. 5). The gastropods with the lowest isotopic ratios
occur in the bottom and top parts of the sedimentary sequence (δ13C
and δ18O as low as about −9‰ and −6‰ resp.) in the freshwater–
brackish environments. The highest δ13C (up to 2.5‰) and δ18O
(about 1‰) of gastropod shells correspond to samples from the
beachrocks and marine sandstones.

5.5. Calculation of water salinities throughout the Faliraki sequence

The temperature of thewatermass (22.0±1.5 °C) iswell assessed on
the basis of the rather constant oxygen isotope compositions of bivalves,
particularly Glycymeris, for which the isotopic bias resulting from its
temperature-dependent growthhas been determinedwith the composi-
tion of modern shells. A rather constant water temperature is supported
by the near constant δ18O value of Elphidium throughout the
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sedimentary sequence. Calculated water temperatures are indeed close
to those inferred from the δ18O values of Glycymeris associated with
the beach rocks. Changes in both salinity and δ18O of waters are only
detected by the isotopic analysis of various gastropod species of distinct
ecology. It is therefore most likely that Planorbis lived under the same
water temperature conditions. Assuming that Planorbis (δ18O
values=−3.6‰ and−4.9‰) lived under the same temperature condi-
tions, the oxygen isotope composition of the freshwater can be calculat-
ed with the aragonite–water fractionation equation determined by Kim
et al. (2007). The values of the δ18O of the early Pleistocene fresh water
range from −3.7±0.5‰ to −2.3±0.5‰ (mean=−3.0±1‰ for S=
0). This value is bracketed by the oxygen isotope compositions of
present-day meteoric waters in Rhodes. Indeed, the monthly and yearly
values in the island range from −6‰ to −3‰ (IAEA/WMO, 2006,
monthly). It is also in agreement with our measurement of a pinpoint
sample (δ18O=−3‰; Table 3). The δ18O of the marine end-member is
assumed to be close to the present-day value of+1.8±0.2‰ for a salinity
of 40‰ (g.kg−1) according to the following equation: δ18O seawa-
ter=0.25 S−8.2 (Pierre, 1999). The δ18O and salinity values of

the two end-members (marine and fresh water) being estimated,
the salinities of brackish waters can be calculated from the δ18O
values of bivalves and gastropods throughout the Faliraki sequence
(Fig. 6). Changes in faunal assemblages can be influenced by param-
eters such as the water depth, the light intensity and the composi-
tion of the substrate. However, a near constant water temperature
associated with large variations in salinity argue in favor of rapid ecolog-
ical and environmental changes forced by regional tectonics rather than
by global glacio-eustasy.

6. Concluding remarks

Stable carbon and oxygen isotope compositions of various species
of gastropod and bivalves can be used as powerful proxies of
temperature and water salinity in coastal environments. The temper-
ature calculated from present-day Glycymeris shells from Rhodes,
Greece, and Marseille, France, induces a positive temperature bias of
2.0±1.5 °C relative to oceanographic data which most likely results
from a temperature-dependent growth mode. This temperature bias

Fig. 5. Variations of oxygen (A) and carbon (B) isotope compositions of molluscs (open circles: bivalves; squares with a cross: gastropods) compared to the foraminifer Elphidium
reported as a function of the synthetic early Pleistocene lithostratigraphy at Faliraki, Rhodes.
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was applied to early Pleistocene Glycymeris shells from Rhodes,
Greece, leading to an estimation of mean seawater temperature of
22.0±1.5 °C. This temperature is slightly higher but remains compa-
rable to the present-day average seawater temperature off Rhodes of
20 °C. This result suggests that the studied Glycymeris lived in a warm
water mass compatible with the climatic conditions of an interglacial
phase.

The isotopic compositions of the various assemblages of aquatic skel-
etal carbonates from the early Pleistocene of Rhodes show that the
observed ecological changes were most likely driven by large salinity
variations ranging from 0 to 40±1 g.kg−1. The tectonic activity of the
island rather than glacio-eustatic variations of climatic origin is advocat-
ed to be responsible for the ecological and salinity changes and sea-level
variations recorded in the sedimentary sequence.
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INTRODUCTION
The Neogene has long been recognized as the 

epoch during which the modern world emerged. 
However, the record of Neogene environments 
can be sporadic, depending on the quality of 
the fossil record and continuity in the sedimen-
tary archives. In Africa, most of the data come 
from the eastern part of the continent, where 
nearly continuous rock series contain a rich 
and extensively studied fossil record, including 
fossil hominids. In this region the paleontologi-
cal remains and geochemical proxies indicate 
an increase in aridity (e.g., Levin et al., 2004; 
Bobe, 2006) controlled by climate change and 
tectonic uplift (Bonnefi lle et al., 2004; deMeno-
cal, 2004; Sépulchre et al., 2006). The compara-
tive lack of records of the Neogene terrestrial 
environment elsewhere in Africa limits compar-
ison of environmental change at a continental 
scale. This is notably the case with areas outside 
a rift context, including Central Africa, the other 
late Miocene–early Pliocene hominid-bearing 
region. We evaluated the environmental change 
recorded in Central Africa during the late Neo-
gene by measuring the δ18O of the tooth enamel 
phosphate of freshwater fossil fi sh associated 
with four wet Lake Chad phases (Fig. 1).

The oxygen isotope composition of fi sh 
bones and teeth depends on both the ambi-
ent temperature during skeletal mineralization 

and the composition of the water (Kolodny et 
al., 1983; Lécuyer et al., 1993; Vennemann et 
al., 2001). However, deciphering the role of the 
ambient temperature and the oxygen isotope 
composition of the water is a challenge when 
reconstructing aquatic environments. We fi rst 
demonstrate our ability to select fossil fi sh rep-
resenting a given aquatic environment, since the 
fi sh fossils chosen have different oxygen isoto-
pic compositions congruent with their assumed 
habitat. We selected freshwater fossil fi sh with 
a known limited habitat with a small tempera-
ture range. Long-term variations in the δ18O of 
such fi sh can therefore be interpreted as δ18O 
changes in the continental water body in which 
they lived.

The habitat of the fossil fi sh is deduced from 
the ecology of their modern relatives combined 
with analysis of the fossil fi sh assemblage 
(Otero et al., 2010a). To test whether these 
criteria allow the sampling of a given aquatic 
environment, we compare the δ18Ofi sh in contem-
poraneous fossil fi sh selected as inhabitants of 
three different water masses with distinct hydro-
logical budgets recorded in their δ18O values, 
i.e., open waters (minimum values), swamps 
(maximum 18O enrichment), and marginal 
waters (intermediate values). Open waters can 
be sampled by selecting teeth of the large tiger 
fi sh (Hydrocynus teeth >10 mm high) and puffer 

beaks (Tetraodon) from assemblages with an 
overrepresentation of open water taxa (Otero 
et al., 2010a). Large tiger fi sh are exclusively 
pelagic, and big puffers live in open waters but 
frequently enter marginal waters (Bailey, 1994). 
The δ18Ofi sh measured in puffers was expected to 
show the highest values of open water fi sh. We 
sampled a swamp in assemblages marked by 
the overabundance of clariid catfi sh and bich-
irs (both of which tolerate anoxic waters) and 
where fossils are preserved articulated (Otero 
et al., 2006). The δ18Ofi sh was measured in the 
ganoid enamel that covers bichir scales (Polyp-
terus). Finally, we sampled marginal waters in 
a fossil assemblage typical of lake and stream 
shores with abundant tetras (Alestes and Bry-
cinus) and juveniles of pelagic fi shes. We 
selected the teeth of young tiger fi sh (teeth of 
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ABSTRACT
Tracking terrestrial environmental change throughout the Neogene is a challenge, notably 

in areas such as Central Africa where the few available data consist of a few vertebrate fossil 
assemblages. Here we aim to quantify the evolution of the δ18O of the main water body between 
four Neogene wet episodes in the Chad basin, ranging from the Late Miocene to the early 
Pliocene. The δ18O of the open water body was inferred from oxygen isotope measurements of 
phosphate in the apatite of open water fi sh tooth enamel. The more open the fi sh habitat, the 
lower the δ18O, as revealed by the teeth of the large tiger fi sh (Hydrocynus) sampled in the four 
available Chadian vertebrate fossiliferous areas, i.e., Toros-Menalla (anthracotherid unit), 
Kossom Bougoudi, Kolle, and Koro Toro, all located in the Djurab Desert (Chad) and dated 
at 7.04 ± 0.18 Ma, 5.26 ± 0.23 Ma, 3.96 ± 0.48 Ma, and 3.58 ± 0.27 Ma, respectively. The δ18O 
values increased by ~2‰ between the two sites having ages that bracket the Messinian time 
period, and there was a slight increase of ~0.6‰ difference between the three Pliocene sites. 
These results refl ect unambiguously change in the water cycle in Central Africa during the 
late Neogene, interpreted as a constant drying trend between the four successive wet episodes 
registered in the Djurab and a shift during the Messinian.
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Figure 1. A: Neogene vertebrate evolution 
study areas in Central Africa, including To-
ros-Menalla (TM), Kossom Bougoudi (KB), 
Kolle (KL), and Koro Toro (KT), all located in 
Djurab Desert, northern Chad. B: Radiochro-
nological ages (from Lebatard et al., 2008). 
C–E: Fish fossils from TM showing type of 
material sampled. C: Hydrocynus tooth in 
labial view. D: Polypterus scale with ganoin 
enamel cover in outer view. E: Tetraodon 
dentary showing pile of tooth plates.
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Hydrocynus <5 mm high) because juveniles of 
this pelagic species stay in peripheral waters 
during their growth phase (Paugy, 1990). In par-
allel, we sampled and analyzed the δ18O and δD 
of modern Chadian waters to document the pos-
sible range of values that may occur in different 
water bodies in the tropics.

To follow the δ18O variation in open waters 
during wet episodes in the Chad basin over time, 
we chose large tiger fi sh teeth (Hydrocynus) 
within assemblages with an overrepresentation 
of pelagic taxa in each of the four areas of the 
Djurab (Fig. 1). The minimal motion of the Afri-
can plate relative to the equator allowed us to 
suppose that insolation did not vary signifi cantly 
in the Chadian region. Biological data support 
the suggestion that the mean temperature of 
the open water might have remained relatively 
constant over time. Fish, and particularly open 
water fi sh, tolerate a low range of variation in 
temperature, e.g., between 20 °C and 25 °C for 
modern Hydrocynus (Froese and Pauly, 2008). 
In fossils, Böhme (2004) demonstrated the sta-
bility of the temperature of the environment in 
the same fi sh family (Perciformes Channidae) 
during the Late Miocene and the Pliocene.

MATERIALS AND METHODS
We sampled different environments in Toros-

Menalla because this area offers an exception-
ally large number of semicontemporaneous 
sites of various aquatic environments (Otero 
et al., 2006, 2010a). Moreover, fi sh have been 
actively collected at certain sites at which a sub-
stantial amounts of fi sh teeth and ganoid scales 
were available (more than 100 scales and teeth 
at TM90, TM254 and TM377, and more than 
400 at TM266). At the younger sites (Fig. 1), we 
were only able to sample open water environ-
ments. Available sedimentological information 
agrees with the aquatic environments based 
on ecological inferences about the fi sh fauna 
(Schuster, 2002; Vignaud et al., 2002).

We analyzed the oxygen isotope ratios of 
39 fi sh samples (Table DR1 in the GSA Data 
Repository1). The samples consisted of enamel 
from several manually selected fossils in order 
to obtain an average of any potential interspeci-
men isotopic variability, which has often been 
documented when analyzing fi sh (Vennemann 
et al., 2001; Pucéat et al., 2003). To prepare the 
apatite before oxygen isotope ratio measurement 
(Appendix DR2), we followed a protocol derived 
from the original method of Crowson et al. 
(1991) with slight modifi cations (Lécuyer et al., 
1993; O’Neil et al., 1994; Lécuyer et al., 1998). 

We performed the analysis of δ18O from fossil 
apatites (Appendix DR2) and in modern waters 
(Appendix DR3) at the Unité Mixte Recherche 
Centre National de la Recherche Scientifi que 
5125 ‘PEPS’ laboratory (University Lyon 1). We 
assumed that the primary isotopic record in our 
samples was not signifi cantly affected by diage-
netic processes (Appendix DR4).

RESULTS

Oxygen Isotope Ratios of Phosphate from 
Fish Remains

The fi sh data set was characterized by a large 
range of δ18O values (from 15.9‰ to 20.9‰). 
δ18O values appear tightly controlled accord-
ing to the aquatic environment; this is clearly 
emphasized by the distribution of data corre-
sponding to the different sites of the anthraco-
therid unit at Toro-Menalla (Fig. 2). Fish that 
lived in open waters had a mean δ18O value of 
17.1‰ ± 0.8‰ (n = 13), which was signifi -
cantly lower (permutation t-test, p < 0.05) than 
the mean value (δ18O = 19.3‰ ± 0.9‰; n = 8) 
obtained for fi sh that lived in marginal waters 
or swamps (Fig. 2). Moreover, fi sh that lived 

in open waters displayed δ18O that increased 
by ~2‰ between Toros-Menalla and Kossom 
Bougoudi (Fig. 3), the ages of which bracket 
the Messinian (7.25 to 5.33 Ma; Gradstein et al., 
2004). Samples younger than 5 Ma had oxygen 
isotope ratios that resembled those analyzed in 
Kossom Bougoudi. However, there was a slight 
increase with time by ~0.6‰ of mean δ18O val-
ues (Fig. 3), although this was associated with 
relatively large standard deviations in the range 
0.4‰–0.8‰ (Table DR1).

Oxygen and Hydrogen Isotope Ratios of 
Modern Chadian Waters

The present-day waters collected at 13°N on 
the Sahelian border and at 16°N in the Toros-
Menalla area displayed oxygen and hydrogen 
isotope ratios that respectively ranged from 
−7.7‰ to 26.1‰ and from −54.4‰ to 100.6‰. 
These data defi ne a straight line (r2 = 0.98) with 
a slope of 4.7 that crosscuts the meteoric water 
line at isotopic coordinates corresponding to the 
sample made in a well at 13°N, which had the 
lowest δ18O and δD values (Appendix DR3).

DISCUSSION

δδ18O of Fish and the Record of their Living 
Environment

In the Toros-Menalla area, fi sh from open 
waters, marginal waters, and swamps coexisted 
(Fig. 2). Polypterus from the swamp at TM90 
had δ18Ofi sh values as much as 5‰ higher than 
those recorded for Hydrocynus from the open 
waters of sites TM266 and TM267 (Fig. 2). 
If temperature was the only operating vari-
able, then fi sh from swamps would have lived 
in waters with a mean temperature of ~20 °C 
lower than those of the lake, according to the 
slope of the fractionation equation determined 
by Kolodny et al. (1983). This interpretation 
underlines the great importance of the oxygen 
isotope composition of the water in the results 
obtained from fi sh apatite. Swamps and ponds 
are shallow reservoirs that are restricted in size 
and are relatively isolated from the open waters. 
By exposing a greater surface area relative to 
volume, they undergo more intense evaporation 
and are 18O enriched compared to open waters. 
Moreover, their temperature is more variable 
than in large reservoirs but the mean tempera-
ture is similar or slightly higher. In agreement 
with this, fi sh living in swamps tolerate a wider 
range of temperatures than those from open 
waters, between ~20 °C and 30 °C instead of 
20 °C and 25 °C (Froese and Pauly, 2008). Thus, 
if temperature played a role, it would be oppo-
site to the 18O enrichment of waters in closed 
environments and ~1‰ by 5 °C according to 
the equation of Kolodny et al. (1983) (Fig. 2). 
This leads to a probable underestimate of the 
18O enrichment in swamps if the values in the 

δ18O
fish

δ18O
water

27 °CT = 22 °C
1.321 0.1

0.320 – 0.9

– 0.719 – 1.9

– 1.718 – 2.9

– 2.717 – 3.9

– 3.716 – 4.9

TM266 + 267
TM254

TM337
TM82

TM90

Fish typical of open waters (big Hydrocynus),
associated with an open-water ichthyofauna
Fish affiliated with open waters (big Tetraodon),
associated with an open-water ichthyofauna
Fish living in marginal waters (small Hydrocynus),
associated with a marginal-water ichthyofauna
Fish living in swamps (Polypterus),
associated with a swampy ichthyofauna

1GSA Data Repository item 2011143, supplemen-
tary information for the fossil samples and geochem-
ical analyses, is available online at www.geosociety
.org/pubs/ft2011.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O. 
Box 9140, Boulder, CO 80301, USA.

Figure 2. δ18Ofi sh of teeth and scales of fi sh 
from contemporaneous sites of Toros-
Menalla (TM, Djurab Desert, northern Chad) 
that correspond to different aquatic environ-
ments. Values of δ18Owater of corresponding 
water are given for two mean temperatures, 
22 °C and 27 °C; fractionation equation used is 
δ18Owater = δ18Ofi sh – 25.9 + T/4.38 (from Kolodny 
et al, 1983). To obtain given δ18Ofi sh, increase 
of ~4.4 °C implies increase in δ18Owater of 1‰. 
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fi sh apatite are interpreted as depending on the 
δ18Owater only. Therefore, the high δ18Ofi sh values 
of fi sh that lived in small aqueous reservoirs are 
interpreted to refl ect more extensive evapora-
tion when compared to the larger reservoir of 
open waters. A 5‰ variation in the δ18Owater 
between the different reservoirs is not surpris-
ing given the isotopic composition of modern 
waters at tropical latitudes. For example, 18O 
enrichment of waters by several parts per mil as 
a result of evaporation processes has been docu-
mented at similar latitudes in the Niger inland 
delta (Gourcy et al., 2001). Moreover, the δD 
and δ18O values of Chad waters collected in this 
study are along a line with a slope of 4.7 that 
is typical of residual waters that undergo evapo-
ration (Gat and Gonfi antini, 1981) (Appendix 
DR3). Extreme evaporation in ponds can result 
in exceptional deuterium and 18O enrichment 
of these residual waters (Appendix DR3). The 
observed 5‰ variation in the δ18O of fossil fi sh 
that lived in different environments can therefore 
be explained by the varying evaporation rates of 
the related water bodies. This demonstrates that 
we are able to sample fi sh fossils that record the 
δ18O of a given water body by applying paleo-
ecological and paleoenvironmental criteria.

δ18O of Fish and the Onset of Aridity in the 
Pliocene in Central Africa

In Central Africa, only the four Chadian fos-
siliferous areas sampled (Fig. 1) provide win-
dows onto the diversity and environments of the 

Neogene, ranging from the Late Miocene to the 
early Pliocene. The paleoenvironmental recon-
structions indicate that mosaic landscapes asso-
ciated with grassland, wooded savannah, and 
gallery forest bordered diverse aquatic environ-
ments (Brunet et al., 1995, 1997, 1998, 2000; 
Vignaud et al., 2002; Otero et al., 2009, 2010a, 
2010b). The fossiliferous layers in the four 
Chadian areas correspond to lacustrine, peri-
lacustrine, and fl uvial deposits associated with 
wet episodes in Central Africa (Sépulchre et 
al., 2008). The persistent occurrence over time 
of a fi sh such as Hydrocynus indicates that the 
open waters of the wet episodes recorded in the 
Djurab Desert outcrops most likely kept their 
mean water temperature fairly constant. In this 
stable intracratonic basin, the increasing δ18O 
measured in apatite from open water fi sh of wet 
episodes in the Lake Chad basin might be rea-
sonably attributed to an aridifi cation trend that 
affected Central Africa during the late Neogene 
with a marked shift around the Messinian period. 
The fact that some mammal species from the 
youngest areas (Koro Toro and Kolle) present 
stronger affi nities with open environments, e.g., 
Ceratotherium cf. praecox of Koro Toro (Brunet 
et al., 1995), than any other taxon known from 
the oldest areas (Toros-Menalla) might result 
from such an environmental change.

However, these fi rst data sets from Central 
Africa on the late Neogene environmental tran-
sition on continents (e.g., Van Zinderen and 
Mercer, 1986; Cerling et al., 1997) remain diffi -
cult to interpret. As exemplifi ed in eastern Africa 
(e.g., Bonnefi lle et al., 2004; deMenocal, 2004; 
Sépulchre et al., 2006), interdependent climatic 
and geodynamic modifi cation processes might 
be invoked to explain such an evolution of the 
δ18O of the surface water recorded in Chad over 
time, including aridifi cation. In the tropics, the 
δ18O is controlled by the rainout of atmospheric 
moisture locally and during transport. Wet epi-
sodes to which those in Chad may be related are 
generally explained by a northward shift of the 
Intertropical Convergence Zone that reinforces 
the summer monsoon over tropical Africa (Bra-
connot et al., 2000). According to Sépulchre et 
al. (2008), the massive uplift in eastern Africa 
during the Neogene was responsible for the 
reorganization of atmospheric circulation. With 
a low topographic barrier, zonal circulation was 
associated with east-west moisture transport and 
strong precipitation. However, high topography 
would have favored aridity and local recycling 
of the water, as modeled for the last mega–Lake 
Chad phase (Sépulchre et al., 2006). At least 
part of the increase in δ18O values (by ~2‰ 
between 7 Ma and 5 Ma) in Chad might be 
related to the eastern African uplift and suggests 
that the relief reached a critical height in terms 
of climatic impact during the Messinian. Other 
factors may have also played a role, notably the 

Late Miocene shift recorded in the South Atlan-
tic thermohaline circulations that may have pro-
vided the initial conditions for early Pliocene 
climatic warmth between 6.6 Ma and 6 Ma (Bil-
lups, 2002). An amplifying effect of the Messin-
ian salinity crisis may also be invoked, as it is 
known to have provoked aridity in the terrestrial 
environment in the eastern Mediterranean Sea 
(Zazzo et al., 2002, Fauquette et al., 2006).
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Oxygen isotope compositions of phosphate in tooth enamel from large mammals (i.e. horse and red deer)
were measured to quantify past mean annual air temperatures and seasonal variations between 145 ka and
33 ka in eastern France. The method is based on interdependent relationships between the δ18O of apatite
phosphate, environmental waters and air temperatures. Horse (Equus caballus germanicus) and red deer
(Cervus elaphus) remains have δ18O values that range from 14.2‰ to 17.2‰, indicating mean air temperatures
between 7°C and 13°C. Oxygen isotope time series obtained from two of the six horse teeth show a sinusoidal-
like signal that could have been forced by temperature variations of seasonal origin. Intra-tooth oxygen
isotope variations reveal that at 145 ka, winters were colder (−7±2°C) than at present (3±1°C) while
summer temperatures were similar. Winter temperatures mark a well-developed West–East thermal
gradient in France of about −9°C, much stronger than the −4°C difference recorded presently. Negative
winter temperatures were likely responsible for the extent and duration of the snow cover, thus limiting the
food resources available for large ungulates with repercussions for Neanderthal predators.

© 2011 University of Washington. Published by Elsevier Inc. All rights reserved.

Introduction

The Late Pleistocene is characterized by marked and regular
climatic cycles. Five Heinrich events (H6, H5, H4, H3 and H2) have
been identified during marine oxygen isotope stages OIS4 and OIS3
(Heinrich, 1988). These abrupt cooling phenomena are thought to
have resulted from the melting of ice in the Atlantic Ocean, thus
reducing water density. As a result, thermohaline circulation changed
to lower latitudes, leading to cooling in more northern latitudes. On
the other hand, interstades have also been recognized such as the
Moershoofd, Hengelo or Denekamp warmer periods. This succession
from cold to warmer climate periods played an important role on
species evolution and distribution. As a special case, it is largely
debated whether climate and environment could have exerted a
significant control on the replacement of Neanderthal by Homo
sapiens in Europe during the Late Pleistocene (Gamble, 1995, 1999;
D'Errico and Sanchez-Goni, 2003; Finlayson, 2004). Indeed, human
behavior is closely related to food resources, which are themselves
dependent on the climate mode (D'Errico and Sanchez-Goni, 2003;
Finlayson, 2004). Methods for palaeoclimate reconstructions gener-
ally depend on proxies such as pollen spectra (De Beaulieu and Reille,

1984; Guiot et al., 1989) or mammal associations (Chaline, 1972;
Andrews et al., 1979; Delpech et al., 1983; Legendre, 1986). The
geochemical methods of air temperature determination most com-
monly used in continental environments involve the stable isotope
analysis of speleothems, tree rings andmammals bones and teeth (e.g.
Ayliffe et al., 1992; Bar-Matthews et al., 1997; Feng et al., 1999). The
δ18O value of tooth enamel phosphate from mammal is a function of
the δ18O value of the animal's body water as well as of its body
temperature (Kolodny et al., 1983; Longinelli, 1984; Luz et al., 1984).
The δ18O value of body water is related to the δ18O value of ingested
water and to the animals' ecology and physiology. The main source of
ingested oxygen is drinking or plant water, which is meteoric water or
derived from it (D'Angela and Longinelli, 1990; Kohnet al., 1996). As the
δ18O valueofmeteoricwater dependson climatic parameters such as air
temperature, hygrometry and amount of precipitation (Dansgaard,
1964; Grafenstein et al., 1996), mammals thus indirectly record in their
phosphatic tissues the climatic conditions of their living environment.
Several paleoclimate studies have been successful in analyzing the
oxygen isotope composition of large mammals such as mammoths,
horses, deer and bison (Bryant et al., 1994; Sanchez Chillon et al., 1994;
Delgado Huertas et al., 1997; Genoni et al., 1998; Koch et al., 1998;
Sponheimer and Lee-Thorp, 2001; Higgings and MacFadden, 2004;
Sharma et al., 2004; Bernard et al., 2009). Paleoclimatic interpretations
of oxygen isotope data obtained from rodents teeth have beenproposed
even though they remain the subjects of debate and controversy
(Longinelli et al., 2003; Navarro et al., 2004; Héran et al., 2010). Rodent
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remains are abundant andprovide ahigh temporal resolution.However,
the use of oxygen isotope compositions as a proxy of the composition of
ingested water is limited by 1) a deposit location that can be different
from the living area because of the large hunting domain of their
predatory birds, 2) a shortmineralization time at the seasonal scale, 3) a
systematic use of the M1 tooth as the only diagnosis of species
determination, and 4) the existence of two oxygen isotope fractionation
equations that lead to significant differences in the quantification of the
isotopic compositions of waters (Longinelli et al., 2003; Navarro et al.,
2004). Large ungulate grazers such as horses present sizable advantages
for reconstructing the δ18O of past waters which are their regular
presence throughout the Pleistocene, a source of drinkingwaters that is
mainly meteoric waters reflecting mean air temperatures at mid-
latitudes (Sanchez Chillon et al., 1994; Sharp and Cerling, 1998;
Higgings and MacFadden, 2004), a high-crown tooth (i.e. hypsodonty)
characterizedbyamulti-annualmineralization time(Bryant et al., 1996;
Higgings andMacFadden, 2004), and a tight prey–predator relationship
providing the climatic context of human occupations (Stiner, 1994;
Gamble, 1999).

Meaning and validity of the oxygen isotope composition of rodent
teeth in terms of climatic records (paleotemperatures, paleohydrol-
ogy) can be assessed by comparing their isotopic compositions to
those of large mammals co-occurring in the same sedimentary level.
Therefore, we propose to study herbivore species from La Baume de
Gigny Cave (BGC), French Jura, where sediments have been deposited
from −145 ka to −33 ka (Campy et al., 1989). Age of the lower level
of the cave is contemporaneous to level 4 of the Coudoulous I deposit
in the southwestern part of France (Lot) wheremean air temperatures
and seasonal variations have been already inferred from the δ18O of
tooth enamel phosphate from Bison priscus (Bernard et al., 2009). At
BGC, Navarro et al. (2004) have calculated air temperatures by using

the δ18O values of rodent teeth, however the large isotopic varia-
tions observed within sedimentary levels have not received satisfac-
tory explanations so far. In this study, we performed oxygen isotope
measurements of phosphate from 20 horse tooth enamels and four
red deer tooth enamels to establish:
– a mean air temperature curve over about 100 ka within the
middle Palaeolithic based on large mammals, which is then
compared to temperatures inferred from the δ18O values of rodent
teeth. The validity of both isotopic records is discussed in terms of the
most appropriate use of available oxygen isotope fractionation
equations.
– an east–west climatic gradient in France at ca. 145 ka by
comparing the calculated mean air temperatures and seasonality
between the Coudoulous I (Lot) and BGC (Jura) sites.

Geological setting

The BGC, located in the French Jura, is a karstic cave (Fig. 1) with a
12 m thick stratigraphic sequence (Campy et al., 1989). The sediments
are subdivided into 31 layers organized in three complexes according
to Campy et al. (1989). Horse and red deer teeth come from the
Middle Complex with the top (level VIII) dated by radiocarbon
isotopes providing ages of 33.4±1.4 cal ka BP and 32.2±1.4 cal ka BP
(Evin, 1989). Migration of the steppe lemming Lagurus lagurus was
also used to estimate an age of about 60 ka (Campy and Chaline, 1993)
for the bottom sequence (level XX). A speleothem located at the limit
between the Middle Complex and the Lower Complex was dated at
145±15 ka using the 234U/230Th method and at 145−45

+66 ka using the
Electron Spin Resonance (ESR) method (Evin, 1989). Levels thickness
range from 0.15 m to 0.50 m, which most likely correspond to a
maximum time span of 3.5 ka per level. Flint tools and bone remains

Fig. 1. Geographic location of the Late Pleistocene cave of “La Baume de Gigny” and the stratigraphic sequence of its sedimentary deposits with sampled levels (from Campy et al.,
1989). Roman number: level number; Grey star: radiocarbon date; Black star: Electron Spin Resonance date or U234/Th230 date. Map from Geoatlas France vectorielle 2, 1997.
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occur together within every level suggesting recurrent human
occupations of the cave. Zooarchaeological analyses suggest that the
studied layers correspond to anthropogenic deposits. Indeed, horses
and red deer were hunted by Neanderthals whose presence in the site
decreased throughout levels XX to XV (Fabre, 2010).

Sample collection and sampling strategy

Twenty horse (Equus caballus germanicus) and four red deer
(Cervus elaphus) teeth have been sampled from nine levels in BGC,
selected as a function of their maximum crown conservation, which
means molars of low wear from young individuals. All the teeth are
isolated teeth, which do not belong to the same individual. Sample
nomenclature corresponds to the tooth position in the dental
sequence (Smith and Dodson, 2003) followed by the excavation
number of the specimen (Table 1). Enamel powder samples were
collected using a micro-drill equipped with a diamond-studded
drill bit. Examination of samples was done to check that enamel
samples were not contaminated by dentine. Two sampling strategies
have been performed; the first consists in making grooves drilled
perpendicularly to the tooth growth axis from the cervix to the apex
of the tooth crown on the highest and best preserved cuspid. This
sampling method is similar to the conventional method of enamel
extraction (Bryant et al., 1996; Fricke and O'Neil, 1996) used for the
reconstruction of seasonal temperature variations (Bernard et al.,
2009). The second one consists in continuous sampling of enamel
from the base to the apex of each tooth for obtaining average δ18Op

values. Such kind of whole-tooth analysis may integrate, and mask,
patterns of short-term (e.g. seasonal) changes because tooth forma-
tion may span from several months to a few years.

Analytical techniques

Enamel samples have been treated following the wet chemistry
protocol described by Crowson et al. (1991) and slightly modified by
Lécuyer et al. (1993). This protocol consists of the isolation of
phosphate from apatite as Ag3PO4 (Silver Phosphate) crystals using
acid dissolution and anion-exchange resin. As it was already
presented in several publications (e.g. Lécuyer et al., 1998, 2007;
Daux et al., 2008), the wet chemical procedure used for the bulk tooth
enamel samples (about 20 mg of powder) is not described here in
detail. In the case of intra-tooth sampling, 2 to 3 mg of enamel powder
were dissolved in 1 mL of 2 M HF (Fluohydric Acid) overnight. The
CaF2 (Calcium Fluoride) residue was separated by centrifugation and
the solution was neutralized by adding 1 mL of 2 M KOH (Potassium
Hydroxide). One and a half mL of Amberlite™ anion exchange resin
was added to the solution to separate the PO4

3− (Phosphate) ions.
After 24 h, the solution was removed and the resin was eluted with
6 mL of 0.1 M NH4NO3 (Ammonium Nitrate). After 4 h, 0.1 mL of
NH4OH (AmmoniumHydroxyde) and 3 mL of an ammoniacal solution
of AgNO3 (Silver Nitrate) were added and the samples were placed in
a warmed bath at 70°C for 6 h allowing for the precipitation of Ag3PO4

crystals.
For the macro-samples, the oxygen isotope data were obtained

according to a “conventional off-line” method. Aliquots of 8 mg of
silver phosphate along with 0.5 mg of pure graphite were weighed
into tin reaction capsules and transferred to quartz tubes and
degassed for 30 min at 80°C in vacuum. Silver phosphate was
reduced to carbon dioxide at a temperature of 1100°C following the
protocol of Lécuyer et al. (1998) adapted fromO'Neil et al. (1994). The
oxygen isotope ratio of the gas was measured with a PRISM II™ mass
spectrometer in dual inlet mode. Isotopic compositions are quoted
in the standard delta notation relative to V-SMOW. The reproducibil-
ity of measurements carried out on tooth enamel samples is better
than 0.2‰ (1σ). Silver phosphate precipitated from standard SRM
120c (Miocene phosphorite from Florida) was repeatedly analyzed
(δ18O=21.68±0.18‰; n=24) along with the silver phosphate
samples. This mean δ18O value for NBS120c is close to that obtained
by Lécuyer (2004) using a BrF5 method (δ18O=21.64±0.18; n=20).
It is also consistent with other statistics published by O'Neil et al.
(1994) and Fricke et al. (1998) who recommended a δ18O value of
21.8±0.25‰ as well as the value of 21.5±0.2‰ given by Vennemann
and Hegner (1998).

For the micro-samples, aliquots of 400–500 μg of silver phosphate
samples were mixed with 500 μg of nickelized carbon in silver foil
capsules. Pyrolysis was performed at 1270°C using a EuroVector
EA3028-HT™ elemental analyzer. A ceramic reaction tube was
packed with glassy carbon in the presence of nickelized graphite to
generate CO that was then transferred to a GV IsoPrime™ mass
spectrometer in continuous flow mode with helium (He) as the
carrier gas (Lécuyer et al., 2007). The δ18O value of SRM 120c was
fixed at 21.7‰ for correction of instrumental mass fractionation
during the CO isotopic analysis. The average standard deviation
equals 0.27±0.11‰. Aliquots of silver phosphate from SRM 120c
were analyzed several times a day in order to account for possible
instrumental drift.

Principles and limits of air temperature calculation

Oxygen isotope compositions of tooth enamel phosphate (δ18Op)
from mammals reflect the composition of body water, which in turn,
depends on that of ingested water by drinking and eating (Longinelli,
1984; Luz et al., 1984; Luz and Kolodny, 1985). The water contained in
food has a complicated relationship with meteoric water and can be
significantly 18O-enriched compared to it. The relative contribution of
water entering the body as liquid and as food water varies from one
species to another. For the vast majority of terrestrial vertebrates,

Table 1
Oxygen isotope compositions of red deer and horse tooth phosphates form the Late
Pleistocene site “La Baume de Gigny” reported along with the corresponding sample
number, tooth nature and the sedimentary level from which they were recovered.
δ18Ow values of ingested water were calculated using the phosphate–water oxygen
isotope fractionation equations of Sanchez Chillon et al. (1994) for horses and D'Angela
and Longinelli (1990) for red deer.

Level Species Tooth Excavation δ18Op δ18Ow

number (‰ V-SMOW) (‰ V-SMOW)

VIII Equus caballus LR M2 28 F2 17.2 −6.5
VIII Cervus elaphus UP M2 82 16.0 −8.5
IX Equus caballus LR P4 812 GH 16.4⁎ −7.6
XV Equus caballus LR M3 255 G3 14.2 −10.6
XV Equus caballus UP P4 71 F2 14.2⁎ −10.6
XV Cervus elaphus LR M3 572 14.2 −10.0
XVI Equus caballus LR P3 157 F3 14.7 −9.9
XIXa Equus caballus LR M3 88 G3 15.2 −9.2
XIXa Equus caballus LR M2 120 G4 14.1 −10.7
XIXb Equus caballus UP M2 264 F3 15.1 −9.4
XIXb Equus caballus LR M3 267 F3 14.7 −9.9
XIXb Equus caballus LR P4 357 G3 14.8 −9.8
XIXb Cervus elaphus LR M1 128 G4 15.5 −8.9
XIX-c Equus caballus LR M1-2 623 GH 15.2 −9.2
XIX-c Equus caballus UP M3 317 G3 14.2 −10.6
XIX-c Equus caballus UP P4 307 E2 15.5⁎ −8.8
XIX-c Equus caballus UP P4 376 G3 14.5 −10.2
XIX-c Equus caballus LR M1 295 F3 15.5 −8.8
XIX-c Equus caballus UP M1 385 G3 14.9⁎ −9.7
XX Equus caballus UP P4 672 GH 15.0 −9.5
XX Equus caballus UP P4 245 H4 14.8 −9.8
XXIa Equus caballus LR M2 183 H3 15.6⁎ −8.7
XXIa Equus caballus UP P4 396 F3 15.8⁎ −8.4
XXIa Cervus elaphus LR M1 728 GH 15.7 −8.7

LR: lower; UP: upper; P: premolar tooth; M: molar tooth.
⁎ Average δ18Op values calculated from intra-tooth ones given in Table 2.
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water turnover scales to body mass (Eberhardt, 1969). Therefore, the
δ18O of the tissue of large animals should be less affected by the solid
food consumption than the δ18O of smaller ones (Kohn et al., 1996). As
a result, animals such as horses that are water-dependent display
average δ18O values closely correlated to the average δ18O of local
precipitation (Longinelli, 1984; D'Angela and Longinelli, 1990; Ayliffe
et al., 1992; Bryant et al., 1994).

Oxygen isotope fractionation equations between apatite phosphate
and water have been empirically determined for horses (1; Sanchez
Chillon et al., 1994) and red deer (2; D'Angela and Longinelli, 1990):

δ18Ow = δ18Op−22:04
� �

= 0:74 ð1Þ

δ18Ow = δ18Op−25:55
� �

= 1:13 ð2Þ

For rodents, the two following equations have been published:

- Longinelli et al. (2003)'s equation determined on wild voles and
mice:

δ18Ow = δ18Op–23:07
� �

= 1:14 ð3Þ

- Navarro et al. (2004)'s equation determined on wild voles:

δ18Ow = δ18Op–20:980
� �

= 0:572 ð4Þ

Incremental δ18O analysis from apex to cervix of hypsodont
teeth allows the reconstitution of seasonal variations in air tempera-
tures (Fricke and O'Neil, 1996; Sharp and Cerling, 1998; Wiedemann
et al., 1999; Higgings and MacFadden, 2004; Bernard et al., 2009). In
that case, the process of tooth mineralization does not alter the mean
δ18Op, which is a proxy for the mean composition of environmental
water (δ18Ow). However, enamel increments of most large mammals
are fully mineralized in 6 months. Their δ18O values average time,
with the consequence of dampening the sinusoidal signal, a process
that was defined by Kohn (2004) as the difference in amplitude of
the environmental and of the recorded signals divided by the
amplitude of the environmental signal. Averaging over 6 months
leads to about 50% dampening in the case of bisons, horses and red
deer (Hoppe et al., 2002; Passey and Cerling, 2002; Bernard et al.,
2009). Corrections are then applied to minimum andmaximum δ18Op

values before converting them into water δ18Ow values. According to
Hoppe et al. (2004a; Fig. 3), the first adult horse tooth to appear in the
jaw is theM1which starts to mineralize around twoweeks of age, and
enamel continues to mineralize for approximately 1 year. The M2 is
the second tooth to mineralize followed by the P2, P3, P4, and then
finally the M3.

Water δ18Ow values, calculated according to Eqs. (1) and (2), range
from−10.7‰ to−6.5‰ (Table 1). Several equations were determined
between the weighted oxygen isotope compositions of precipitations
and the mean annual surface temperatures at mid- to high-latitude
regions that can be applied to the global scale or to a restricted latitude
range (Dansgaard, 1964; Yurtsever, 1975; Rozanski et al., 1992;
Grafenstein et al., 1996; Amiot et al., 2004). The Eq. (5) established by
Grafenstein et al. (1996) provides reliable estimates of mean air
temperatures at mid-latitudes in Europe as shown by Daux et al.
(2005). The ‘precipitation composition-mean air temperature’ relation-
ship is also considered as conservative through time, at least throughout
the Quaternary (Rozanski, 1985).

δ18Ometeoric waters = 0:58 � 0:11ð Þ × T–14:48 ð5Þ

Winter and summer temperatures are calculated according to
Bernard et al. (2009) who used seasonal δ18Omw/Tair regressions using
a sub-dataset restricted to the circum North-Atlantic stations of the
IAEA-GNIP/ISOHIS dataset (2006).

Summer Jun:−Aug:ð Þ : Tair = 1:06 � 0:07ð Þ × δ18Omw

+ 24:1 � 0:7ð Þ n = 71; r2 = 0:75; p b 0:001
� �

ð6Þ

Winter Dec:−Feb:ð Þ : Tair = 1:40 � 0:05ð Þ × δ18Omw

+ 15:3 � 0:8ð Þ n = 72; r2 = 0:92; p b 0:001
� �

ð7Þ

Results

Mean oxygen isotope compositions of horse teeth ranges from
14.2‰ to 17.2‰ over the analyzed sedimentary sequence, i.e. from
levels XXIa to VIII. Red deer teeth have been analyzed in five levels and
their δ18Op values range from 14.2‰ to 16.0‰. From the base to the
top of the sequence, δ18Op values decrease from 15.7‰ to 14.2‰ from
levels XXIa to XV, while the highest δ18Op values (16.4 and 17.2‰) are
observed in the most recent layers VIII and IX which overlay a
sampling gap resulting from the absence of recovery of large mammal
remains (Fig. 2). Mean δ18Op values of horse and deer teeth are close
to each other within a sedimentary level, except for level VIII
(Table 1). Except for levels XVI and VIII that contain only one sample,
other levels display variability less than 2‰. This value is less than the
variability within a single population of deer or horses (Bryant et al.,
1996; Clementz and Koch, 2001; Hoppe et al., 2004b).

Incremental sampling from apex to cervix of six horse teeth has
provided δ18Op temporal series (Table 2; Fig. 3). One M2 horse tooth
from level XXIa displays a sinusoidal-like signal that could correspond
to less than 1 year, thus allowing the estimation of a mean tooth
growth rate of about 55 mm yr−1 (Fig. 3e). This value is in agreement
with other growth rates between 40 and 55 mm yr−1 that were
estimated for both modern and fossil large herbivorous mammals
(Fricke and O'Neil, 1996; Sharp and Cerling, 1998; Gadbury et al.,
2000; Feranec and MacFadden, 2000; Hoppe et al., 2002) but slightly

Fig. 2. Mean air paleotemperatures calculated from δ18Op values of mammals from “La
Baume de Gigny” using the phosphate-water oxygen isotope fractionation equations of
horses (Eq. (1); black circles), red deer (Eq. (2); black triangles), rodents (Eq. (3); grey
stars and 4; white stars) and the MAAT — δ18Omw relationship of Grafenstein et al.
(1996). Air temperature values are reported against their corresponding stratigraphic
level. Error bars correspond to the standard deviation (2σ).
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higher than the estimates (from 35 to 40 mm yr−1) of Hoppe et al.
(2004a). It is noteworthy that this tooth recorded the maximal δ18Op

amplitude of ≈5.5‰ among the studied teeth. By contrast, the
isotopic signal from a P4 tooth sampled in the same level does not
show any cyclicity and has an amplitude of only 1.8‰, however its
mean δ18Op value of 15.8‰ compares well with theM2 tooth from the
same level (Fig. 3f). A second horse tooth sampled in level IX exhibits
a pattern of isotopic variations that could be compatible with a

sinusoidal signal of seasonal origin, where at least minimal and
maximal values are well marked and define an isotopic amplitude of
2.4‰ (Fig. 3a). Other horse teeth show a restricted range in isotopic
amplitude values (1‰ to 2.3‰) and temporal variations which show
either no periodicity (XXIa-P4; XIX-M1 and XV-P4) or are not in phase
(XIXc-P4) with seasonal rhythms compatible with the tooth growth
rate deduced fromM2 horse tooth from level XXIa (Figs. 3b, c, d and f).
Winter, summer and mean air temperatures were calculated using
Eqs. (5)–(7) and are reported in Table 3.

Discussion

Oxygen isotope composition of phosphate and diagenetic alteration

Oxygen isotope composition of tooth enamel phosphate (δ18OP) can
be preserved over geological periods because the dense and well-
crystallized hydroxyapatite is resistant to diagenetic alteration under
inorganic conditions (Kolodny et al., 1983; Lécuyer et al., 1999).
However, diagenetic alteration of biogenic apatites cannot be excluded
since it has been shown that microbial activity has the potential to
modify theoxygen isotope compositionof tooth enamelphosphate after
the animal's death (Blake et al., 1997; Zazzo et al., 2004). Some
arguments plead in favour of a preservation of the pristine oxygen
isotope compositions. We selected carefully teeth with a clean pale-
yellowish enamel devoid of cracks and caries. For these samples,
chemical yields of phosphate recovery during the wet chemistry
procedure were characterized by clustered P2O5 contents of about
33%. These chemical data show that the original stoechiometry of the
studied ungulate tooth apatite was preserved (Lécuyer, 2004; Navarro
et al., 2004; Billon-Bruyat et al., 2005). This result supports the
hypothesis that the studied sample collection did not suffer
major diagenetic alteration such as recrystallization that commonly
modifies the chemical composition of biogenic apatite, even though this
does not constitute a definitive argument.

Meaning of the intra-tooth oxygen isotope record

The M2 tooth records the pre-weaning signal through a 18O-
enrichment of the body water due to breast-feeding (Wright and
Schwarcz, 1998; Hoppe et al., 2004a, 2004b). However, Zazzo et al.
(2002) indicate that the annual range of δ18O values of ingested water
or season of birth can mask this pre-weaning signal. For the M2 tooth,
this

18
O-enrichment is probably not recorded because this tooth

belongs to a middle age individual and the first sample comes from
the middle of the crown, the most apical part having been worn out.
Furthermore the mean M2 δ18O values compare well with P4 ones
from the same level (XIXb, XIXc and XXIa; Table 1). These
observations lead to conclude that the M2 tooth does not record the
pre-weaning signal.

Most horse teeth show a restricted range in isotopic amplitude
values (1‰ to 2.3‰) and temporal variations which show either no
periodicity (XXIa-P4; XIX-M1 and XV-P4) or are not in phase (XIXc-
P4) with seasonal rhythms compatible with the tooth growth rate
deduced from M2 horse tooth from level XXIa (Figs. 3b, c, d and f).
Ruling out diagenetic processes and sampling contamination by
dentine, the lack of seasonal variation can be explained in two ways.
Firstly, smoothed isotopic patterns could from migratory behaviors,
indeed, Britton et al. (2009) have shown that migratory movements
can dampen the isotopic signal. However, it is noteworthy that horses
and red deer are not migratory species according to Hainard (1971),
and it should also be noted that there is little evidence for migra-
tions in Epi-Palaeolithic equids or red deer (Pellegrini et al., 2008).
Secondly, a plausible explanation concerns the water strategy; horses
could have drunk water from a large reservoir such as a lake which
residence time of water is long enough to erase any seasonal oxygen
isotope variation of precipitations (Hoppe et al., 2004b).

Table 2
Oxygen isotope compositions of enamels serially sampled along a selection of horse
tooth crowns.

Distance from apex (mm) δ18Op (‰)

Level
Sample
Tooth

IX
812 GH
LR P4

6 15.9
14 15.7
20 15.5
26 15.9
33 17.0
45 17.9
51 17.0
57 16.5
63 16.5
69 16.5
75 16.2

Level
Sample
Tooth

XV
71 F2
UP P4

7 14.5
13 13.1
19 13.5
25 13.7
31 14.0
36 13.9
43 14.1
49 14.9
55 15.0
61 14.6
67 14.9
72 14.6

Level
Sample
Tooth

XIXc
307 E2
UP P4

5 16.7
10 16.8
15 15.7
20 15.9
26 14.7
31 15.1
36 15.6
42 14.8
47 15.5
52 15.8
58 14.5
63 15.3
68 15.3

Level
Sample
Tooth

XIXc
385 G3
UP M1

6 14.7
12 14.8
18 14.6
24 14.5
30 14.8
36 15.3
41 15.5
47 15.1
53 14.8

Level
Sample
Tooth

XXIa
183 H3
LR M2

7 18.1
13 18.4
19 17.4
25 15.6
31 14.0
37 13.0
43 12.9
49 14.6
55 15.9

Level
Sample
Tooth

XXIa
396 F3
UP P4

3 14.8
9 15.8

15 14.7
21 15.6
27 15.8
32 16.5
37 16.5
43 16.4
48 16.3
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Mean air temperatures during the Middle Palaeolithic

Combining Eq. (5) with Eqs. (1) or (2) allows for calculation of
past mean air temperatures, which were roughly 10°C±2°C during
the deposition of level XXIa (ca. 145 kyr ago), a value comparable to
present-day in Besançon, France (Table 3). On the basis of pollen
spectra, rodent assemblages and sedimentary patterns, this level was
linked to the last Rissian interstadial or to the Eemian (Campy et al.,
1989). Results from our study are in agreement with those inferred
from pollen data from Les Echets, eastern France (T=8°C to 12°C), La
Grande Pile, eastern France (9°C to 12°C), and Lac du Bouchet, central
France (10 to 13°C) (Guiot, 1990; Fauquette et al., 1999). Oxygen
isotope compositions of horses and red deer from BGC are also similar
to those obtained from steppe bison teeth in Coudoulous I (Table 3),
with a mean air temperature estimated at 9±3°C (Bernard et al.,
2009).

The Middle Palaeolithic BGC sequence can be divided into two
distinct phases. From level XX to XV, mean air temperatures regularly
decrease from 9°C to 7°C for horse teeth and from 10°C to 7°C for red
deer teeth, which then are in good agreement. Upper levels (IX and VIII)
recorded a warmer climate with mean air temperatures of 12°C and
13°C, determined on the basis of oxygen isotope ratios of horse teeth.
Red deer δ18O values are only available for level VIII, indicating a
temperature close to 10°C. Sizable differences (2‰) between horse and
red deer δ18O values could result either from a sedimentary rework, as it
was suggested for this sedimentary level (Campy et al., 1989), or from
diet and habitat differences.

Meaning of oxygen isotope records obtained from both ungulates
and rodents

Mean air temperatures recorded in the δ18O values of largemammal
teeth are generally comparable to those obtained from rodent teeth
using Eq. (4) (Navarro et al., 2004; Supplementary Table), except in
levels XIXc and XVI where temperatures inferred from rodent δ18O
values are lower by about 5°C (Fig. 2). Several factors could explain the
observed discrepancies between the large mammal and rodent δ18O
records:

1) Allochtony: rodent teeth are concentrated in pellets rejected by
different bird predator species whose hunting areas can reach
several tens of kilometers, including neighbouring mountains.
Therefore, the site where rodent teeth are deposited integrate
potential geographic variations in the oxygen composition of
ingested food and water.

2) Dietary behaviour: rodents are less water-dependent than horses
since their main source of oxygen derives from food water. Indeed,

a b

c d

e f

Fig. 3. Horse intra-tooth δ18Op values variations reported against their distance from crown apex. For graphs (a, b, c, d, e and f), tooth nature and stratigraphic level are marked. The
dashed lines correspond to the average δ18Op values of each tooth crown. Symbol width includes analytical error associated with δ18Op values.

Table 3
Calculated mean annual, summer and winter air paleotemperatures as well as seasonal
amplitudes at Coudoulous 1 and Gigny sites during the Late Pleistocene. Present day
temperature values at neighboring climatic stations of Besançon and Villars are given
for comparison.

Present day Level 4 Present day Level XXIa

Villars Coudoulous I Besançon Gigny

T (°C) T (°C) T (°C) T (°C)

Mean annual air
temperature

12±1 9±3 11±1 10±2

Winter temperature 6±1 −1±3 3±1 −7±2
Summer temperature 18±1 19±3 19±1 22±1
Amplitude 12 20 16 29
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oxygen isotope compositions of leaf water are generally 18O-
enriched relative to free liquidwater because of evapo-transpiration
processes (Flanagan et al., 1991).

3) Short mineralization time: about one season is recorded in the
oxygen isotope composition of rodent teeth (Navarro et al., 2004)
while at least one or two years are recorded when using teeth of
large mammals. For these latter, the amount of time represented
depends on the crown height, and on the amount of wear as well
as on how long the tooth actually took to form and mineralize.

4) Choice between fractionation equations: Two levels (XIXc and XV)
allow statistical comparisons between the δ18Ow values estimated
from ungulates and those estimated using Eqs. (3) and (4)
available for rodents. In the case of level XIXc, the Kruskal–Wallis
test (alpha=0.1) indicates that the difference is significant
(p=0.0455) between δ18Ow values calculated for ungulates and
those for rodents using both Eqs. (3) and (4). For level XV, there is
no significant difference (p=0.3545) when using Eq. (4) while a
significant one is observed (p=0.0664) when using Eq. (3). These
statistical results suggest that the oxygen isotope fractionation
Eq. (4) established by Navarro et al. (2004) provides mean δ18Ow

values close to those inferred from Eqs. (1) and (2) published for
ungulates (Fig. 2; Supplementary Table). On the contrary, the
Eq. (3) proposed by Longinelli et al. (2003) leads to overestimate
δ18Ow values by 2‰ to 5‰, which corresponds to mean air
temperatures overestimated by 3°C to 8°C (Fig. 2; Supplementary
Table).

Seasonal temperature variations and W–E gradient in France

Among the six teeth that were analyzed by serial sampling, only
two of them (LRM2 from level XXIa and LR P4 from level IX) present a
sinusoidal-like pattern (Fig. 3). The four other horse teeth do not show
any similar pattern, or perhaps a strongly smoothed pattern, that
could reflect temperature variations of seasonal origin. Higgings and
MacFadden (2004) have shown that Bison should be preferred to
Equus for reconstituting seasonal climatic variations that are based on
the oxygen isotope composition of tooth enamel. High-resolution
temporal estimates of temperature seasonality have indeed been
performed in Coudoulous I (ca. 140 ka) where bison remains are
abundant (Bernard et al., 2009). However, in the absence of any bison
tooth remains at BGC sinusoidal-like oxygen isotope records obtained
from the two horse teeth have been used to estimate seasonal
variations in mean air temperatures. For teeth LR M2 and LR P4,
summer and winter temperatures have been calculated by combining
Eq. (1) to Eqs. (6) and (7), taking into account a ‘dampening’ effect of
50% due to the process of tooth mineralization (Higgings and
MacFadden, 2004; Bernard et al., 2009). For level IX, we obtained
winter and summer temperatures of 0.5±1°C and 20±2°C, and of
−7±2°C and 22±1°C, respectively, for level XXIa. In both cases,
thermal seasonal amplitudes of 20°C (level IX) and 29°C (level XXIa)
are much higher than those prevailing today in the French Jura
(Besançon) with an amplitude of about 16°C. During the Middle
Palaeolithic (ca. 145 kyr ago), climatic conditions in Gigny look like
those existing today in the eastern part of Europe where continen-
tality is well marked by the succession of very warm summer and very
cold winter seasons. It is noteworthy that the calculated amplitudes
of seasonal temperatures are most likely underestimated because
either migratory behaviours or the use of large water reservoirs with
buffered oxygen isotope compositions tend to generate smoothed
oxygen isotope records in tooth enamel.

Mean annual air temperatures inferred from ungulate and rodent
tooth δ18Op values from the sub-contemporaneous level XXIa at BGC
and level 4 from Coudoulous I are close to present-day temperatures.
However, significant differences in the climate mode are revealed at
the seasonal scale, summer temperatures were slightly warmer
whereas winter temperatures were about 7°C and 10°C lower than

those recorded today in the southwest and eastern parts of France,
respectively. Winter temperatures document the existence of a well-
developed West–East thermal gradient at 145 ka ago of about −9°C,
much stronger than the −4°C difference recorded today between
Villars and Besançon (Table 3). Winter temperature is a key
parameter of the climatic mode that prevailed during the Middle
Palaeolithic, setting the extent and duration of the snow cover
and consequently limiting the amount of available food resources
for medium and large ungulates, as well as for their Neanderthal
predators.

Conclusion

Oxygen isotope compositions of phosphate have been measured
from ungulate (Equus and Cervus) tooth enamels sampled in the thick
sedimentary sequence of “La Baume de Gigny” (BGC), Jura, eastern
France, that cover a period of ca. 100 ka. Results from this study
emphasize some key aspects of the climate mode during the Late
Pleistocene:

- the oxygen isotope record in ungulate tooth enamel provides
climatic trends similar to those already inferred from rodent teeth
(Navarro et al., 2004). From levels XXIa to XV, a smooth cooling
trend is recorded with temperatures decreasing from 9 to 10°C to
7°C while levels IX and VIII are characterized by milder
temperatures of 12–13°C.

- two horse teeth among a collection of six show isotopic times
series with shapes compatible with a sinusoidal-like signal that
could be driven by temperature variations of seasonal origin. These
isotopic signals reveal that during the Middle Palaeolithic winters
were colder than during present, while summer temperatures
were similar. Consequently, one of the striking features of the
glacial age could be the existence of large amplitudes in seasonal
temperature transitions between warm and cold seasons. More-
over, low winter temperatures most likely constituted a limiting
factor upon species dispersal and distribution. Climate in France
resembled those known today in some countries of eastern
Europe.

- Winter temperatures document the existence of a well-developed
West–East thermal gradient at 145 ka of about −9°C, much
stronger than the −4°C difference recorded today between Lot
and Jura, France. Negative winter temperatures were likely
responsible for the extent and duration of the snow cover, thus
limiting the food resources available for large mammals and their
Neanderthal predators. Consequently, the occupation of the site by
Neanderthals could have been temporarywith a possible desertion
during the very cold season.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.yqres.2011.03.001.
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ABSTRACT
Spinosaurs were large theropod dinosaurs showing peculiar 

specializations, including somewhat crocodile-like elongate jaws 
and conical teeth. Their biology has been much discussed, and a 
piscivorous diet has been suggested on the basis of jaw as well as 
tooth morphology and stomach contents. Although fi sh eating has 
been considered plausible, an aquatic or semiaquatic lifestyle has 
seldom been suggested because of the apparent lack of correspond-
ing adaptations in the postcranial skeleton of spinosaurs, which on 
the whole is reminiscent of that of other large terrestrial theropods. 
On the basis of the oxygen isotopic composition of their phosphatic 
remains compared with those of coexisting terrestrial theropod 
dinosaurs and semiaquatic crocodilians and turtles, we conclude 
that spinosaurs had semiaquatic lifestyles, i.e., they spent a large 
part of their daily time in water, like extant crocodilians or hippo-
potamuses. This result sheds light on niche partitioning between 
large predatory dinosaurs, since spinosaurs coexisted with other 
large theropods such as carcharodontosaurids or tyrannosaurids. 
The likely ichthyophagy and aquatic habits of spinosaurids may 
have allowed them to coexist with other large theropods by reduc-
ing competition for food and territory.

INTRODUCTION
The theropod family Spinosauridae was erected for Spinosaurus 

aegyptiacus, from the Cenomanian of Egypt, characterized by extremely 
tall neural spines on the dorsal vertebrae and peculiar, more or less 
conical and unserrated teeth (Stromer, 1915). Since then, spinosaurid 
remains have been reported from the Cretaceous of various parts of the 
world, including Africa (Bouaziz et al., 1988; Buffetaut, 1989; Sereno 
et al., 1998; Stromer, 1915; Taquet and Russell, 1998), Europe (Charig 
and Milner, 1986; Ruiz-Omeñaca et al., 2005), South America (Kellner 
and Campos, 1996; Medeiros, 2006; Sues et al., 2002), and Asia (Buf-
fetaut and Ingavat, 1986; Buffetaut et al., 2008; Hasegawa et al., 2003); 

the oldest representatives are from the Late Jurassic of Africa (Buffetaut, 
2008). That spinosaurids probably had dietary adaptations and lifestyles 
that were unusual for theropods was fi rst suggested on the basis of frag-
mentary material from Africa (Taquet, 1984). The discovery of a fairly 
complete spinosaurid skeleton from the Wealden of southern England, 
described as Baryonyx walkeri, revealed a peculiarly constructed skull, 
with narrow and elongate jaws, somewhat reminiscent of longirostrine 
crocodilians (Rayfi eld et al., 2007); this suggested piscivorous hab-
its, a hypothesis strengthened by stomach contents including partially 
digested fi sh scales (Charig and Milner, 1997). However, direct evidence 
concerning spinosaurid diet is inconclusive since it appears that they also 
fed on dinosaurs (Charig and Milner, 1997) and pterosaurs (Buffetaut et 
al., 2004). Nevertheless, because of the above-mentioned convergences 
in jaw and tooth shape, the hypothesis of spinosaurs as “crocodile mim-
ics” (Holtz, 1998) has been widely accepted. However, their postcranial 
anatomy differs relatively little from that of usual large, bipedal thero-
pods, and is not particularly suggestive of aquatic habits. As evidence 
based on morphology and stomach contents remains equivocal, we have 
applied stable isotope geochemistry to this question.

Oxygen isotope compositions of phosphate (δ18Op) from biogenic 
apatites can be used to assess possible aquatic habits in spinosaurid dino-
saurs. At the global scale, variations in the δ18O values of homeothermic 
vertebrate (such as mammals or theropod dinosaurs; Amiot et al., 2006; 
Barrick and Showers, 1994; Fricke and Rogers, 2000) phosphate and body 
water are mainly controlled by variations in the compositions of drink-
ing and food water, as well as by differences in physiology and ecology 
(Longinelli, 1984; Luz et al., 1984). For example, physiological adapta-
tions to specifi c habitat use (aquatic, semiaquatic, or terrestrial) affect the 
δ18Obw value by controlling the magnitude of the oxygen fl uxes involved 
in body input and output, some of them being associated with oxygen 
isotopic fractionations (Bryant and Froelich, 1995; Kohn, 1996; Luz and 
Kolodny, 1985). From living and fossil communities of mammals and rep-
tiles, it has been observed that differences in mean δ18Op values between 
coexisting aquatic or semiaquatic vertebrates and terrestrial forms are 
related to their habitat use, aquatic or semiaquatic vertebrates having δ18Op 
values signifi cantly lower than the values of coexisting terrestrial animals 
(Amiot et al., 2006; Bocherens et al., 1996; Cerling et al., 2008; Clementz 
et al., 2008; Fricke and Rogers, 2000) (Fig. 1).

Geology, February 2010; v. 38; no. 2; p. 139–142; doi: 10.1130/G30402.1; 3 fi gures; 1 table; Data Repository item 2010038.
© 2010 Geological Society of America. For permission to copy, contact Copyright Permissions, GSA, or editing@geosociety.org.

*E-mail: romain.amiot@univ-lyon1.fr.
†Also affi liated with Institut Universitaire de France, 103 Boulevard Saint-

Michel, 75005 Paris, France.
§Also affi liated with Natural History Museum of Guangxi, 1-1 East Renmin 

Road, Nanning 530012, China.

Oxygen isotope evidence for semi-aquatic habits among spinosaurid 
theropods
Romain Amiot1,3*, Eric Buffetaut2, Christophe Lécuyer3†, Xu Wang4, Larbi Boudad5, Zhongli Ding4, François Fourel3, 
Steven Hutt6, François Martineau3, Manuel Alfredo Medeiros7, Jinyou Mo8§, Laurent Simon9, Varavudh Suteethorn10, 
Steven Sweetman11, Haiyan Tong2, Fusong Zhang4, and Zhonghe Zhou1

1 Institute of Vertebrate Paleontology and Paleoanthropology, Chinese Academy of Sciences, #142 XiZhiMenWai DaJie, Beijing 
100044, China

2CNRS UMR 8538, Laboratoire de Géologie de l’Ecole Normale Supérieure, 24 rue Lhomond, 75231 Paris Cedex 05, France
3 UMR CNRS 5125, Paléoenvironnements et Paléobiosphère, Université Lyon 1, 2 rue Raphaël Dubois, 69622 Villeurbanne Cedex, 
France

4Institute of Geology and Geophysics, Chinese Academy of Sciences, 19 Beitucheng Xilu, Chaoyang, Beijing 100029, China
5Université Moulay Ismail, Laboratoire des Formations Superfi cielles, BP 509 Boutalamine, 52000 Errachidia, Morocco
6Dinosaur Isle, Culver Parade, Sandown, Isle of Wight PO36 8QA, UK
7 Departamento de Biologia, Universidade Federal do Maranhão (UFMA), Campus do Bacanga, Avenida dos Portugueses, s/n São 
Luis, MA, Brazil

8Faculty of Earth Sciences, China University of Geosciences, 388 Lumo Road, Wuhan 430074, China
9UMR CNRS 5023, Ecologie des Hydrosystèmes Fluviaux, Université Lyon 1, Bâtiment Forel, 69622 Villeurbanne Cedex, France
10Department of Mineral Resources, Rama VI Road, Bangkok 10400, Thailand
11School of Earth and Environmental Sciences, University of Portsmouth, Burnaby Building, Burnaby Road, Portsmouth PO1 3QL, UK

47

PUBLICATION 2.4



140 GEOLOGY, February 2010

MATERIALS AND METHODS
We used 109 new and 24 published (Amiot et al., 2006) δ18Op val-

ues of tooth enamel from spinosaurs, other theropods, crocodilians, and 
turtle shell bones (for the complete data table, see the GSA Data Reposi-
tory1). These fossil remains were recovered from 12 Cretaceous fl uvial 
or fl uvio-deltaic localities ranging from the Hauterivian–Barremian to the 
early Cenomanian, and are situated on all continents where spinosaurids 
have been identifi ed so far (Asia—Buffetaut and Ingavat, 1986; Buffetaut 
et al., 2008; Europe—Charig and Milner, 1986; Africa—Bouaziz et al., 
1988; Buffetaut, 1989; South America—Medeiros, 2006; Fig. 2). For con-
sistency (e.g., to avoid body size differences that may lead to variations 
in δ18Op value differences between spinosaurs and coexisting terrestrial 

theropods), we selected spinosaur and coexisting other theropod teeth of 
similar sizes. Samples were prepared and measured for their oxygen iso-
tope compositions using a standard procedure (Lécuyer, 2004; Lécuyer et 
al., 2007; see the Data Repository). Differences in oxygen isotope compo-
sitions of fossil remains were tested for signifi cance using a nonparametric 
Wilcoxon signed-rank test and a two-way ANOVA (analysis of variance; 
see the Data Repository).

RESULTS
The δ18Op values obtained for spinosaurids were compared with those 

of associated terrestrial theropods and semiaquatic crocodilians and turtles 
(Fig. 3). The entire data set reveals that the δ18Op values of spinosaurid 
dinosaurs are 1.3‰ lower than δ18Op values of other coexisting theropods 
(Wilcoxon signed rank, n = 9, p = 0.02), but not signifi cantly different 
from δ18Op values of coexisting crocodilians (Wilcoxon signed rank, n = 
9, p = 0.515) and turtles (Wilcoxon signed rank, n = 6, p = 0.345). In 
some Moroccan and Tunisian localities, however, spinosaur values are 
either comparable to those of terrestrial theropods (location 12; Table 1) 
or extend from crocodilian and turtle values to terrestrial theropod values 
(locations 6, 8, and 11; Table 1). 

DISCUSSION
Secondary precipitation of apatite and isotopic exchange dur-

ing microbially mediated reactions may alter the primary composition 
of biogenic apatites (Blake et al., 1997; Zazzo et al., 2004a). However, 
apatite crystals that make up tooth enamel are large and densely packed, 
and isotopic exchange under inorganic conditions has little effect on the 
oxygen isotope composition of phosphates, even at geological time scales 
(Kolodny et al., 1983; Lécuyer et al., 1999). Although no method is avail-
able to demonstrate defi nitely whether the oxygen isotope composition 
of fossil vertebrate phosphate was affected by diagenetic processes, sev-
eral ways to assess the preservation state of the primary isotopic record 
have been proposed (Fricke and Rogers, 2000; Kolodny et al., 1996; 
Lécuyer et al., 2003; Pucéat et al., 2004; Zazzo et al., 2004b). Here, the 
main argument supporting the preservation of the original oxygen isotope 
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1GSA Data Repository item 2010038, oxygen isotope compositions of verte-
brate phosphates, oxygen isotope analysis of phosphate procedure, statistical analy-
ses, and estimation of Amboseli National Park water δ18O value, is available online 
at www.geosociety.org/pubs/ft2010.htm, or on request from editing@geosociety
.org or Documents Secretary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.

Figure 1. Mean oxygen isotope compositions of apatites versus 
drinking waters of mammals from two Kenyan parks showing dif-
ference in δ18Op values between semiaquatic hippopotamuses and 
terrestrial herbivorous mammals (error bars are ±1σ). V-SMOW—
Vienna standard mean ocean water. Phosphate-water fractionation 
lines of terrestrial placental mammals, semiaquatic turtles, and 
crocodilians are displayed for comparison. Estimate of δ18O value of 
water at Amboseli Park was arbitrarily chosen and explained in GSA 
Data Repository material (see footnote 1). 

Figure 2. Location map of spinosaur samples. Inset is artist view of 
Spinosaurus (modifi ed from Bogdanov’s artwork). Locality numbers 
as in Table 1.

Figure 3. Mean phosphate δ18O values of skeletal apatite from spi-
nosaurs, theropods, freshwater turtles, and crocodilians sorted by 
geological age, from Hauterivian–Barremian to early Cenomanian 
(error bars are ±1σ). V-SMOW—Vienna standard mean ocean water. 
Locality numbers as in Table 1.
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composition is the systematic offset observed between semiaquatic turtles 
and crocodilians and terrestrial theropods, the latter having signifi cantly 
higher δ18Op values than coexisting crocodilians and turtles, whatever their 
age and geographical location (Wilcoxon signed rank, n = 9, p < 0.01). If 
early diagenetic processes had occurred, they would have homogenized 
δ18Op values of all vertebrate remains whatever the physiology and ecol-
ogy of the corresponding taxa (Lécuyer et al., 2003). This observation is 
a strong argument supporting at least partial preservation of the original 
δ18Op values (Amiot et al., 2006; Fricke and Rogers, 2000). A diet-related 
difference as a possible explanation for δ18Op value offsets between spi-
nosaurs and other coexisting theropods is highly unlikely, because there is 
direct fossil evidence indicating an opportunistic feeding behavior among 
spinosaurs, rather than strict ichthyophagy. Indeed, dinosaurs (Charig and 
Milner, 1997) and pterosaurs (Buffetaut et al., 2004) have been shown to 
be a part of the spinosaur diet either by scavenging (Buffetaut et al., 2004) 
or by predation (Kellner, 2004). Moreover, as opportunistic predators, 
coexisting crocodilians and spinosaurs most likely had similar diets, and 
the δ18Op values of crocodilians do not differ signifi cantly from those of 
spinosaurs, despite their known semiaquatic lifestyle. Low δ18Op values of 
spinosaurs compared to other theropods can be interpreted as the result of 
differences between the oxygen isotope compositions of their body water. 
A semiaquatic behavior for spinosaurs would reduce daily aerial evapo-
transpiration, which is known to be one of the signifi cant processes of 18O 
enrichment of body water relative to surface water (Kohn, 1996). More-
over, low body fl uids 18O enrichment relative to drinking water in semi-
aquatic animals such as crocodilians or hippopotamuses is also the result 
of elevated water turnovers and water loss through urine or feces (Bentley 
and Schmidt-Nielsen, 1965; Clementz et al., 2008). From these consid-
erations, a semiaquatic lifestyle is the most plausible explanation for the 
oxygen isotope difference observed between spinosaurs and other coex-
isting theropods, and the similar values shared by spinosaurs and semi-
aquatic crocodilians and turtles. This interpretation is also supported by 
similar offsets observed between the δ18Op values of present-day herbivo-
rous mammals (zebras, buffalos, elephants, and rhinoceroses) and those of 
coexisting hippopotamuses from two Kenyan national parks (Bocherens 
et al., 1996; Cerling et al., 2008; Fig. 1). Considering that compared ani-
mals have similar diets (both hippopotamuses and other coexisting her-
bivorous mammals feed on land plants [Boisserie et al., 2005], and spino-
saurs were predators like coexisting crocodilians and other theropods) and 

thermoregulations (mammals and theropod dinosaurs are both considered 
as homeotherms; Amiot et al., 2006; Fricke and Rogers, 2000; Luck and 
Wright, 1959), the similar isotopic offsets observed between spinosaurs 
versus theropods and hippopotamuses versus terrestrial mammals is most 
likely related to analogous aquatic lifestyles.

The amphibious habits of spinosaurs, given their apparent lack of 
anatomical adaptation to aquatic habits, may have been a thermoregula-
tory strategy. Modern crocodilians and hippopotamuses submerge to regu-
late their body temperature (Noirard et al., 2008; Seebacher et al., 2003). 
Such a behavior among spinosaurid theropods is therefore conceivable. 
Niche partitioning to avoid competition for resources with other verte-
brates is another hypothesis that may explain the semiaquatic lifestyle 
of most spinosaurs. Indeed, at all localities where they occur, spinosaur 
remains are found associated with those of other theropods of comparable 
size. Fish eating and an aquatic habitat may have been a way for most spi-
nosaurs to reduce competition for food and territory with other large thero-
pods, which had an unequivocal terrestrial mode of life. This semiaquatic 
oxygen isotope signature is not clearly observed for Spinosaurus from 
Tunisia and Morocco, even though this genus possesses highly advanced 
specializations for fi sh catching in jaw elongation and tooth morphology. 
As shown by fossils from many African Cretaceous localities, spinosaurs 
apparently coexisted and competed for food resources with both other 
large theropods on land and large or giant crocodilians in rivers and lakes. 
These peculiar trophic conditions with multiple top predators may have 
forced some African spinosaurs to have a more opportunistic habitat use 
by alternating aquatic and terrestrial life.

Stable oxygen isotopes unambiguously show for the fi rst time that 
some dinosaurs, i.e., the spinosaurid theropods, used freshwater environ-
ments more as a living habitat than just as temporary hunting (or fi sh-
ing) grounds. Dinosaurs were thus a more ecologically diverse group than 
previously thought since at least some of them were not restricted to ter-
restrial habitats.
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Abstract: Phosphatic remains (tooth enamel, turtle shell fragments and fish scales) of continental
vertebrates (freshwater fish, crocodilians, turtles, and theropod and sauropod dinosaurs) recovered
from eight localities of NE Thailand ranging in age from the Late Jurassic to the late Early Cretac-
eous have been analysed for their oxygen isotopic compositions (d18Op). From these preliminary
data, local meteoric water d18Ow values estimated using d18Op values of crocodilians and turtles
range from 24.1+ 2‰ at the end of the Jurassic to 28.3+ 2‰ during the Early Cretaceous,
suggesting a transition from dry to wetter climates with increasing amount of seasonal precipitation
from several hundred millimetres per year to several thousand millimetres. Measurable offsets in
d18Op values observed between dinosaur taxa (the spinosaurid theropod Siamosaurus, other ther-
opods and nemegtosaurid sauropods) are interpreted in terms of differences in water strategies, and
suggest that Siamosaurus had habits similar to those of semi-aquatic vertebrates such as crocodi-
lians or freshwater turtles.

Mesozoic non-marine formations cropping out on
the Khorat Plateau, in NE Thailand, constitute
the Khorat Group, a 3200 m thick succession of
clastic sediments ranging from the Late Jurassic
(Phu Kradung Formation) to Albian–Aptian
(Khok Kruat Formation). Detrital material probably
originated from the erosion of the Qinling orogenic
belt (north of the Sichuan basin, China) and was
transported by large braided river systems before
being deposited in low-energy, meandering fluvial
channels and on extensive floodplains (Mouret
et al. 1993; Heggemann 1994; Racey et al. 1996;
Carter & Bristow 2003). During the deposition of
the Khorat Group, the Khorat Plateau (situated on
the Indochina block) was estimated to be 500–
1300 km north of its present position, within South

China relatively close to the Sichuan foreland
basin (Fig. 1), and was displaced to its present pos-
ition during the Tertiary extrusion of SEAsia caused
by the collision of India with Asia (Leloup et al.
1995; Sato et al. 1999; Carter & Bristow 2003).
Dry climates prevailed during the deposition of
the Khorat Group according to sedimentological
and paleobotanical studies, except for the upper
formations, which were probably deposited under
wetter conditions (Hahn 1982; Mouret et al. 1993;
Heggemann 1994; Philippe et al. 2004). However,
quantitative estimates of these climatic variations
have not been provided so far.

The Late Jurassic and Early Cretaceous Phu
Kradung, Sao Khua and Khok Kruat Formations
of the Khorat Group have yielded rich vertebrate

From: BUFFETAUT, E., CUNY, G., LE LOEUFF, J. & SUTEETHORN, V. (eds) Late Palaeozoic and Mesozoic Ecosystems
in SE Asia. The Geological Society, London, Special Publications, 315, 271–283.
DOI: 10.1144/SP315.19 0305-8719/09/$15.00 # The Geological Society of London 2009.51
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Fig. 1. General map of SE Asia showing the present (continuous lines) and restored Cretaceous (dashed lines) locations
of the Khorat Basin. The pre-extrusion location places the Khorat Basin much closer to the Qinling orogenic belt and
the Sichuan foreland basin, considered as the source of Khorat sediments. Fossil sites: 1, Khok Pha Suam; 2, Khok
Kong; 3, Phu Phok; 4, Dan Luang; 5, Phu Nam Jun; 6, Ban Khok Sanam; 7, Phu Wiang 1; and 8, Chong Chad. Map
modified from Carter & Bristow (2003).
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faunas including lungfishes, elasmobranch and
semionotid fishes, amphibians, crocodilians,
turtles, pterosaurs, and theropod, sauropod, ornitho-
pod, stegosaurid and psittacosaurid dinosaurs, as
well as birds. The significance of these faunas in
terms of vertebrate evolution and biogeographical
history of SE Asia has been illustrated by numerous
studies (e.g. Buffetaut & Suteethorn 1998, 1999;
Buffetaut et al. 2000, 2006).

Oxygen isotopic compositions of vertebrate
phosphate in bioapatite such as tooth enamel
(d18Op) may allow a better knowledge of the palaeo-
climatic or palaeoenvironmental conditions in
which the Khorat Group was formed. The d18Op

value of vertebrate apatitic tissues (bones, teeth,
fish scales) is a function of the d18Obw value of the
animal’s body water as well as of its body tempera-
ture (Kolodny et al. 1983; Longinelli 1984; Luz
et al. 1984). The d18Obw value is related to the
d18Ow value of ingested water and to the animal’s
ecology and physiology. For most continental ver-
tebrates, the main source of ingested oxygen is
drinking or plant water, which is meteoric water or
derived from it (D’Angela & Longinelli 1990;
Cormie et al. 1994; Kohn et al. 1996; Straight
et al. 2004). As the d18Ow value of meteoric water
depends on climatic parameters such as air tempera-
ture, hygrometry and amount of precipitation (Dans-
gaard 1964; von Grafenstein et al. 1996; Fricke &
O’Neil 1999), vertebrates thus indirectly record in
their phosphatic tissues the climatic conditions of
their living environment. It is noteworthy that the
d18Ow value of surface waters can differ from that
of precipitation as a result of local processes such
as evaporation or mixing with other water sources,
thus complicating the interpretations in terms of cli-
matic reconstructions. Physiological adaptations to
specific habitat use (such as aquatic, semi-aquatic
or terrestrial) affect the d18Obw value by controlling
the magnitude of body input and output oxygen
fluxes, some of them being associated with oxygen
isotopic fractionations (Luz & Kolodny 1985;
Bryant & Froelich 1995; Kohn 1996). From living
and fossil communities of mammals and reptiles,
it has been observed that differences in the range
of d18Op values or in some cases differences
in mean d18Op values between coexisting aquatic
or semi-aquatic vertebrates and terrestrial ones are
related to their habitat use (Fricke & Rogers 2000;
Clementz & Koch 2001; Clementz et al. 2003;
Amiot et al. 2006). Ecological specificities such as
plant-water use among herbivorous communities
also affect the d18Op value of vertebrates. Indeed,
large differences in d18Op value have been observed
between coexisting herbivorousmammals that drink
surface waters and those that only rely on water in
plants, usually enriched by several per mil relative
to surface waters (Kohn et al. 1996).

The d18Ow values of ingested water can be esti-
mated from d18Op values of fish, crocodilians,
turtles and dinosaurs using PO4–water fractionation
equations established for extant species (e.g.
Kolodny et al. 1983; Barrick et al. 1999; Amiot
et al. 2007), the applicability of these equations
having been tested with Mesozoic faunas (Barrick
et al. 1999; Amiot et al. 2004, 2007; Billon-Bruyat
et al. 2005). This study aims to interpret preliminary
results obtained from the analysis of oxygen isoto-
pic compositions of reptile and fish phosphatic
tissues in terms of environmental conditions as
well as to investigate physiological and ecological
features of some dinosaurs from the Khorat Group.

Material and methods

Sample collection

Twenty-eight vertebrate samples were analysed for
their oxygen isotope compositions. Samples
include dinosaur (theropod and sauropod) and cro-
codilian tooth enamel, turtle bony plates and
ganoine coating of fish scales. These fossil
remains were collected as isolated specimens in
eight localities belonging to the Khorat Group and
ranging from the Late Jurassic to the late Early Cre-
taceous (Fig. 1; Table 1). The global palaeolatitude
of the Khorat Plateau during the deposition of these
Mesozoic formations was about 258N (24.38N for
the Khok Pha Suam locality; Amiot et al. 2004),
estimated using the method described by Besse &
Courtillot (1988). The Dan Luang, Phu Nam Jun,
Ban Khok Sanam and Chong Chad localities are in
the Phu Kradung Formation, which is probably
Late Jurassic or possibly earliest Cretaceous in age
(Racey et al. 1996; Buffetaut & Suteethorn 1998).
The Phu Phok, Khok Kong and Phu Wiang 1
localities belong to the Sao Khua Formation, the
age of which is still uncertain, although it is
clearly Early Cretaceous and ante-Aptian (see
Buffetaut & Suteethorn 1999). The Khok Pha
Suam locality is in the Khok Kruat Formation, con-
sidered as Aptian–Albian in age on the basis of
the occurrence of the freshwater hybodont shark
Thaiodus (Cappetta et al. 1990).

As reptile teeth are continuously replaced and
take several months to grow (Erickson 1996a, b),
they can record seasonal variations in ingested
surface water d18Ow values. To retrieve mean
annual values of local waters, enamel was sampled
from the base to the apex of each tooth and
several teeth from each locality were analysed.
According to Clementz & Koch (2001), d18O
values of at least 16 individuals per taxon may
accurately reflect seasonal variability of their
environment, but fossil reptile teeth from Thailand
are too scarce to allow the gathering of such a
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sample collection for geochemical analysis. For
each sample, the most mineralized apatitic part
was used for geochemical analysis. Reptile tooth
enamel was favoured against dentine, dense bone
layers were selected from turtle shells, and
ganoine (an enamel-like apatitic tissue) covering
the surface of fish scales was sampled.

Analytical techniques

Measurements of oxygen isotope compositions of
apatite consist in isolating PO3�

4 using acid dissol-
ution and anion-exchange resin, according to a pro-
tocol derived from the original method published by
Crowson et al. (1991) and slightly modified by
Lécuyer et al. (1993). Silver phosphate was quanti-
tatively precipitated in a thermostatic bath set at a
temperature of 70 8C. After filtration, washing
with double-deionized water, and drying at 50 8C,
15 mg of Ag3PO4 was mixed with 0.8 mg of pure
powder graphite. 18O/16O ratios were measured
by reducing silver phosphates to CO2 using graphite
reagent (O’Neil et al. 1994; Lecuyer et al. 1998).
Samples were weighed into tin reaction capsules
and loaded into quartz tubes and degassed for
30 min at 80 8C under vacuum. Each sample was
heated at 1100 8C for 1 min to promote the redox
reaction. The CO2 produced was directly trapped
in liquid nitrogen to avoid any kind of isotopic reac-
tion with quartz at high temperature. CO2 was then
analysed with a GV IsoprimeTM mass spectrometer
at the Laboratory UMR CNRS 5125 ‘PEPS’,
University Claude Bernard Lyon 1. Isotopic

compositions are quoted in the standard d notation
relative to V-SMOW. Silver phosphate precipitated
from standard NBS120c (natural Miocene phos-
phorite from Florida) was repeatedly analysed
(d18O ¼ 21.70+ 0.10‰; n ¼ 12) along with the
silver phosphate samples derived from the fossil
vertebrate remains.

Results

Oxygen isotope compositions of vertebrate phos-
phates are given in Table 1. The whole dataset
including seven published d18Op values (Amiot
et al. 2004) ranges from 11.5 to 26.3‰ V-SMOW.
Mean d18Op values for each taxonomic group
(theropod and sauropod dinosaurs, Siamosaurus,
crocodilians, turtles and fish) are shown in
Figure 2a. Estimates of the mean values of ingested
surface waters, calculated using the oxygen isotope
fractionation equations established between croco-
dilian phosphate and water (Amiot et al. 2007),
turtle phosphate and water (Barrick et al. 1999),
and fish phosphate and water (Kolodny et al.
1983), are given in Table 2 and displayed in
Figure 2b. d18Ow values estimated using d18Op

values from crocodilians and turtles decrease from
24.1+ 2.0‰ in the upper part of the Phu
Kradung Formation (Dan Luang locality) to values
ranging from 26.2+ 2.0‰ to 27+ 2.0‰ in the
Sao Khua Formation and from 27.3+ 2.0‰ to
29.4+ 2.0‰ in the Khok Kruat Formation.
Assuming that typical subtropical temperatures of

Fig. 2. (a) Mean d18Op values of vertebrate faunas from the eight localities of the Khorat Group.Measurable offsets can
be observed between coexisting dinosaurs (theropods, sauropods and the spinosaurid Siamosaurus), freshwater
crocodilians, turtles and fish as a consequence of ecological and physiological differences. (b) d18Ow values of ingested
waters estimated using crocodilian, turtle and fish d18Op values and related fractionations equations. An uncertainty of
+2‰ is used for all estimated water d18Ow values although it only corresponds to the largest calculated uncertainty.
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about 20–25 8C occurred during the deposition of
the Khorat Group (see discussion below), d18Ow

values estimated using fish d18Op values show
significant fluctuations within the Phu Kradung
Formation (21.3+ 2.0‰ at Chong Chad,
29.2+ 2.0‰ at Khok Sanam and 25.9+ 2.0‰
at Phu Nam Jun).

Discussion

Preservation of the original oxygen isotope

compositions of vertebrate apatites?

Secondary precipitation of apatite and isotopic
exchange during microbially mediated reactions
may scramble the primary isotopic signal (Blake
et al. 1997; Zazzo et al. 2004a). However, apatite
crystals that make up tooth enamel or fish scale
ganoine are large and densely packed, and isotopic
exchange under inorganic conditions has little
effect on the oxygen isotope composition of phos-
phates even at geological time scales (Kolodny
et al. 1983; Lécuyer et al. 1999). Turtle shell bone
should be more susceptible to diagenesis because
hydroxylapatite crystals of bones are smaller and
less densely intergrown than enamel (Kolodny
et al. 1996), although several case studies have
shown that the original oxygen isotope composition
is preserved in Mesozoic turtle remains (Barrick
et al. 1999; Amiot et al. 2004, 2006; Billon-Bruyat
et al. 2005). Although no method is available to
demonstrate definitely whether the oxygen isotope
composition of fossil vertebrate phosphate was
affected by diagenetic processes, several ways to
assess the preservation state of the primary isotopic
record have been proposed (e.g. Kolodny et al.
1996; Fricke & Rogers 2000; Lécuyer et al.
2003a; Pucéat et al. 2004; Zazzo et al. 2004b).
Here, the main argument supporting the preser-
vation of the original oxygen isotope composition
is the systematic offset observed between dinosaurs
and ectothermic reptiles (turtles and crocodilians),
which probably resulted from differences in
ecology and physiology. The present dataset illus-
trates systematic offsets between semi-aquatic
animals (turtles and crocodilians) and terrestrial
ones (dinosaurs, except Siamosaurus), the latter
having d18Op values 1.5–10‰ more positive than
the values of crocodilians and turtles. If early
diagenetic processes had occurred, they would
have homogenized d18Op values of all vertebrate
remains whatever the physiology and ecology of
the corresponding taxa (Lécuyer et al. 2003a).
However, as only d18Op values of scale ganoine
from fish were measured for the localities of
Chong Chad, Khok Sanam and Phu Nam Jun, the
isotopic preservation state of these fossil scales

remains uncertain, and the obtained values must
be considered with caution.

Ecological implications

In low-latitude environments, ectothermic (here
crocodilians and turtles) and endothermic (dino-
saurs) animals should tend to have closely similar
body temperatures, leading to very small differences
in oxygen isotopic fractionation between their phos-
phate and body water. However, variable differ-
ences in d18Op values are observed between
crocodilians, turtles and the various groups of dino-
saurs, and such offsets may be related to differences
in physiology, ecology and origin of water intake.
The most obvious difference is between semi-
aquatic reptiles (crocodilians and turtles) and terres-
trial dinosaurs, the latter having more positive d18Op

values, as a result of more important transcutaneous
water evaporation, than crocodilians and turtles
(which spend most of their life in water). Indeed,
differences ranging from 1.6 to 3.1‰ between coex-
isting dinosaurs and both crocodilians and turtles
have been predicted using model equations and
measured on Cretaceous reptile faunas from low
palaeolatitudes, assuming they had a common
source of water intake (Amiot et al. 2006). How-
ever, such differences are observed here only
between theropod dinosaurs (excluding Siamo-
saurus) and semi-aquatic reptiles from the Dan
Luang and Khok Pha Suam localities. In all other
localities, and between the sauropods and semi-
aquatic reptiles from Khok Pha Suam, differences
are larger, ranging from 4.2 to 11.0‰. Such differ-
ences suggest that these dinosaurs used different
water sources from those used by crocodilians
and turtles.

Assuming that these large isotopic offsets reflect
different sources of ingested water, the following
preliminary interpretations can be made.

(1) Water ingested by sauropod dinosaurs was
water from plant leaves, generally enriched by
several per mil relative to local water as a conse-
quence of leaf evapotranspiration and inner physio-
logical processes (e.g. Yakir et al. 1990; Flanagan &
Ehleringer 1991). This may at least partly explain
the 5.2–6.6‰ differences observed between sauro-
pods and semi-aquatic reptiles.

(2) The main source of water used by theropod
dinosaurs and more generally carnivorous animals
is assumed to be surface waters such as streams,
rivers and ponds. Some theropod dinosaurs from
Thailand may have preferentially drunk from
small temporary and evaporating ponds, rather
than from main river streams, leading to the highly
positive d18Op values observed in the localities of
Phu Phok, Khok Kong and Phu Wiang 1.
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Siamosaurus suteethorni is a dinosaur having
anomalous isotopic values compared with other
dinosaurs (Table 1; Fig. 2a). It is a large spinosaurid
theropod originally identified from isolated teeth
(Buffetaut & Ingavat 1986), the systematic position
of which was later confirmed by the discovery of a
partial skeleton (Buffetaut et al. 2005). Some ana-
tomical features of spinosaurid dinosaurs, such as
their elongate snout bearing rather conical teeth,
suggest that these dinosaurs ate preferentially,
but not exclusively, fish (Taquet 1984; Charig &
Milner 1986). This hypothesis has been supported
by the discovery of partially digested fish scales in
the stomach region of a nearly complete skeleton
of Baryonyx walkeri, a spinosaurid dinosaur recov-
ered from the Early Cretaceous of the Isle of Wight
(Charig & Milner 1997). Also, some workers have
emphasized that the massive forelimbs of Baryonyx
certainly possessed sufficient strength and adequate
musculature for the quadrupedal posture required
when fishing either on the edge of the water or in
it (Charig & Milner 1997).

On the other hand, despite the close resemblance
between the jaws and teeth of spinosaurs and those
of some crocodilians, and the likely ichthyophagy
(fish diet) of spinosaurids, no evidence clearly sup-
porting aquatic or semi-aquatic habits for these
dinosaurs has been put forward. In fact, some ana-
tomical features indicate that spinosaurs were ter-
restrial, largely bipedal, dinosaurs, like other
theropods.

d18Op values of Siamosaurus from the three
localities of Phu Phok, Khok Kong and Phu
Wiang1 are 3–12‰ lower than d18Op values of
other dinosaurs and, given the uncertainties attached
to the values, are indistinguishable from those
obtained for crocodilians or turtles. Two hypotheses
may explain such low values. The first is that these
spinosaurid dinosaurs were almost exclusively
ingesting water that was 18O-depleted relative to
the water where coexisting crocodilians and turtles
were drinking; however, the existence of 18O-
depleted sources different from the rivers where cro-
codilians and turtles were living is highly unlikely.

The second, and more likely, possibility is that
Siamosaurus had somewhat semi-aquatic living
habits similar to those of crocodilians and turtles.
Because they spend much time in water, semi-
aquatic animals have a higher body water turnover
and less transcutaneous water evaporation than ter-
restrial forms. The body water (from which
oxygen is used for apatite synthesis) of semi-aquatic
animals is thus less 18O-enriched than that of ter-
restrial animals, resulting in lower d18Op values
(Kohn 1996; Amiot et al. 2007). Although it has
not yet been demonstrated that some dinosaurs had
adapted to the ecological niche of a semi-aquatic
predator, ichnological evidence of swimming

theropods (Ezquerra et al. 2007) and evidence of
fish as the preferential diet of spinosaurid dinosaurs
(Charig & Milner 1997) suggest that such a hypoth-
esis is not inconceivable. The hypothesis of physical
adaptations to the semi-aquatic life of this group has
to be tested with systematic oxygen isotope
measurements of spinosaurid dinosaurs sampled
from Africa, Europe and South America.

Climatic implications

It is nowwidely accepted that global climates during
the Mesozoic, although being globally warmer than
today, underwent important thermal fluctuations
with significant cooling episodes, notably during
the early Cretaceous, when ‘icehouse’ intervals
have been recognized (Frakes & Francis 1988;
Frakes 1999; Price 1999). During the deposition of
the Khorat Group (from the late Jurassic–earliest
Cretaceous to the Aptian–Albian), global palaeo-
temperatures estimated for latitudes of about 258N
roughly varied within a 20–25 8C range (Frakes
et al. 1994; Frakes 1999; Lécuyer et al. 2003b;
Pucéat et al. 2003; Steuber et al. 2005). It is also
noteworthy that such mean palaeotemperatures are
similar to those experienced today at subtropical
latitudes (Table 3; IAEA–WMO 2004). We there-
fore hypothesize that this temperature range
occurred in NE Thailand during the Early Cretac-
eous. As d18Omw values of meteoric waters at tropi-
cal and subtropical latitudes are influenced more by
precipitation amounts than by air temperatures
(Dansgaard 1964), the mean air temperature–
mean d18Omw relationships are not applicable in
this case, and d18Ow values of surface waters esti-
mated from d18Op values of vertebrates may be
interpreted in terms of humidity (amount of precipi-
tations) or aridity. For example, in subtropical
climates with high amounts of seasonal precipi-
tation (several thousands of millimetres per year),
such as the monsoon climates of SE Asia, rain
waters are characterized by negative mean d18Ow

values of 28‰ to 26‰, whereas dry climates,
experienced for example in the Middle East, are
characterized by a very small amount of precipi-
tation (less than 100 mm a21) having mean d18Ow

values of 22‰ to 21‰ (Table 3). Intermediate
situations, such as in Karachi (Pakistan), are charac-
terized by intermediate d18Ow values and amounts
of precipitation (i.e. 23.9‰ and 200 mm a21).

In NE Thailand, palaeoclimate markers for the
time span of the deposition of the Khorat Group
are very scarce and are mostly aridity indicators.
Sedimentological and palaeobotanical data such as
silicified wood or leaf cuticles showing xerophytic
features suggest that rather dry climates prevailed
during the deposition of the Phu Kradung For-
mation, and that climate became wetter during the
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deposition of the overlying formations of the Khorat
Group (Mouret et al. 1993; Racey et al. 1996;
Philippe et al. 2004).

Low d18Ow values estimated for the Sao Khua
(between 27+ 2‰ and 26.2+ 2‰) and Khok
Kruat (between29.4+ 2‰ and27.3+ 2‰) For-
mations match those at similar latitudes today
(between 20 and 258N) in SE Asia (Table 3). This
suggests that similar wet–dry climates with high
amounts of seasonal precipitations of a few thou-
sands of millimetres occurred during this period in
the region of the present Khorat Plateau. Assuming
mean air palaeotemperatures in the typical range of
20–25 8C occurring today in subtropical areas,
d18Ow values estimated from fish match those esti-
mated from crocodilians at the Phu Phok locality
(Sao Khua Formation), but at the Khok Pha Suam
site (Khok Kruat Formation), they are 4–6‰
higher (Fig. 2b). This difference may reflect peculiar
conditions experienced by fish during apatite
mineralization such as a temporary isolation of
their living water followed by its intense evapor-
ation. During periods of isolation of water bodies,
tetrapods can move to other water bodies, whereas
fish are trapped and record environmental changes
in their phosphatic tissues. Higher d18Ow values
are estimated for the uppermost part of the Phu
Kradung Formation (24.1+ 2‰ at the Dan
Luang locality). Such values are found today at
similar latitudes in drier environments characterized
by smaller amounts of precipitation (several
hundred millimetres per year, as in Karachi;
Table 3) and might reflect similar conditions
during the deposition of the uppermost part of the
Phu Kradung Formation. Oxygen isotope ratios of
waters estimated using fish d18Op values vary from
high values (21.9‰ to 20.8‰) at the Chong
Chad locality to low values (26.5‰ to 25.4‰) at
Phu Nam Jun and even lower values at Ban Khok
Sanam (29.8‰ to 28.7‰). These values are diffi-
cult to interpret, as only fish remains were analysed
from these localities. Keeping in mind that a diage-
netic origin for these values cannot be excluded, the
high d18Ow value obtained from Chong Chad fish
may reflect extensive water evaporation of an iso-
lated body of water. In contrast, the low d18Ow

values documented at Ban Khok Sanam could
result from wetter conditions with high amounts
of precipitation.

However, the contribution of 18O-depleted water
inputs originating from high-altitude rainfall is
another hypothesis that may explain the observed
low d18Ow values. Numerous studies have shown
that orography affects the d18Ow values of rain-
water, the latter becoming more negative with
increasing altitude (e.g. Fontes & Olivry 1976;
Bortolami et al. 1978; Siegenthaler & Oeschger
1980; Gonfiantini et al. 2001). As the sediments ofT
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the Khorat Group probably originated from the
erosion of the Qinling belt, which underwent
active orogenies during the Palaeozoic and Early
Mesozoic (Triassic) (e.g. Mattauer et al. 1985;
Ratschbacher et al. 2006, and references therein),
it is possible that surface waters ingested by Cretac-
eous reptiles and fishes were 18O-depleted waters
coming from the Qinling area or partly mixed with
local meteoric waters. However, the palaeo-
elevations of the Qinling Mountains during the
deposition of Khorat sediments have not yet been
estimated. Moreover, the Khorat basin was about
1000 km SW of the Qinling belt during the late
Jurassic–early Cretaceous, and the waters flowing
from the Qinling area to the Khorat basin may
have been mixed on many occasions with local
meteoric waters along their path, thus losing
their original values. Therefore, the possible
high-altitude origin of the low values obtained for
Khorat waters remains purely hypothetical.
Further investigations may clarify whether these
values have a diagenetic or environmental origin,
and the possible high-altitude origin of estimated
waters could be tested by isotopic studies of
contemporaneous faunas that lived closer to the
Qinling belt, such as the vertebrate faunas from
the Late Jurassic of Zigong (China), located in the
Sichuan basin.

Conclusion

Oxygen isotope compositions of continental ver-
tebrate remains from eight localities of the Khorat
Group have been used to investigate environmental
conditions that prevailed in NE Thailand during the
Late Jurassic–Early Cretaceous. Ecological aspects
of dinosaur faunas have also been inferred. When
compared with various present-day tropical and
subtropical climates, estimated d18Ow values of
past meteoric water for the Khorat Group suggest
a transition from dry tropical climates with low
amounts of precipitation (of a few hundreds of milli-
metres per year) for the Phu Kradung Formation to
wet–dry tropical climates for the Sao Khua and
Khok Kruat Formations, characterized by high
amounts of seasonal precipitation of several thou-
sand millimetres per year, similar to present-day
monsoon climates. However, a possible high-
altitude origin of the low d18Ow values observed
in some localities cannot be excluded. Significant
offsets in d18Op values observed between theropods,
sauropods and the spinosaurid Siamosaurus are
interpreted in terms of differences in ingested
water sources (river, pond or plant water), and also
suggest that Siamosaurus had semi-aquatic living
habits similar to those of crocodilians or turtles.
As new fossil remains are regularly found during
the continuing excavation campaigns on the

Khorat Plateau, a more extensive isotopic study of
these faunas will allow a refinement of these pre-
liminary interpretations.
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Cameroun. Réunion Annuelle des Sciences de la
Terre, 4, 171.

FRAKES, L. A. 1999. Estimating the global thermal state
from Cretaceous sea surface and continental tempera-
ture data. In: BARRERA, E. & JOHNSON, C. C. (eds)
Evolution of the Cretaceous ocean-climate system.
Geological Society of America, Special Papers, 332,
49–57.

FRAKES, L. A. & FRANCIS, J. E. 1988. A guide to Phaner-
ozoic cold polar climates from high-latitude ice-rafting
in the Cretaceous. Nature, 333, 547–549.

FRAKES, L. A., PROBST, J.-L. & LUDWIG, W. 1994.
Latitudinal distribution of paleotemperature on land
and sea from early Cretaceous to middle Miocene.
Comptes Rendus de l’Académie des Sciences, Série
IIA, 318, 1209–1218.

FRICKE, H. C. & O’NEIL, J. R. 1999. The correlation
between 18O/16O ratios of meteoric water and
surface temperature; its use in investigating terrestrial
climate change over geologic time. Earth and Plane-
tary Science Letters, 170, 181–196.

FRICKE, H. C. & ROGERS, R. R. 2000. Multiple taxon–
multiple locality approch to providing oxygen isotope
evidence for warm-blooded theropod dinosaurs.
Geology, 28, 799–802.

GONFIANTINI, R., ROCHE, M.-A., OLIVRY, J.-C.,
FONTES, J.-C. & ZUPPI, G. M. 2001. The altitude
effect on the isotopic composition of tropical rains.
Chemical Geology, 181, 147–167.

HAHN, L. 1982. Stratigraphy and marine ingressions of the
Mesozoic Khorat group in northeastern Thailand.
Geologisches Jahrbuch, 43, 7–35.

HEGGEMANN, H. 1994. Sedimentäre Entwicklung de
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long et étroit des Spinosauridés. Comptes Rendus de
l’Académie des Sciences, Série IIA, 299, 217–222.

R. AMIOT ET AL.282

62



VON GRAFENSTEIN, U., ERLENKEUSER, H., MUELLER,
J., TRIMBORN, P. & ALEFS, J. 1996. A 200 year mid-
European air temperature record preserved in lake
sediments; an extension of the d18OP–air temperature
relation into the past. Geochimica et Cosmochimica
Acta, 60, 4025–4036.

YAKIR, D., DENIRO, M. J. & GAT, J. R. 1990. Natural
deuterium and oxygen-18 enrichment in leaf water of
cotton plants grown under wet and dry conditions: Evi-
dence for water compartmentation and its dynamics.
Plant, Cell and Environment, 13, 49–56.
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Oxygen isotope analysis of phosphate in tooth enamel of mammals (δ18Op) constitutes a valuable method to
reconstruct past air temperatures in continental environments. The method is based on interdependent
relationships between the δ18O of apatite phosphate, body fluids, environmental waters and air temperatures.
Continuous tooth growth and absence of enamel remodelling in bovid teeth ensures a reliable record of the
intra-annual variability of air temperature through an incremental δ18O analysis from apex to cervix. This
method has been applied to Bison priscus dental remains of the late Middle Pleistocene from the fossiliferous
layer of a cave at Coudoulous I in South-Western France (Layer 4). The stacked oxygen isotope signal obtained
by combining 9 bison teeth shows sinusoidal variations (15.0‰ to 19.1‰ V-SMOW) of seasonal origin over
2.5 yr. The corresponding computed MAT of 9±3 °C is about 4 °C lower than at present. Seasons appear more
contrasted in Coudoulous I during Layer 4 deposition with summers as warm as present ones (19±3 °C) and
significantly colder winters about 0±3 °C compared to 6±1 °C at present.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The Quaternary period is marked by drastic climatic events with
the onset of glacial–interglacial cycles of different dominant periodi-
city (41 kyr at ca. 2.6 Ma then 100 kyr at ca. 1 Ma). Glacial stages are
characterized by increased seasonality and decreased precipitations
(deMenocal, 2004; Mosbrugger et al., 2005). Colder and drier climatic
conditions caused decisive changes in the structure of herbivore
community in Western Europe, as seen by very high turnover peaks
during the Middle Pleistocene and the predominance of large bodied
and cold-adapted species (e.g., bison, reindeer) as well as peculiar
microfauna associations (Chaline, 1972). Multiple migrations follow
the East–West climate gradient from strong continental and seasonal
conditions in the Asian heartland to a mild humid climate that pre-
vailed in Western Europe for a longer time (Brugal and Croitor, 2007;
Croitor and Brugal, 2007).

In continental environments, the most widespread geochemical
method of air temperature determination is derived from measure-
ments of the oxygen isotope composition of speleothems, ostracods,
and vertebrate bones and teeth. The method is based on the de-
pendence of the δ18O of the mineral on the isotopic composition of
environmental water (δ18Oew) via percolating fluids, streams or body
fluids, and on the dependence of δ18Oew on the air temperature.

In some cases, the conversion of the isotopic composition of
the mineral into δ18Oew is not straightforward as the relation of the
former to the latter depends on the temperature at which the pre-
cipitation of the mineral takes place (Longinelli and Nuti, 1973;
Kolodny et al., 1983). When the precipitation temperature is a known
and constant parameter (e.g. apatite precipitation from body fluids in
homeotherms), the oxygen isotope composition of the mineral only
depends on the corresponding δ18Oew. The ratio of oxygen isotopes in
mammal body fluids and tissues (flesh, bones and teeth) reflects the
origin of water not only from imbibed liquid but also from ingested
food. The water contained in food has a complicated relationship with
meteoric water and can be significantly 18O-enriched compared to
it. The relative contribution of water entering the body as liquid and
as food water varies from one species to another. Animals with low
water turnover are expected to derive more water from isotopically-
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enriched food sources and less from drinking water than those with
high water turnover (Luz et al., 1984; Kohn et al., 1996). For the vast
majority of terrestrial vertebrates, water turnover scales to body mass
(Eberhardt, 1969). Therefore, the δ18O of the tissue of big animals
should be less affected by the solid food consumption than the δ18O of
smaller ones (Kohn et al., 1996). As a result, animals that are water-
dependent display average δ18O values closely correlated with the
average δ18O of local precipitation (Longinelli, 1984; D'Angela and
Longinelli, 1990; Ayliffe et al., 1992; Bryant et al., 1994). For bisons,
which fall into the category of water-dependent animals, Hoppe
(2006) demonstrated, indeed, that the mean value of δ18O of the
carbonate component (δ18Oc) of the hydroxyapatite is related to the
values of environmental waters.

Several equations were determined between δ18Oew and the mean
annual air temperatures that can be applied to the global scale or to a
restricted latitude range (Dansgaard, 1964; Yurtsever, 1975; Rozanski
et al., 1992; Von Grafenstein et al., 1996; Amiot et al., 2004). However,
high-resolution data are needed to assess the inter-annual variability
of air temperature in continental environments. The oxygen isotopic
composition of tooth enamel or tusk of individual large mammal
fossils was shown to reflect accurately the seasonal δ18O variations of
environmental waters (Koch et al., 1989; Bryant et al., 1996; Fricke and
O'Neil, 1996; Fricke et al., 1996; Stuart-Williams and Schwarcz, 1997;
Sharp and Cerling, 1998; Gadbury et al., 2000; Zazzo et al., 2002;
Sharma et al., 2004).

Knowledge of the climate mode that prevailed during the late
Middle Pleistocene is fundamental to understand its impact on the
evolution of mammal biodiversity, including hominids. More than the
mean annual temperature, seasonal amplitude and the temperatures
of the warmest and coldest months are critical parameters contribut-

ing to control the biomass and its diversity. Therefore, the purpose of
this study is to measure the magnitude of the δ18O variations with-
in bison teeth to reconstruct the climate seasonality during the late
Middle Pleistocene in South-Western France. To achieve this aim, we
analyzed the phosphate oxygen isotopic composition of enamel
(δ18Op) sampled along profiles in bison teeth collected at the Cou-
doulous I site (Lot, France, Fig. 1). These compositions are converted
into the isotopic composition of the environmental waters and then to
air temperatures. The results are compared to present-day data and to
other estimates of air temperatures in France at the end of the Middle
Pleistocene.

2. Sampling site and stratigraphy

The Coudoulous I site is located in a limestone plateau (Causse de
Gréalou) in South-Western France (44°28′N, 1°39E; elevation=280m;
Fig. 1). It is a 7 m thick karstic infilling composed of detrital material,
containingmany fossil andarchaeological remains. Bison teethbelong to
the 40 cm thick Layer 4 whichwas defined among ten sedimentological
layers (Jaubert et al., 2005). Layer 4 is made up of calcareous stones or
rocks and bone fragments preserved in a silto-sand matrix. Micro-
fauna is scarce and consistent with a continental to intermediate steppe
climate. The dominant species of the macrofauna is the steppe bison
(Bison priscus) that represents almost 98% of the identifiable large
mammal remains, with the occurrence of 232 individuals spread on
25m2 (Jaubert et al., 2005). Themetrical features of bones andmortality
curve inferred from bison remains is consistent with the structure of a
natural population (herd), mainly constituted of juvenile and female
individuals. Such a nearly monospecific fossil assemblage with this age
distribution generally corresponds to ‘catastrophic’ events interpreted

Fig. 1. Geographic map with the location of the French sites mentioned in this study.
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as repeatedhunting episodes byNeanderthals (Brugal,1999).Moreover,
remains of lithic industry of the early Middle Paleolithic (mostly quartz
and flints) were found along with many butchery grooves on bones
produced during the cutting up of carcasses. The dentary of the young
trapped individuals reveals that the hunting episodes took place in late
spring–early summer.

According to biochronological data, the sedimentary sequence
of Coudoulous I is from late Middle Pleistocene to Late Pleistocene
(Jaubert et al., 2005). The sedimentary series of Layer 4 was deposited
between two stalagmitic floors that provided U/Th ages of 240±80 ka
and 126±17 ka. Bison bones (n=5) and teeth (n=3) collected in
Layer 4 were dated by U/Th and ESR combined methods. The results
obtained by the two methods are in agreement and indicate a closed
system or weak leaching. The ages range from 137 to 151 ka for bones,
and from 140 to 209 ka for teeth (Jaubert et al., 2005; Table 1).
Considering an accepted uncertainty of 15% for the dating (Jaubert
et al., 2005), a median value of 149±6 ka can be calculated by aMonte
Carlo method (e.g. Metropolis and Ulam, 1949; Willink, 2006). This
age corresponds to Marine Isotope Stage 6 (MIS 6). It is consistent
with the ages of the stalagmitic floors.

3. Bison ecology

The steppe bison (B. priscus) is an extinct large mammal (700–
800 kg, ca. 2 m at the withers), well-adapted to cool steppe-like
grasslands, that lived during the glacial times (Kurten, 1968; Brugal,
1985). During the Pleistocene, it was widely distributed throughout
Europe, Central Asia and North America. Both morphological (Groves,
1981; Geraads, 1992) and molecular (Pitra et al., 1997; Buntjer et al.,
2002) phylogenies show that the North American bison, Bison bison,
and the European bison, Bison bonasus, are very close relatives among
the Bovidae. Paleontological studies (McDonald, 1981; Brugal, 1985)
set the position of B. priscus among the evolutionary history of the
Bovidae as the direct ancestor of the wisent, B. bonasus. More recently,
new genetic data onmitochondrial and Y-chromosomal DNA (Verkaar
et al., 2004) suggested that the origin of B. bonasus could be more
complicated than a direct lineage from B. priscus. However B. priscus
remains phylogenetically closer to the modern bison than any of the
other bovids.

The diet of B. priscuswasmainly composed of grass as confirmed by
the microwear pattern of molars collected in South-Western France
(Merceron andMadelaine, 2006) or by plant cuticle fragments trapped
between the cusps of steppe bison molars (Guthrie, 1990). There is a
poor knowledge about B. priscus migratory habits so far. B. bison is a
rotational grazer which migrates through the Great Plains travelling
over hundreds of kilometres to find fresh grass (Nowak, 1999). B.
bonasus is restricted presently in the deciduous forest of Bialowiesza,
Poland, and in theWestern Caucasus. It ismore sedentary, with limited
movements between higher locations in summer to more open spaces
during winters, as it was probably the case for the steppe bison. B.
bonasus eats grass, tree leaves, bark, lichens and mosses and drinks up
to 45 L water per day (Ricciutu, 1973). Birth season of B. bonasus is
May–June (Krasinski andRaczynski,1967). The calf isweaned between
8 and 12 months (Gadbury et al., 2000) but it is able to eat grass and
leaves as soon as it is three weeks old.

Bovids have high crowned teeth (‘hypsodont’) which grow from
the dentine–enamel junction towards the surface as well as from the

Table 1
Bones and teeth dating by combined U/Th and ESR methods.

Sample Bone
1

Bone
2

Bone
3

Bone
4

Bone
5

Tooth
1

Tooth
2

Tooth
3

Median

U/Th-ESR 149 137 138 151 145 209 167 140 149±6

From Jaubert et al. (2005).

Table 2
Late Middle Pleistocene bison teeth collected at Coudoulous I, South-Western France.

d
(mm)

dc
(mm)

δ18Op

(‰)

P3-351 1.0 109.5 18.9
3.5 107.0 17.7

h=25 5.5 105.0 17.3
sf=1 7.5 103.0 18.0
R=53 9.5 101.0 19.1

11.0 99.5 18.8
13.0 97.5 18.8
15.5 95.0 17.9
17.0 93.5 18.6
19.0 94.5 18.6

P4-350 4.0 124.0 16.1
7.0 121.0 16.6

h=34 9.5 118.5 16.7
sf=1 12.0 116.0 17.2
R=53 14.5 113.5 17.6

17.0 111.0 17.9
19.0 109.0 18.2
21.5 106.5 17.7
24.0 104.0 17.5
26.0 102.0 18.4
28.5 99.5 18.3

M1-371 7.0 33.0 16.0
15.5 24.5 15.4

h=40 24.0 16.0 15.6
sf=1 31.5 8.5 17.0
R=53 40.0 0.0 17.9
M2-371 6.0 79.5 16.3

13.5 72.0 15.7
h=55 19.5 66.0 16.9
sf=1 25.5 60.0 17.6
R=53 33.5 52.0 18.0

41.0 44.5 17.2
47.0 38.5 16.7
53.5 32.0 15.9

M2-190 5.0 85.0 15.6
8.0 82.6 15.5

h=68 10.5 80.6 15.8
sf=0.81 13.0 78.6 16.0
R=65 15.5 76.5 15.9

18.0 74.5 15.8
20.5 72.5 15.8
23.0 70.5 16.4
26.0 68.0 15.6
28.5 66.0 16.1
31.5 63.6 16.9
34.0 61.5 17.6
36.5 59.5 17.4
39.0 57.5 17.1
42.0 55.1 17.3
44.0 53.4 17.5
46.5 51.4 18.4
48.5 49.8 18.0
51.5 47.4 18.2
54.0 45.3 18.1
56.5 43.3 18.2

M2-328b 8.0 78.3 15.3
10.0 76.5 15.2

h=60 12.5 74.2 15.0
sf=0.92 15.0 71.9 15.6
R=58 17.0 70.1 15.7

21.0 66.4 16.8
23.5 64.1 16.5
26.0 61.8 17.7
28.0 59.9 18.4
30.0 58.1 17.3
32.5 55.8 17.5
35.0 53.5 18.1
40.0 48.9 18.5
42.0 47.1 17.7
44.0 45.2 18.4
46.5 42.9 17.8
49.0 40.6 17.6
51.0 38.8 17.4
53.5 36.5 17.4

(continued on next page)
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cervix to the apex (Hillson, 1992). The oldest part of the crown
therefore occurs at the tip and the youngest one at the root. Tooth
growth lasts around one year so that young animals may exhibit teeth
not completely grown. When the tooth is grown, the abrasion of the
apex during masticatory processes is not compensated anymore and
the size of the tooth decreases. Haynes (1984) estimated a tooth wear
rate of 1.7 mmyr−1 for the first molar of modern bison, and Reher and
Frison (1980) proposed a 3.5–3.8 mm yr−1 rate for bison from the
Prehistoric Vore site. The tooth formation sequence of B. priscus is
assumed to be similar to those known for the modern bison (Gadbury
et al., 2000) and bos (Fricke and O'Neil, 1996) that are very close to
each other. This sequence starts with the growth of M1 in utero at the
end of winter, followed by the mineralization of M2 during the first
year of animal's life (summer to summer), then by M3, P2, P3 and P4
during the next year. It is noteworthy that when M1 growth is
finishing, M2 growth begins and is followed by M3 growth with a
small overlap (Wegrzyn and Serwatkas, 1984; Gadbury et al., 2000).

4. Materials and methods

4.1. Sampling

Nine well preserved teeth from prime adult bison with complete
erupted tooth sequences have been selected from Layer 4 in Cou-
doulous I. Sample nomenclature (Table 2) corresponds to the tooth
position in the dental sequence (Smith and Dodson, 2003) followed
by the excavation number of the specimen. All the teeth are from
lower jaws with three molars corresponding to one individual (M1-
371, M2-371 and M3-371), the others (one P3, one P4, two M2, two
M3) possibly belonging to different bison (Table 2).

Enamel powder samples were collected using a micro-driller
equipped with a diamond-studded drill bit. Grooves were drilled
perpendicularly to the tooth growth axis from the cervix to the apex of
the tooth crown on the highest and best preserved cuspid (Fig. 2). This
sampling method is similar to the conventional method of enamel
extraction (Bryant et al., 1996; Fricke and O'Neil, 1996).

Two sampling strategies have been adopted chronologically. We
havefirst collectedmacro-samples (40mg, 5–10 samples/tooth, 3mm
wide grooves) on five teeth (M1-371, M2-371, M3-371, M3-291 and
M3-331). In a second step, the analytical procedure has been adapted
to smaller samples. To take advantage of this improvement, we
collected micro-samples (3 mg, 10–21 samples per tooth, 1–1.5 mm
wide grooves) on four teeth (P3-351, P4-350, M2-190 and M2-328b),
resulting in a better time resolution (Table 2; Figs. 2 and 3).

The oxygen isotopic composition and temperature respectively
collected and recorded at Villars (~130 km North-West from Cou-
doulous, elevation=180 m; Fig. 1) are used in this paper for com-
parison to reconstructed Pleistocene data (Section 6.3). Both data
were collected monthly from 1996 to 2006. The temperature data
were collected and homogenised by Meteo-France.

4.2. Oxygen isotope analysis

Enamel samples have been treated following the wet chemistry
protocol described by Crowson et al. (1991) and slightly modified by
Lécuyer et al. (1993). This protocol consists in the isolation of phos-
phate from apatite as Ag3PO4 crystals using acid dissolution and
anion-exchange resin. As it was already presented in several pub-
lications (e.g. Lécuyer et al., 1998, 2007; Daux et al., 2008), the wet
chemical procedure used for the 5 macro-samples (about 20 mg of
powder) is not described here in detail. For the 4 micro-samples, 2 to
3 mg of enamel powder was dissolved in 1 mL of 2 M HF overnight.
The CaF2 residue was separated by centrifugation and the solution
was neutralized by adding 1 mL of 2 M KOH. One and a half mL
of Amberlite™ anion-exchange resin was added to the solution to

Table 2 (continued)

d
(mm)

dc
(mm)

δ18Op

(‰)

M3-371 1.0 133.5 15.7
4.5 130.0 16.1

h=60 15.0 119.5 16.4
sf=1 20.0 114.5 17.1
R=53 25.0 109.5 17.9

30.0 104.5 18.0
35.0 99.5 17.6
40.0 94.5 17.0
45.0 89.5 16.8
51.0 83.5 16.4
57.0 77.5 16.6

M3-291 15.0 120.1 16.5
22.5 113.0 17.9

h=64 31.0 105.0 18.2
sf=0.94 40.0 96.6 17.5
R=56 48.0 89.0 16.6

55.0 82.5 16.5
M3-331 5.0 115.8 16.4

10.5 110.5 16.6
h=62 25.5 95.9 17.5
sf=0.97 31.0 90.6 17.1
R=55 36.5 85.2 16.2

42.0 79.9 15.9
53.0 69.2 16.6
60.0 62.4 17.1

d: distance (mm) of the sampling grooves from the root; dc: composite distance for the
stacked oxygen isotope record (mm); δ18Op: oxygen isotope composition of phosphate
from bison tooth enamel (‰ V-SMOW); h: crown height (mm); sf: scaling factor;
R: tooth growth rate (mm yr−1).

Fig. 2. Example of bison teeth from Coudoulous I, France, which have been sampled for oxygen isotope analysis of enamel phosphate. (a) Bison priscus teeth from lower left rows in
lingual view; (b) micro-sampled right M2 in lingual view (left) and macro-sampled right M3 in lingual view (right).
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separate the PO4
3− ions. After 24 h, the solution was removed and the

resin was eluted with 6 mL of 0.1 M NH4NO3. After 4 h, 0.1 mL of
NH4OH and 3mL of an ammoniacal solution of AgNO3 were added and
the samples were placed in a thermostated bath at 70 °C during 6 h
allowing the precipitation of Ag3PO4 crystals.

For the macro-samples, the oxygen isotope data were obtained
according to a ‘conventional off-linemethod’. Aliquots of 8mg of silver
phosphate along with 0.5 mg of pure graphite were weighed into tin
reaction capsules and loaded into quartz tubes and degassed for
30 min at 80 °C in vacuum. Silver phosphate was reduced to carbon
dioxide at a temperature of 1100 °C following the protocol of Lécuyer
et al. (1998) adapted from O'Neil et al. (1994). The oxygen isotope
ratio of the gas was measured with a PRISM II™ mass spectrometer
in dual inlet mode. Isotopic compositions are quoted in the standard
delta notation relative to V-SMOW. The reproducibility of measure-
ments carried out on tooth enamel samples is better than 0.2‰ (1σ).
Silver phosphate precipitated from standard SRM 120c (formerly NBS
120c; natural Miocene phosphorite from Florida) was repeatedly
analyzed (δ18O=21.7±0.1‰; n=10) alongwith the silver phosphate
samples.

For the micro-samples, aliquots of 400–500 μg of silver phosphate
samples were mixed with 500 μg of nickelized carbon in silver foil
capsules. Pyrolysis was performed at 1270 °C using a EuroVector

EA3028-HT™ elemental analyzer. Ceramic reaction tube was packed
with glassy carbon in the presence of nickelized graphite to generate
CO which was transferred to a GV IsoPrime™ mass spectrometer in
continuous flowmodewith He as the carrier gas (Lécuyer et al., 2007).
The δ18O value of SRM 120c was fixed at 21.7‰ for correction of
instrumental mass fractionation during the CO isotopic analysis. The
average standard deviation equals 0.27±0.11‰. Aliquots of silver
phosphate from SRM 120c were analyzed several times a day in order
to account for possible instrumental drift.

The oxygen isotope compositions of the precipitation samples col-
lected at Villars were determined using water–carbon dioxide equi-
libration methods (Horita et al., 1989). Equilibrated CO2 was analyzed
with a THERMO Finnigan MAT 252 stable isotope ratio mass spectro-
meter at LSCE, Gif/Yvette. External reproducibility of oxygen isotope
measurements is close to 0.05‰.

5. Results

Oxygen isotope compositions of enamel from the nine Bison teeth
range from 15.0‰ to 19.1‰ (Table 2 and Fig. 3) with intra-tooth δ18O
variation ranging from 1.6‰ to 3.5‰. The 3 sets of samples collected in
the molars coming from the same individual (# 371) are assembled
according to the tooth formation sequence. At the M1–M2 junction

Fig. 3. Oxygen isotope compositions of the nine sampled bison teeth (δ18Op in ‰ V-SMOW) reported against the distance (in mm) from the cervix. Teeth list — M1-371: grey-filled
square; M2-190: open triangle; M2-328: filled diamond; M2-371: black-filled circle; M3-291: grey-filled square; M3-331: dotted circle; M3-371: filled triangle; P3-351: open
diamond; P4-350: grey-filled circle.
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points, the δ18O values are close to each other and the isotopic records
of the two teeth can be easily connected. At the M2–M3 junction, no
overlap between the two datasets is observed, which may be ascribed
to an incomplete preservation of the cervical margin of the M3 or to
wear at the M2 apex. The M2 and M3 curves were connected end to
end according to similar δ18O and the known small growth overlap
as mentioned above (16‰ at 7 mm of M1-371 root and 15.9‰ at
53.3 mm of M2-371 root; Fig. 4). The δ18O versus the composite
distance for the 9 bison teeth yields a sinusoidal-like signal with
period and amplitude that are consistent throughout the whole com-
bined record (Fig. 4).

As tooth length varies from one individual to another, M2 and M3
lengths (crown height) were normalized to the M2 and M3 belonging

to bison 371 (coefficients listed in Table 2). A stacked isotopic curve
was then constructed by using the highest and lowest values of the
sinusoidal pattern of bison 371 as anchor points (Fig. 4). Non-linear
regressions were performed with the best fit of isotopic data obtained
with the following sinusoidal function:

δ18Op = − A= 2ð Þ · sin 2π = Tð Þ × dc − u½ � + k ð1Þ

where: dc is the composite distance. The amplitude of the sinusoid A is
2.5±0.5‰ (1σ), the period T is ~53 mm, the phase φ equals 1.16 rad,
and the constant k is 16.9‰. The determination coefficient is r2=0.78
(n=99, p≪0.001).

Fig. 4. Stacked temporal series of δ18Op (‰ V-SMOW) obtained from nine Bison priscus teeth from the late Middle Pleistocene of Coudoulous I, France. Solid line is the best sinusoidal
fit and dashed line is the 95% confidence interval. Arrows indicate the period of enamel formation for each tooth. Teeth list—M1-371: grey-filled square; M2-190: open triangle;
M2-328: filled diamond;M2-371: black-filled circle; M3-291: grey-filled square; M3-331: dotted circle; M3-371: filled triangle; P3-351: open diamond; P4-350: grey-filled circle.

Fig. 5.High-resolution temporal δ18Op (‰ V-SMOW) records reveal the existence of cusp shape in the fourmicro-sampled teeth (M2-190, M2-328, P3-351, and P4-350, same symbols
as in Figs. 3 and 4) of Bison priscus from the late Middle Pleistocene of Coudoulous I, France. Drops in oxygen isotope compositions occur during the two recorded summer seasons
(arrows). Composite distance values are from Table 2.
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In the micro-sampled teeth (M2-190, M2-328b, P3-351, and P4-
350), the top of the isotopic signal shows a cusp disturbing the
sinusoidal curve. Isotopic values drop by ~1‰ over less than 5–10 mm
along the tooth growth axis (Fig. 5).

6. Discussion

6.1. Meaning of the oxygen isotope compositions of bison tooth enamel
phosphate

The quality of the sinusoidal curve fit is a strong argument in
favour of the preservation of the original isotopic signal. Assuming
that the bison tooth enamel records the sinusoidal input signal of
δ18O in precipitation which is expected under mid-latitudes for a
non-arid climate, low and high δ18O values may be interpreted as
winter and summer seasons, respectively. The stacked isotopic re-
cord therefore corresponds approximately to a 2 yr and a half record
allowing the calculation of a mean tooth growth rate of about 55 mm
yr−1. This value is in good agreement with other growth rates be-
tween 40 and 55 mm yr−1 that were estimated for both modern and
fossil bison (Fricke and O'Neil, 1996; Gadbury et al., 2000; Feranec
and MacFadden, 2000). Ninety percent of the data are included in a
1.5‰ range around the best sinusoidal fit. This variability corre-
sponds essentially to inter-individual differences. The analyzed teeth
indeed correspond to different individuals, which had different ages
at the time of their death, and to several hunting episodes but
within a same short climatic frame. The range of variation of 1–2‰,
observed by Fricke et al. (1996) for modern groups of cattle, sheep
or elks from different localities across North America and Europe
brackets the 1.5‰ value found for the B. priscus population of
Coudoulous I.

The mineralization process does not alter the mean δ18Op which
is a proxy for the mean composition of environmental water
(δ18Oew). However, it is known to modify more or less both the
phase and amplitude of the sinusoidal input signal (Passey and
Cerling, 2002; Higgins and MacFadden, 2004; Kohn, 2004). Correc-
tions of these two parameters are theoretically required to esti-
mate the amplitude of seasonal temperature variations. Passey and
Cerling (2002) studied the growth and enamel maturation of the
first molar of a modern bison. They showed that the percentage of
mineralization ranges from 25% at the root to 100% at the apex (at
26–30 mm). This means that the enamel increments in Coudoulous I
bison are fully mineralized in 6 months according to the computed
growth rate of 55 mm yr−1. This is in agreement with the estimates
of 6–7 months for the completion of enamel maturation in steers
(Balasse, 2002).

As a second consequence of the mineralization process, the sinu-
soidal signal is dampened. Dampening is defined here as in Kohn
(2004) as the difference in amplitude of the environmental and of
the recorded signals divided by the amplitude of the environmental
signal. Averaging over 6 months leads to a 40–45% dampening to
which ~10% must be added due to the residence time of the oxygen in
the animal (Kohn and Cerling, 2002; Kohn et al., 2002). The resulting
dampening factor (df) of 50–55% is in agreement with the value of 50–
70% proposed by Kohn (2004).

The dampened δ18Op signal measured in Bison teeth has an
amplitude of 2.5±0.5‰ and a mean value of 16.9‰ (Eq. (1), Fig. 4).
Determining the input, not dampened, signal is an ill-posed inverse
problem. As it cannot be solved, the amplitude of the input isotope
signal was estimated using a Monte Carlo approach. A set of am-
plitudes (A) of the input signal was generated so that: A×(1−df) is in
the range [2.5−σ; 2.5+σ] that is [2‰; 3‰] with df in the range
[0.50–0.55]. The estimation obtained by averaging 1000 independent
replications is: 5.3±0.7‰. Neglecting such a dampening effect would
lead to largely underestimate both variations in environmental water
δ18O and air temperature.

The validity of such an approach was tested by using the following
model:

– The input signal, that is the annual variation of the δ18O of the
environmental water, was modelled as x(t), a sinusoidal function
of time: x(t)=(A/2). sin(ωt), where ω is π/6 if the periodicity of
the signal is annual.

– The effect of the residence of the water in the body over a τ-long
time period was modelled by integrating function x(t) over a time
length τ. The resulting function y(t), as an integer of a sinusoidal
function, is also a sinusoidal function:

y tð Þ = 1
τ

×
Zt + τ

t

x tð Þ: ð2Þ

– Tomodel the effect of mineralization the two steps character of the
process must be taken into account. The mineralization is known
to be ‘instantaneous’ for 25%, the 75% left corresponding to a
6 months long maturation. It was modelled as follows:

z tð Þ = 0:25 × y t − 6ð Þ + 1
6

×
Z t

t − 6
y tð Þ

= − 0:25 ×
A
2

sin ωtð Þ + 1=ωð Þ × cos ϖtð Þ½ �

ð3Þ

z(t) is also a sinusoidal function.
The unknown parameters here are the amplitude of the input

signal, A, and the residence time of the water in the bison body, τ. We
adjusted these values in order to obtain an amplitude of the output
signal z(t) of about 2.5‰ (amplitude of the dampened signal δ18Op in
bison teeth). The results of this modelling are presented in Fig. 6. The
best fit is obtained with t=3 months and A=5.3‰. The dampening
subsequent to the residence of body water is ca. 10% and the one due
to mineralization is ca. 45% which is in agreement with the data
presented above.

6.2. Estimates of δ18O of environmental waters (δ18Oew)

Hoppe (2006) demonstrated that the mean δ18O value of the
carbonate component (δ18Oc) of bison hydroxyapatite is related to the
value of environmental waters. Since carbonate and phosphate in
mammalian enamel are in isotopic equilibrium, δ18Oc can be con-
verted in δ18Op using the fractionation equation determined by Zazzo
et al. (2004):

δ18Op = 0:973 × δ18Oc − 8:12: ð4Þ

The ordinary least squares analysis of the calculated δ18Op versus
the δ18Oew listed in Hoppe (2006) produces the following equation:

δ18Oew = 1:18 F0:07ð Þ × δ18Op − 27:2 F1:1ð Þ

� n = 62; r2 = 0:8; p b 0:0001
� �

:

ð5Þ

In order to take into account the uncertainties associated with
the regression coefficient, the intercept, and the mean value and
amplitude of variation of δ18Op, the values of δ18Oew (amplitude and
yearly mean) were calculated using a Monte Carlo approach. To do so,
we generated 1000 sets of inputs randomly in their domain (e.g. the
regression coefficient was sampled in [1.11‰; 1.25‰]), we performed
the computation of δ18Oew using the inputs and we aggregated the
results of the 1000 individual computations into the final result
(mean±standard deviation at 1σ). According to Eq. (5), the con-
version of the corrected amplitude of 5.3±0.7‰ and the mean value
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of 16.9‰ of the δ18Op signal yields an amplitude of 6.3±0.5‰ and a
mean value of −7.2±0.9‰ for δ18Oew. Still using a Monte Carlo
method, we computed a δ18Oew range from about −10.3±0.5‰ to
−4.1±0.5‰. This isotopic range slightly differs from the oxygen
isotopic compositions of present-day meteoric waters sampled at
Villars (close to Coudoulous, Fig. 1) which vary between −8‰ and
−4.6‰ (Table 3). Note that the mean δ18Oew calculated above can
differ from the value of the amount-weighted δ18Oew of precipitation
if precipitation is strongly season-dependent.

Drops in δ18Op during the two recorded summer seasons of some
bison teeth (Fig. 5) may be ascribed to various processes. According to
the ~55 mm yr−1 tooth growth rate calculated for bison teeth from
Coudoulous I, the relatively low isotopic values span over a distance
along the tooth corresponding to about 1 month. In summer, at mid-
latitudes, the variation of precipitation δ18O may result from various
effects: intra-season temperature variations, different precipitation
sources and amount effect. The amount effect corresponds to a
relative 18O-depletion of the precipitation and occurs when the tem-
perature is above a threshold of ~20 °C, and the precipitation amount
is large (Dansgaard, 1964; Rozanski et al., 1993; Fricke and O'Neil,
1999; Bowen and Wilkinson, 2002; Straight et al., 2004). It was
advocated by Higgins and MacFadden (2004) for being responsible of
~2‰ drops in the pattern of the intra-tooth δ18O values collected in

late glacial bison and horse teeth from South-Western United States.
At Coudoulous I the summer depletion is minor compared to the
yearly variation, however none of the three mentioned effects can be
discarded.

6.3. Air temperature during the late Middle Pleistocene

According to the frequency of the sinusoidal pattern of the δ18Op

signal in B. priscus teeth, it appears clearly that each enamel sample
corresponds to a period of several weeks only. Therefore, seasonality
of air temperatures (Tair) at Coudoulous I during Layer 4 deposition
needs to be estimated by using linear regression equations ‘δ18Oew−
Tair’ either based on mean summer and winter values or monthly data
close to the study area instead of those based on annual average values
inferred from global datasets. Using the same approach as Fricke and
O'Neil (1999), we calculated seasonal δ18Oew/Tair regressions using a
sub-dataset restricted to the circum North-Atlantic stations of the
IAEA-GNIP/ISOHIS dataset (2006).

Summer Jun:–Aug:ð Þ :
Tair = 1:06 F0:07ð Þ × δ18Oew + 24:1 F0:7ð Þ

� n = 71; r2 = 0:75; p b 0:001
� �

ð6Þ

Winter Dec:–Feb:ð Þ :
Tair = 1:40 F0:05ð Þ × δ18Oew + 15:3 F0:8ð Þ

� n = 72; r2 = 0:92; p b 0:001
� �

:

ð7Þ

We also calculated a local regression based on 10 yr monthly
averaged series of precipitation δ18O and mean temperature recorded
at Villars over 1996–2006.

Tair = 3:66 F0:40ð Þ × δ18Oew + 35:1 F2:6ð Þ

Spearman0s rank correlation : ρ = 0:98; p b 0:01
� �

:

ð8Þ

Table 3
Oxygen isotope composition of environmental water (‰ V-SMOW) and air temperature
(°C) measured at Villars and Bergerac (Fig. 1) in summer (June–August) and winter
(December–February).

Present day (1996–2006) Level 4

Villars Villars Bergerac Coudoulous

δ18Oew T
(°C)

T
(°C)

δ18Oew T (1) T (2)

Summer −4.7 18±1 20±1 −4.4±0.9 19±1 19±3
Winter −7.9 5±1 6±1 −10.6±0.9 1±1 −1±3
Annual 12±1 13±1 9±3

δ18Oew (‰ V-SMOW) at Coudoulous deduced from Eq. (5) and converted in
temperature using (1) T–δ18Oew summer and winter relationships according to
Eqs. (6) and (7) and (2) T–δ18Oew relationship according to Eq. (8).

Fig. 6. The δ18Op values measured in Bison teeth constitute the output oxygen isotope signal that was dampened by the combination of mineralization process and residence time of
water in the animal's body. The restoration of the original amplitude of the sinusoidal signal has been used to calculate the δ18O of waters (‰ V-SMOW). See Section ‘6.1’ for the
calculation method. δ18Op (‰ V-SMOW; left axis) are converted into δ18Oew (‰ V-SMOW; right axis) using Eq. (5).
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The robustness of this present-day δ18Oew–Tair relationship has
been shown by Rozanski (1985) who documented, on the basis of
modern groundwater compositions, a systematic depletion in deuter-
ium of mean annual precipitation as air masses move eastward over
Europe. A parallel trend in groundwater dated from the last glacial
maximum (10,000–35,000 yr), and shifted toward lower δD values by
about 10‰ due to air cooling, reveals that the paleo-atmospheric
circulation was similar to present-days. Therefore, it is assumed that
such a relationship was also valid for the late Middle Pleistocene; the
calculated summer (June to August) mean temperature at Coudoulous
I during the time of deposition of Layer 4 is ca 19 °C according to both
methods expressed by Eqs. (6) and (8) (Table 3). The winter
(December to February) temperature is around +1 °C according to
Eq. (7) and −1 °C according to Eq. (8). Present-day air temperatures
in South-West of France (e.g. Villars and Bergerac; Fig. 1) are close to
18–20 °C in summer and 5–6 °C in winter (Table 3). According to the
two kinds of linear regression equations used to relate air temperature
to δ18Oew, seasons may have been more contrasted in Coudoulous I
during Layer 4 deposition with summers as warm as the present ones
and winters significantly colder. Combination of mean δ18Oew and
the local ‘Villars’ δ18Oew/Tair relationship leads to estimate a MAT of
9±3 °C which is ca. 4 °C less than the present-day annual mean
value (Table 3).

Various studies based on pollen data have reconstructed cold cli-
mates in France at the end of the Rissian period (Saalian; MIS 6;
Fig. 7): winter and summer temperatures at La Grande Pile (North-
Eastern France, Fig. 1) were estimated to be respectively 21±3 °C and
4±8 °C lower than today resulting in a higher seasonality (Rousseau
et al., 2006). The MAT was estimated to be 8 to 12 °C lower by Guiot
(1990) and 14 to 19 °C by Fauquette et al. (1999) at the same site. It
was calculated to be lower by 8 to 12 °C at Les Echets (Eastern France)
and 15 °C lower at Vienne (Centre of France) (Fauquette et al., 1999).
At the very beginning of the Eemian (MIS 5e), the temperatures have
risen. For instance, at La Grande Pile, at about 125 ka, the warming has
been ca. 20 °C in summer and winter resulting in summer tem-
perature higher than today (Guiot, 1990), winter temperature similar
to present-day temperature and still marked seasonality. The cal-
culated mean annual temperature (MAT) were 9 to 12 °C at La Grande
Pile (9.5 °C today), 8 to 12 °C at Les Echets (10.5 °C today), and 10 to
13 °C at Lac du Bouchet (7 °C today), which is about the same as or
higher than today (Fauquette et al., 1999).

The age of Layer 4 (149±6 ka) corresponds to the end of the
Rissian, European equivalent to MIS 6, that is a glacial period. The
MAT reconstructed at Coudoulous I is higher than those estimated in
previous studies for this period (Fig. 7). Apparent discrepancies be-
tween the geochemical and palynological approaches could result
from two kind of origins. The first one could be linked for both
methods to the use of ‘transfer functions’ (floral associations and
δ18O–T relationship) that were established in present-days and that
could be not valid when transposed to the late Middle Pleistocene of
Europe. The second one could be the age of Layer 4 in Coudoulous that
could mark the end of the Rissian glacial stage with the onset of a
milder climate resembling that estimated for the Eemian. However, it
is noteworthy that the estimated mean temperature and seasonality
in Coudoulous by using the δ18Op of bison teeth are comparable to the
well quantified glacial conditions of the last glacial (e.g. Davis et al.,
2003).

7. Concluding remarks

Fossil bison intra-tooth oxygen isotopic compositions show
variations consistent with the annual cycle of the isotopic composition
of precipitation. Taking into account a 50–55% dampening, the annual
range of variation of the δ18Oew can be reconstructed. This last para-
meter can be translated to temperature seasonality using local or
monthly T–δ18Oew relationships. Summers were as warm as today
whereas winters were about 6 °C colder and the MAT is estimated to
be about 4 °C lower than today. This result challenges previous studies
providing much colder climatic conditions for the late Middle Pleis-
tocene. The incremental oxygen isotope analysis of phosphate in bison
enamel apatite offers interesting perspectives to quantify temperature
seasonality that is a key parameter in assessing glacial versus inter-
glacial climatic modes.
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Phosphatic remains of marine vertebrates recovered from five fossil sites of the Pisco Formation ranging from
the latest Middle/earliest Late Miocene (Ca 11–13 Ma) to the Early Pliocene (Ca 3.5 Ma) have been analysed
for their oxygen isotope compositions (δ18Op). Coexisting seals, dolphins, whales, penguins and sharks from
each locality have distinct δ18Op values reflecting ecology and physiology differences, ranging from 18.2‰ to
21.4‰ for marine mammals, from 19.5‰ to 21.5‰ for marine birds and from 20.9‰ to 23.1‰ for sharks.
Systematic offsets observed between dolphin teeth and bones as well as between dolphin and whale bones
indicate that the fractionation equation established by using data from extant cetaceans may not be directly
applicable to Miocene cetaceans in order to estimate water δ18Ow values. Assuming that polar ice-caps were
not totally developed during this time interval, marine palaeotemperatures ranging from 13.0±1.3 °C to 17.2
±1.3 °C were estimated. Comparison of our results with those obtained in other World's areas suggests that
the oxygen isotope ratios of Pisco vertebrates reflect the influence of both global and local events, such as the
setting of the Atacama Desert, the cold Humboldt Current or the global phases of ice-cap growth and decay.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Quantitative reconstitutions of temperatures and oxygen isotope
compositions of past seawater (δ18Osw) mainly rely on the oxygen
isotope analysis of skeletal phosphate (δ18Op) and carbonate (δ18Oc)
secreted by marine organisms. As the oxygen isotope fractionation
between these biominerals and water is temperature-dependent, the
δ18Op or δ18Oc value of aquatic ectothermic organisms (such as marine
invertebrates and most fish) both reflect environmental temperature
and water composition whereas endothermic organisms (marine
mammals) provide δ18Ow estimates. Temporal variations in both
temperature and δ18Ow value of sea or fresh waters can be tracked by
analysing the phosphatic tissues of both coexisting marine mammals
and fish or reptiles and fish (Barrick et al., 1993; Lécuyer et al., 1996;
Barrick et al., 1999) using the fractionation equations established bet-
ween phosphate and water for cetaceans (δ18Op=0.773 δ18Ow+17.8;

Yoshida and Miyazaki, 1991), fish (T °C=113.3−4.38 (δ18Op−δ18Ow);
Kolodny et al., 1983), turtles (δ18Ow=1.01 δ18Op−22.3; Barrick et al.,
1999) or crocodilians (δ18Ow=0.82 δ18Op−19.13; Amiot et al., 2007). It is
noteworthy that using cetaceans is not possible for periods older than
the Eocene when these marine mammals appeared (Fordyce, 1994).

TheMiocene and Pliocenewere periods of great changes in the Earth's
global climatic regime marked by the development of polar ice-caps and
by the progressive global cooling that followed the Middle Miocene
Climatic Optimum (see Zachos et al., 2001 for a review). Oxygen isotope
compositions of phosphatic remains from coexisting cetaceans and fish
have beenused as proxies of thermal changes and ice volumefluctuations
(Barrick et al., 1992, 1993). Surprising conclusions were drawn from their
study of fossil samples recovered from Miocene deposits of the
Chesapeake Bay (North America, Atlantic coast). Assuming that the
studied samples were not diagenetically altered, Barrick et al. (1992)
applied the oxygen isotope fractionation equation established formodern
cetaceans (Yoshida andMiyazaki,1991) toMiocene porpoises andwhales.
Theyobtainedunrealisticallyhighδ18Owvalues ranging from+2 to +4.7‰.
They also observed a positive correlation between estimated marine
temperatures and δ18Ow values, meaning that warmer marine conditions
prevailed during polar glaciations and conversely cooler temperatures
during ice-cap melting. Moreover, the inferred variations in δ18Ow values
suggest larger volumes of polar ice involved during the Miocene growth
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and decay stage than previously suspected (Haq et al., 1987; Miller et al.,
1991). These results raised several questions concerning the meaning of
the oxygen isotope compositions recorded in Miocene cetacean bones
from Chesapeake Bay. Do they reflect global palaeoenvironmental
conditions or local ones (Barrick et al., 1992, 1993)? To which extent is
the equationestablishedbyYoshida andMiyazaki (1991) applicable to any
fossil cetacean given the excessively highδ18Ow values estimated from the
δ18Op values of their Miocene counterparts?

The fossil sites of the Pisco Formation (Peru, Pacific coast) have
yielded rich and well-preserved marine vertebrate fauna of Miocene
and Pliocene ages that include cetaceans (porpoises, whales),
pinnipeds (seals), birds (among others, penguins), turtles, crocodiles
and sharks. Fossil remains of these animals having various ecologies
and physiologies have been analysed for their oxygen isotope contents
in order to estimate the variations in marine temperatures and ice
volume changes as well as to search for answers to questions raised by
the results provided by Barrick et al. (1993)'s study.

2. Geological settings

The Pisco Formation consists of marine Neogene deposits located
along the southern coast of Peru, and is known for its abundant
marine vertebrate fauna. The Pisco Formation extends about 300 km
from the city of Pisco south to Yauca (Fig. 1) and is about 640 m thick
(Brand et al., 2003). Its geology and palaeoecology in the Sacaco area
were studied by Muizon and DeVries (1985). The age of the sediments
is constrained by vertebrate and molluscan biostratigraphies and
radioisotopic dating. Samples come from different localities within the
Pisco Formation representing different age levels: El Jahuay (ELJ, ca. 9–
10 Ma), Late Miocene; Aguada de Lomas (AGL, ca. 7–8 Ma; Muizon and
Bellon, 1986; Muizon et al., 2003), Late Miocene; Sacaco Sud (SAS,
ca. 5 Ma), Early Pliocene; Sacaco (SAO, ca. 3.5 Ma; Muizon and Bellon,
1981), Early Pliocene. All these localities are in the Sacaco area, Arequipa
Department. Northwards, the latest Middle/earliest Late Miocene

locality of Cerro la Bruja, belongs to the Ica Department (ca. 11–13 Ma;
Muizon,1988). Deposits from the Pisco Formation range in age from the
Middle Miocene (ca. 14 Ma) to the Late Pliocene (ca. 2 Ma) with a time
span of about 12 Ma (Muizon and DeVries, 1985).

3. Sample collection

Phosphatic remains of marine vertebrates (whales, dolphins, seals,
penguins, marine sloths, turtles, crocodilians and sharks) recovered
from five fossil sites of the Pisco Formation were collected, cleaned
and analysed for their oxygen isotope compositions. Except for small
teeth for which bulk analyses were performed as well as two aquatic
sloth teeth covered with durodentine, enamel was preferentially
selected and sampled with a microdrill. Cortical regions of various
bones which are the most compact bone parts were selected from
penguins, whales, seals and marine sloth skeletal remains. Dense
periotic and tympanic bones of dolphins and whales were also
sampled. Number of samples, location and age, the phosphatic tissues
analysed and taxonomic identification are reported in Table 1.

4. Analytical techniques

Measurements of oxygen isotope ratios of apatite consist of
isolating phosphate ions using acid dissolution and anion-exchange
resin, according to a protocol derived from the original method
published by Crowson et al. (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 deionised water, and drying at 50 °C, 8 mg of
Ag3PO4 are mixed with 0.5 mg of pure powder graphite. 18O/16O ratios
are measured by reducing silver phosphates to CO2 using graphite
reagent (O'Neil et al., 1994; Lecuyer et al., 1998). Samples are weighed
into tin reaction capsules and loaded into quartz tubes and degassed
for 30 min at 80 °C under vacuum. Each sample was heated at 1100 °C
for 1 min to promote the redox reaction. The CO2 produced was
directly trapped in liquid nitrogen to avoid any kind of isotopic
reactionwith quartz at high temperature. CO2 was then analyzed with
a GV Isoprime™ and a GV Prism™ mass spectrometer at the
Laboratory UMR CNRS 5125 ‘PEPS’, University Claude Bernard Lyon
1. Isotopic compositions are quoted in the standard δ notation relative
to V-SMOW. Silver phosphate precipitated from standard NBS120c
(natural Miocene phosphorite from Florida) was repeatedly analyzed
(δ18O=21.70±0.13‰; n=37) along with the silver phosphate samples
derived from the Miocene and Pliocene vertebrate remains.

5. Results

Oxygen isotope measurements of tooth and bone phosphate are
reported in Table 1. The whole δ18O dataset ranges from 17.5‰ to
23.1‰. For each of the five localities sampled, mean δ18Op values of
teeth and bones for each taxonomic group are plotted against their
relative age in Fig. 2. Significant isotopic differences are observed at
any given locality between the various groups of vertebrates, with
ranges from 18.2‰ to 21.4‰ for marine mammals, 19.5‰ to 21.5‰ for
marine birds and 20.9‰ to 23.1‰ for sharks. Relationship between the
oxygen isotope composition of teeth and bones is not the same for any
taxon. Indeed, teeth have δ18O values higher than bones in the case of
dolphins and one crocodile and conversely in the case of seals and one
whale, and there is no significant isotopic difference between the
tooth and bone for the specimen of marine sloth from “Sacaco Sud”.
Oxygen isotope compositions define distinct trends with time as a
function of the considered taxon; only shark and seal teeth have δ18O
values that clearly increase by about 1‰ from the Miocene to the
Pliocene. Oxygen isotope compositions of penguin bones show two
maxima during the Late Miocene and the Pliocene. All taxa, including
tooth and bone data, show δ18O values for the latest Middle/earliest

Fig. 1. Map showing the Miocene and Pliocene localities of the Pisco formation, Peru.
Localities where samples have been analysed are printed in bold. Modified after
McDonald & Muizon (2002: fig.1).
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Table 1
Taxon, location, phosphatic tissue, and oxygen isotope composition of Miocene and Pliocene Pisco vertebrate samples, Peru

Sample Tissue Taxon Common name Locality Age (My) δ18O (‰ V-SMOW)

AL Tooth enamel Hexanchus sp. Shark Sacaco 3.5 23.1
AO Tooth enamel Carcharhinus sp. Shark Sacaco 3.5 21.5
SAO 69-AW Femur Spheniscus urbinai Penguin Sacaco 3.5 20.7
SAO 70-AX Femur Spheniscus urbinai Penguin Sacaco 3.5 20.9
BE Periotic Kojia sp. Sperm whale Sacaco 3.5 19.7
SAO 32-BF Periotic Delphinidae Dolphin Sacaco 3.5 18.2
SAO 82-BG Periotic Delphinidae Dolphin Sacaco 3.5 19.3
BH Periotic Delphinidae Dolphin Sacaco 3.5 18.6
SAO 13-BI Humerus Thalassocnus carolomartini Aquatic sloth Sacaco 3.5 21.2
SAO 201-BJ Metatarse MTV Thalassocnus carolomartini Aquatic sloth Sacaco 3.5 20.7
SAO 136-BL Tooth bulk Phocidae Seal Sacaco 3.5 19.7
BM Humerus Phocidae Seal Sacaco 3.5 20.4
SAO 11-BN Periotic Mysticete Whale Sacaco 3.5 20.3
SAO 11-BN Periotic Mysticete Whale Sacaco 3.5 19.4
BP Periotic Mysticete Whale Sacaco 3.5 20.1
SAS 1380w-A Tibiotarsus Spheniscus urbinai Penguin Sacaco Sud 5 20.4
SAS 1036-B Tibiotarsus Spheniscus urbinai Penguin Sacaco Sud 5 19.8
SAS 1380u-C Femur Spheniscus urbinai Penguin Sacaco Sud 5 20.5
SAS 305-D Coracoid Spheniscus urbinai Penguin Sacaco Sud 5 20.2
SAS 126-E Tibiotarsus Spheniscus sp. Penguin Sacaco Sud 5 20.3
SAS 501-F Tooth enamel Piscophoca pacifica Seal Sacaco Sud 5 18.7
SAS-G Tooth enamel Piscophoca pacifica Seal Sacaco Sud 5 18.9
SAS 1610-H Tooth dentine Thalassocnus littoralis Semi-aquatic sloth Sacaco Sud 5 21.3
SAS-I Tooth dentine Thalassocnus littoralis Semi-aquatic sloth Sacaco Sud 5 21.6
SAS-J Tooth enamel Piscolithax longirostris Dolphin Sacaco Sud 5 19.8
SAS-K Tooth bulk Piscolithax longirostris Dolphin Sacaco Sud 5 19.6
SAS-L Tympanic Piscobalaena nana Whale Sacaco Sud 5 19.9
SAS-M Radius Piscobalaena nana Whale Sacaco Sud 5 20.1
SAS-N Tooth enamel - Sperm whale Sacaco Sud 5 19.6
SAS-O Tooth enamel Carcharodon carcharias Shark Sacaco Sud 5 21.3
AR Tooth enamel Cosmopolitodus sp. Shark Sacaco Sud 5 21.6
AS Tooth enamel Cosmopolitodus sp. Shark Sacaco Sud 5 21.6
SAS-P Tooth bulk Indet. Longirostrine crocodilian Sacaco Sud 5 21.6
SAS-Q Osteoderm Indet. Longirostrine crocodilian Sacaco Sud 5 20.2
SAS 50-BQ Rib Thalassocnus littoralis Semi-aquatic sloth Sacaco Sud 5 21.4
SAS 53-BR Rib Thalassocnus littoralis Semi-aquatic sloth Sacaco Sud 5 21.7
AGL 145F-AE Carpometacarpe Spheniscus urbinai Penguin Aguada de Lomas 7–8 21.2
AGL PPI 145G-AY Distal femur Spheniscus urbinai Penguin Aguada de Lomas 7–8 20.4
AGL PPI 145C-AZ Humerus Spheniscus urbinai Penguin Aguada de Lomas 7–8 21.0
SMNK-AGL-AF Tooth enamel Tursiops oligodon Dolphin Aguada de Lomas 7–8 19.5
AT Tooth enamel Cosmopolitodus hastalis Shark Aguada de Lomas 7–8 21.8
AV Tooth enamel Cosmopolitodus hastalis Shark Aguada de Lomas 7–8 21.7
BS Tooth enamel Phocidae Seal Aguada de Lomas 7–8 18.9
BT Tooth enamel Phocidae Seal Aguada de Lomas 7–8 17.5
BU Tooth enamel Phocidae Seal Aguada de Lomas 7–8 18.9
BV Periotic – Dolphin Aguada de Lomas 7–8 18.1
BW Periotic – Dolphin Aguada de Lomas 7–8 18.8
BX Tympanic – Whale Aguada de Lomas 7–8 19.3
BY Radius Piscolithax sp. Dolphin Aguada de Lomas 7–8 19.0
AJ Tooth enamel Cosmopolitodus hastalis Shark El Jahuay 9–10 21.5
AK Tooth enamel Cosmopolitodus hastalis Shark El Jahuay 9–10 21.6
ELJ PPI 141B-BA Prox. radius Spheniscus urbinai Penguin El Jahuay 9–10 21.5
ELJ PPI 141C-BB Carpometacarpe Spheniscus urbinai Penguin El Jahuay 9–10 21.4
ELJ PPI 141D-BC Dist. Femur Spheniscus urbinai Penguin El Jahuay 9–10 20.8
ELJ PPI 142-BD Tibiotarsus Spheniscus urbinai Penguin El Jahuay 9–10 21.1
BZ Tooth bulk – Dolphin El Jahuay 9–10 20.4
CA Periotic – Dolphin El Jahuay 9–10 18.9
CB Periotic – Dolphin El Jahuay 9–10 18.6
CC Mandible – Whale El Jahuay 9–10 21.4
CD Long bone Piscobalena sp. Whale El Jahuay 9–10 20.6
PPI2-CE Humerus Phocidae Seal El Jahuay 9–10 20.3
PPI3-CF Humerus Phocidae Seal El Jahuay 9–10 20.5
CLB PPI-T Osteoscute – Marine turtle Cerro la Bruja 11–13 21.3
CLB PPI-U Osteoscute – Marine turtle Cerro la Bruja 11–13 20.7
CLB PPI-V Tooth bulk Atocetus iquensis Dolphin Cerro la Bruja 11–13 19.5
CLB PPI-W Tympanic Atocetus iquensis Dolphin Cerro la Bruja 11–13 18.6
CLB PPI-X Tooth enamel Megaselachus megalodon Shark Cerro la Bruja 11–13 20.9
AG Tooth enamel Cosmopolitodus hastalis Shark Cerro la Bruja 11–13 21.3
AH Tooth enamel Cosmopolitodus hastalis Shark Cerro la Bruja 11–13 21.2
AI Tooth enamel Cosmopolitodus hastalis Shark Cerro la Bruja 11–13 21.0
CLB PPI-Y Tooth enamel Monachine n. sp. Seal Cerro la Bruja 11–13 18.8
CLB PPI-Z Tooth enamel Monachine n. sp. Seal Cerro la Bruja 11–13 18.2
CLB PPI 151-AA Femur Spheniscus muizoni Penguin Cerro la Bruja 11–13 19.5
CLB PPI 147f-AB Tibiotarsus Spheniscus muizoni Penguin Cerro la Bruja 11–13 20.1
CLB PPI 147e-AC Femur Spheniscus muizoni Penguin Cerro la Bruja 11–13 19.5
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Late Miocene that are lower than for the Late Miocene recorded in
“El Jahuay” (time span=9–10 Ma).

6. Discussion

6.1. Pristine oxygen isotope conservation of fossil apatite

Secondary precipitation of apatite and isotopic exchange during
microbially-mediated reactions may scramble the primary isotopic
signal (Blake et al., 1997; Zazzo et al., 2004). However, apatite crystals
that make up tooth enamel are large and densely packed, and isotopic
exchange under inorganic conditions has little effect on the oxygen
isotope composition of phosphates even at geological time scales
(Kolodny et al., 1983; Lécuyer et al., 1999). Although no method is
available to demonstrate definitely whether diagenetic processes may
have affected oxygen isotope compositions of bulk tooth or bone
phosphate, several indicators of preservation of the pristine oxygen
isotope compositions of phosphates are given by the present dataset.

Body temperature differences between ectotherms and endo-
therms as well as differences in ecology between coexisting animals
result in different δ18O values of apatite phosphate (e.g. Kohn, 1996;
Fricke et al., 1998; Amiot et al., 2006). Diagenetic processes are
expected to modify and homogenise δ18Op values of all vertebrate
phosphatic remains during isotopic exchange between apatite and
local groundwaters through processes of dissolution–recrystallization
(see Lécuyer et al. 2003). Mio-Pliocene vertebrates from the Pisco
Formation have δ18Op values ordered by their physiology (body
temperature, metabolism rates) and ecology (diet, living environ-
ment) at any sampling locality. Indeed, sharks and aquatic reptiles
(turtles and crocodilians) have the highest δ18Op values due to their
body temperaturewhich depends on that prevailing in thewatermass
where they live whereas marine mammals maintain a constant body
temperature around 37 °C, having therefore lower δ18Op values.
Penguins have higher δ18Op values than marine mammals most likely
because of avian metabolism known to be somewhat higher than the
mammal one. It is also noteworthy that oxygen isotope differences
between cetacean bones and shark teeth are similar to those obtained
from Miocene cetacean and shark remains from the Chesapeake Bay
(Barrick et al., 1992). A slight difference pointed out by Barrick and
colleagues between the δ18Op values of whales and porpoises is also
observed in the present dataset with δ18Op values of whales that are
more positive than dolphins. From these observations, primary
physiological or ecological oxygen isotopic record of vertebrate

phosphate is assumed to be preserved in marine vertebrate teeth
and most likely in bones for which, however, care is required for
further interpretations because bones have been shown to be
potentially highly sensitive to diagenetic processes (see Kolodny
et al. (1996) and references herein).

6.2. Meaning of the oxygen isotope composition of phosphate from Pisco
vertebrates

6.2.1. Dolphins
Based on previous works (Yoshida and Miyazaki, 1991; Barrick

et al., 1992, 1993; Lécuyer et al., 1996), δ18Op values of aquatic
endotherms are expected to track water δ18Ow values. Thus offsets in
δ18Op values between seals, cetaceans and penguins should remain
constant at any locality, but significant differences are observed. A first
source of variations might be due to differences between bone and
tooth isotopic records. Dolphin teeth have a δ18Op value systematically
more positive (about 1.1 to 1.7‰) than bones (Fig. 2). As mammals,
young dolphins breast-feed during the first 12 to 18 months of their
life and have ingested mother milk that is 18O-enriched compared to
environmental water (Wright and Schwarcz, 1998). Dolphins have
only one generation of teeth that grow a little bit each year until they
reach their adult size. It is thus expected that the oxygen isotope
compositions of teeth mineralized during this period could be
influenced by the mother milk unlike bones which are constantly
remodeled during the animal's life using newly ingested oxygen.
However, only slight differences of about 0.1‰ or 0.2‰ between δ18Op

values of teeth and bones of present-day dolphins (Stenella and Del-
phinus) were observed by Barrick et al. (1992), indicating that a ‘milk
signature’ cannot explain the observed isotopic offsets. Another
possible source of variations proposed by Barrick et al. (1992) is
local heterothermy that dolphins may experience between their body
core and their thin rostral region. In cold waters, dolphin rostrum and
teeth may have a lower temperature than the main body thus leading
to higher δ18Op values. Keeping in mind that bone diagenesis can be
responsible for these differences, further investigations should be
performed on modern dolphins to allow a better understanding of the
origin of these offsets.

6.2.2. Seals vs. dolphins
It is noteworthy that in the sites of Cerro la Bruja, Aguada de Lomas

and Sacaco Sud, seal and dolphin teeth have a constant δ18Op value
offset of 1.0±0.1‰ (Fig. 2). This suggests that both of them have most

Fig. 2. Mean oxygen isotope compositions of teeth and bones from the various studied vertebrate taxa from Pisco, Peru. Fossil sites are ordered by their relative geological age.

88 R. Amiot et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 264 (2008) 85–92

80



likely recorded the same environmental signal, the offset being caused
by differences in physiology. Indeed, contrary to dolphins, seals have a
daily sun-basking activity on land, which allow them spending less
metabolic energy for keeping their body at 37 °C. From a study carried
out on modern cetaceans and seals, it has been observed that the
metabolic rates of marine mammals resting on the water surface are
higher than those of mammals resting in air (Williams et al., 2001). If
seals of the Pisco Formation shared a similar basking behaviour, this
may contribute to explain their lower δ18Op values.

6.2.3. Whales vs. dolphins
Large cetacean (whales and sperm whales) from Pisco localities

have δ18Op values higher than dolphins and porpoises. Such
differences have already been observed for Miocene cetaceans
(Barrick et al., 1992) but not for modern species (Yoshida and
Miyazaki, 1991). Several hypotheses have been proposed to account
for these isotopic offsets such as differences in body temperatures
between fossil whales and porpoises or differences in δ18O values of
body fluids (Barrick et al., 1992). The systematic isotopic offset
between whales and dolphins points out a major problem concerning
the applicability of the oxygen isotope fractionation equation between
any cetacean phosphate and water (Yoshida and Miyazaki, 1991) to
fossil cetaceans. Yoshida and Miyazaki (1991) did not find any
relationship between body size and oxygen isotope fractionation, a
goal difficult to reach when taking into account the uncertainty
associated with the δ18Osw value of seawater where cetaceans live.
Moreover, in the computed equation of Yoshida and Miyazaki, whales
are only represented by one species Balaenoptera acutorostrata with
four δ18Op values ranging from 17.5‰ to 18.4‰, all having the same
δ18Ow value. If recalculated without using whale values, the new
regression does not significantly differ from the original one
(δ18Op=0.763 δ18Ow+17.7 instead of δ18Op=0.773 δ18Ow+17.8). From
these considerations, the direct applicability of the fractionation
equation of Yoshida and Miyazaki (1991) seems to be restricted to
dolphins. For further use of the δ18Op value of cetaceans to estimate
past seawaters' δ18Ow values, separate calibrations are needed for
whales, and more modern dolphin teeth have to be measured for
comparison with bone values.

6.2.4. Aquatic sloths
A few δ18Op values of bones and teeth from two species of the

sloths Thalassocnus were obtained. These vertebrates were unusual
xenarthran mammals having phylogenetic affinities with other
Nothrothere ground sloths (Muizon and Mc Donald, 1995; Mc Donald
and Muizon, 2002; Muizon et al., 2004b). The most striking feature is
their progressive anatomical adaptations to semi-aquatic or aquatic
habits (Muizon and Mc Donald, 1995) and to feed on marine plants
(Muizon et al., 2004a). Interestingly, these sloths have high δ18Op

values about 1‰ to 3‰ more positive than other coexisting aquatic

mammals. Despite their marine foraging environments, these high
values can suggest that marine sloth kept some physiological
characteristics of land mammals with 18O-enriched body fluids due
to elevated metabolic activity, evaporation and sweat. However, given
that no terrestrial vertebrates have been discovered so far in these
localities, it is also likely that differences in δ18Op values between
these sloths and other marine mammals reflect differences in
physiology. Indeed, at least two species of modern ground sloth
(Choelophus didactylus and Choelophus hoffmanni) have incomplete
homeothermy with body temperatures lower than 34.4 °C for C.
didactylus (Bush and Gilroy, 1979) and varying within a day between
33.4 °C and 36.2 °C for C. hoffmanni (Goffart, 1971). According to the
phosphate-water temperature scale (Longinelli and Nuti, 1973), a 4 °C
difference in temperature (between a sloth at 33 °C and another
mammal at 37 °C) should result in a 1‰ offset in the δ18Op value. If
Pisco marine sloths also possessed low and fluctuating body
temperatures, then the differences in δ18Op values observed between
Thalassocnus and other marine mammals may at least partly reflect
differences in body temperatures.

6.2.5. Sharks
Stable isotope and trace element contents of shark teeth are

commonly used for palaeoenvironmental studies (e. g. Kolodny and
Raab, 1988; Lécuyer et al., 1993, 1996; Pucéat et al., 2003; Scher and
Martin, 2006). However, significant variations in δ18Op values have
been observed between various species of present-day sharks living in
the same region, most likely as a consequence of different living
habitats, and also between teeth from the same individual (Venne-
mann et al., 2001). Most of the shark teeth available for this study
were sampled from species belonging to the great white shark lineage
(Carcharodon carcharias, Megaselachus megalodon (Cappetta, 2006)
and Cosmopolitodus hastalis). These sharks are ubiquist large predators
that can forage over long distances and large ranges of water depths,
i.e. their teeth δ18Op values may reflect marine environments well
distinct from those where Pisco vertebrates lived. Mean δ18Op values
of shark teeth from the five Pisco localities are at variance with the
global trend (Fig. 3) provided by the temporal synthetic curve of
benthic foraminifera δ18O values which are considered to reflect
global temperatures and continental ice volume (Zachos et al., 2001).

6.2.6. Crocodilians and turtles
Reptile remains are very scarce in the Pisco formation, and only

two scute fragments of marine turtles from the locality of Cerro la
Bruja, one tooth and one osteoderm fragment of a longirostrine
crocodilian from the locality of Sacaco Sud were available for oxygen
isotope analysis. Although being ectotherm animals, thus having
fluctuating body temperatures as a function of environmental ones,
they synthesise bone or tooth phosphate under relatively narrow
temperature ranges (Barrick et al., 1999; Amiot et al., 2007). Using

Fig. 3. Comparison between the δ18Op curve of sharks (bold black) and the synthetic curve of δ18Oc values of benthic foraminifera (Zachos et al., 2001). Shaded horizontal areas
represent the uncertainties associated with the geological ages of the Pisco localities.
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empirical linear fractionation equations established between their
phosphate and environmental waters, a mean living water δ18Ow

value of −1.1±0.3‰ is inferred from the δ18Op values of marine turtles
from Cerro la Bruja, and −1.4±1‰ from the crocodilian tooth from
Sacaco Sud.Whereas the value of −1.1‰ forMiddleMiocene seawaters
at Cerro la Bruja recorded by marine turtles is expected considering
the absence of polar ice-caps, the origin (brackish or pure marine) of
the water value estimated from the crocodilian tooth is questionable.
Indeed, very little is known about Pisco crocodilians. One crocodilian
species Piscogavialis jugaliperforatus (Kraus, 1998) recovered from the
locality of Montemar (Pisco Formation; ca. 6 Ma to 4.5 Ma) has been
described and attributed to the family Gavialidae. The living environ-
ment of these gharials is still unclear. Their occurrence in marine
deposits of Peru, Chile and Venezuela (Kraus, 1998; Sánchez-Villagra
et al., 2001; Brochu and Rincon, 2004; Walsh and Suárez, 2005)
suggests that they weremarine animals but it cannot be excluded that
they lived in brackish waters or estuarine environments.

6.2.7. Penguins
Bone remains of Miocene and Pliocene penguins Spheniscus urbinai

(Stucchi, 2002) and Spheniscus muizoni (Göhlich, 2007) have higher
δ18Op values than bones or teeth of coexisting marine endotherms
(cetaceans and seals) probably reflecting differences in metabolic
activities. Indeed, birds and especially marine birds tend to have
activity metabolic rates greater than mammals, leading to higher
δ18Op values (see Kohn,1996; Nagy et al., 1999 and references therein).
Interestingly, penguin δ18Op values roughly vary the same way than
shark teeth values. Although diets and drinking behaviours of these
two penguin species are not known, most of the oxygen constituting
their phosphatic tissues likely comes from seawater, directly from
drinking water, or indirectly from eaten marine ectothermic organ-
isms (krill, fish or cephalopods), themselves reflecting seawater
conditions (δ18Osw value and temperature variations).

6.3. Reconstruction of seawater temperatures and δ18Osw values

Given the significant differences in δ18Op values observed between
whales and dolphins and between dolphin teeth and bones, it is not
possible to calculate ocean δ18Ow values by simply applying the
phosphate-water fractionation equation established for cetaceans
(Yoshida and Miyazaki, 1991) to any Pisco whale or dolphin remains.
Only relative variations in sea δ18Ow values through time may be
calculated using dolphin values from the Pisco Formation, considering
that the above isotopic calibration almost exclusively relies on dolphin
bone δ18Op values. For this purpose, δ18Op values of dolphin teeth
(Fig. 2) have been selected because tooth enamel is the most resistant
biomineral in terms of isotopic preservation. Given the near constant
offset of 1.0±0.1‰ measured between seals and dolphins, suggesting
that they have both recorded similar variations in sea δ18Ow values, a
hypothetical dolphin tooth δ18Op value of 20.7‰ has been estimated
using seal tooth δ18Op value from the Sacaco site (as no dolphin tooth

was available). The difference in oxygen isotope compositions
calculated between two sites is multiplied by the slope (0.773) of
the fractionation equation of Yoshida and Miyazaki (1991) (Table 2).
By using −1.1±0.3‰ (calculated from the δ18Op values of marine
turtles) as the seawater δ18Ow value at Cerro la Bruja, then absolute
values are tentatively estimated for each site (Table 2). These
computed isotopic values as well as shark tooth δ18Op values of the
same sites are inserted into the oxygen isotope fractionation equation
established between fish phosphate andwater (Kolodny et al., 1983) to
retrieve Sea Surface Temperature (SST) (Table 2; Fig. 4). The overall
range is about 1‰ in ocean δ18Ow values and about 5 °C in SST.

Fig. 4. Comparison between two seawater δ18Ow curves obtained from the δ18Op values
(bold black) of dolphins, seals andmarine turtles (this study) and by using pairedMg/Ca
and δ18Oc values (black) of benthic foraminifera (Billups and Schrag, 2002). The δ18Osw

value of −1.1‰ was estimated for the oldest site (Cerro la Bruja) using δ18Op values of
marine turtles. Shaded areas represent the uncertainties associated with the geological
ages of the Pisco localities.

Table 2
Variations in seawater δ18Ow values and marine temperatures calculated using δ18Op

values of dolphins, seals, and shark tooth enamels and marine turtle scutes

δ18Ow Dδ18Ow SD T °C SD

(‰ V-SMOW) (‰ V-SMOW)

Sacaco – Sacaco Sud +0.7 −0.2 0.3 14.8 1.3
Sacaco Sud – Aguada de Lomas +0.2 −0.9 0.3 15.2 1.3
Aguada de Lomas – El Jahuay −0.7 −1.1 0.3 13.0 1.3
El Jahuay – Cerro la Bruja +0.7 −0.4 0.3 17.2 1.3
Cerro la Bruja −1.1a 0.3a 16.1 1.3

Variations in δ18Ow values were estimated using the slope of the Yoshida and Miyazaki
(1991) equation, and palaeotemperatures were calculated using the equation of
Kolodny et al. (1983).

a Value calculated using δ18Op values of marine turtles.

Fig. 5. Comparison between two seawater temperature curves, the first one obtained
from the δ18Op values (bold black) of dolphins, seals, turtles and sharks (this study), and
the second one by using paired Mg/Ca and δ18Oc values (black) of benthic foraminifera
(Billups and Schrag, 2002). Shaded areas represent the uncertainties associatedwith the
geological ages of the Pisco localities.
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Marine palaeotemperatures estimated from shark tooth δ18Op

values ranged from 13.0±1.3 °C to 17.2±1.3 °C (Table 2; Fig. 5). These
temperatures match those observed today off the coasts of Peru. The
Humboldt Current brings deep, cold (between 12 °C and 18 °C) and
nutrient-rich Antarctic waters to the surface. This current originates
from the Antarctic Circumpolar Current (ACC) and moves northwards
along the Peruvian coasts. According to a Late Eocene age for the
complete establishment of the circum-Antarctic pathway allowed by
the opening of the Drake Passage and Tasmanian Gateway (see Scher
and Martin, 2006), the Humboldt Current might have been already
active during the Miocene, a hypothesis supported by the relatively
low palaeotemperatures estimated from shark teeth δ18Op values.

The δ18Osw curve obtained from Pisco vertebrates is compared to
the one calculated on the basis of Mg/Ca and δ18Oc values of benthic
foraminifera recovered from the Ocean Drilling Program (ODP) Leg
120 Site 747 (Billups and Schrag, 2002). This Core was drilled in the
Kerguelen Plateau in the Indian Ocean sector of the Southern Ocean at
a water depth of 1695 m. Combined measurements of Mg/Ca and
δ18Oc of benthic foraminifera allow the calculation of both marine
δ18Osw values and palaeotemperatures. The estimated evolution of
δ18Osw values in the Pisco area roughly follows the isotopic record at
site 747 except between 5 Ma and 3.5 Ma when the δ18Osw value of
seawater off Peru increased, a pattern in contradiction with the global
isotopic decreasing trend (Fig. 4). This period is marked by the closure of
the Panama isthmus as well as by the main stage of aridification of the
Atacama Desert (Hartley and Chong, 2002). Consequently, high
evaporation rates of sea surface waters may have been recorded by the
relative high δ18Op values of Pisco aquatic mammal phosphatic remains.

A counterintuitive relationship is observed between estimated
temperatures and δ18Osw values of marine waters, as warmer
temperatures correspond to episodes of glaciations and cooler
temperatures to ice-cap decay. This correlation has also been observed
in the Miocene (Barrick et al., 1992, 1993) and Pleistocene (Ruddiman
and Mc Intyre, 1979; Ruddiman and Mc Intyre, 1984) sediments of the
Atlantic Ocean. Warmer temperatures may have increased seawater
evaporation at low latitudes and created a poleward transport of
moisture as well as extensive precipitations and storage of ice at the
poles, the so called “snow gun” effect (Johnson and Mc Clure, 1976;
Sergin, 1980; Ruddiman and Mc Intyre, 1984).

Therefore, estimated variations in palaeotemperature and δ18Osw

values of seawater for the Miocene and Pliocene Pacific coastal sea of
Peru suggest that both local and global environmental factors have
been recorded in the δ18Op values of coexisting aquatic vertebrates
recovered from the Pisco Formation.

7. Conclusion

The study of the oxygen isotope compositions of marine vertebrates
fromMiocene and Pliocene localities of the Pisco formation leads to the
following conclusions:

– Coexisting marine mammals, reptiles, birds and fish have different
δ18Op values as a result of different ecologies and physiologies. Fish
and reptiles tend to have higher δ18Op values than mammals and
birds due to their lower body temperature, and birds have higher
δ18Op values than marine mammals due to their higher metabolic
rates. Body mass may also lead to differences in oxygen isotope
compositions between coexisting mammals. In this study, seals
tend to have lower δ18Op values than dolphins, themselves lower
than those of whales.

– Significant oxygen isotope offsets are observed between dolphin
teeth and bones and between dolphin and whale bones, indicating
that the phosphate-water fractionation equation established for
living cetaceans is not directly applicable to their fossil counter-
parts in order to retrieve the oxygen isotope composition of
seawater.

– Relatively lowmarine temperatures (between 13.0±1.3 °C and 17.2±
1.3 °C) were inferred from shark teeth δ18Op values which are in
agreement with the existence of a cold, nutrient-rich Humboldt
Current already active during the Miocene and Pliocene.

– Variations in δ18Ow values and marine palaeotemperatures
recorded by Pisco vertebrates are influenced by both global and
local climatic and oceanographic factors.

– Warmer temperatures recorded in both Calvert (Barrick et al., 1992,
1993) and Pisco formations correspond to periods of glacial
episodes in polar areas. This relationship suggests that a global
rising of marine temperatures at low and mid latitudes may
increase moisture transport toward the poles, thus contributing to
the development of ice-caps during the Miocene.
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« L'homme de l'avenir est celui qui aura la mémoire la plus longue »

Friedrich Nietzsche

CHAPITRE 3 : Utilisation des isotopes pour comprendre certains 

mécanismes physiologiques actuels et fossiles 
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Figure 3.1 : Répartition des sites de prélèvements des échantillons de dents analysés. 
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Figure 3.2: Reconstitution de mosasaure. (Tylosaurus. DAMNFX © 2005 National Geographic)
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Figure 3.3: Individus de Niphargus rhenorhodanensis. 
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a b s t r a c t

The oxygen isotope composition of humanphosphatic tissues (d18OP) has great potential for reconstructing
climate and population migration, but this technique has not been applied to early human evolution. To
facilitate this applicationwe analyzed d18OP values of modern human teeth collected at 12 sites located at
latitudes ranging from 4�N to 70�N together with the corresponding oxygen composition of tap waters
(d18OW) from these areas. In addition, the d18O of some raw and boiled foods were determined and simple
mass balance calculations were performed to investigate the impact of solid food consumption on the
oxygen isotope composition of the total ingested water (drinking waterþ solid food water). The results,
along with those from three, smaller published data sets, can be considered as random estimates of
a unique d18OW/d18OP linear relationship: d18OW¼ 1.54(�0.09)� d18OP�33.72(�1.51) (R2¼ 0.87: p
[H0:R

2¼ 0]¼ 2� 10�19). The d18O of cooked food is higher than that of the drinking water. As a conse-
quence, in a modern diet the d18O of ingested water is þ1.05 to 1.2& higher than that of drinking water in
the area. In meat-dominated and cereal-free diets, which may have been the diets of some of our early
ancestors, the shift is a little higher and the application of the regression equation would slightly over-
estimate d18OW in these cases.

� 2008 Elsevier Ltd. All rights reserved.

Introduction

In recent years, the study of prehistoric cultures has benefited
from the use of stable isotope analyses. The majority of these
studies have focused on the Holocene portion of human evolution,
however, isotopic investigations may provide critical information
about our earliest ancestors’ diet and ecological setting (climate
and environment). Such information plays a critical role in sce-
narios that seek to explain the evolution of early humans. For ex-
ample, stable nitrogen and carbon isotope analyses of bone
collagen (e.g., Ambrose and De Niro, 1986; Bocherens et al., 1991;
Fizet et al., 1995; Richards et al., 2005) and carbon isotope analysis
of bone and tooth carbonate (Lee-Thorp et al., 1994; Van der Merwe
et al., 2003; Sponheimer et al., 2005) have been used to reconstruct
the diet of some of our pre-Holocene ancestors. However, oxygen
isotope compositions of human phosphatic tissues, which can be
used to reconstruct climatic conditions (e.g., Fricke et al., 1995;
Müller et al., 2003; Daux et al., 2005; Evans et al., 2006), identify
foreigners in a population, assess the mobility of human groups

(e.g., White et al., 2000; Dupras and Schwarcz, 2001; White et al.,
2007), or reconstruct infant feeding behavior (e.g., Wright and
Schwarcz, 1998), have not been applied, to our knowledge, to issues
of early human evolution.

The ratio of oxygen isotopes in mammalian flesh, bones, and
teeth reflects the origin of water imbibed as a liquid and ingested
from food. The water contained in food has a complicated re-
lationship with meteoric water and can be significantly enriched in
18O compared to meteoric water. The relative contribution of water
entering the body as a liquid and from food varies from one species
to another. Animals with lowwater turnover are expected to derive
more water from isotopically-enriched food sources and less from
drinking water than are those with high water turnover (Kohn
et al., 1996). For the vast majority of terrestrial vertebrates, water
turnover scales to body mass (e.g., Altman and Dittmer, 1968;
Eberhardt, 1969). Therefore, the d18O of the tissues of large animals
should be less affected by their solid food consumption than is the
d18O of smaller animals. However, the influence of diet on the
isotopic composition of the tissues may not depend only on water
turnover but also on the proportion of water taken up as water
contained in food. By way of example, larger herbivores consume
plants that are highly hydrated (80 to 95% water by weight) and
may contribute up to 50% of the total ingestedwater (from statistics
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of Agriculture and Agri-food Canada). As a result, large herbivores
obtain a large proportion (up to 50% for wild herbivores; Kohn et al.,
1996) of their oxygen from plants that are isotopically enriched. In
contrast, the influence of food on tissue d18O is insignificant in
animals that are fed dry food (Luz et al., 1984).

Humans are medium size mammals with moderate water
turnover. As we are mainly omnivores, we ingest less water from
food sources than do herbivores. Therefore, the d18O ingested by
humans is strongly imprinted by the composition of our drinking
water, which is strongly linked to environmental water (Longinelli,
1984; Luz et al., 1984; Levinson et al., 1987). Although there is
a linear relationship between the oxygen isotope composition of
human phosphate and the composition of meteoric water, the three
previously-published fractionation equations differ in both their
slope and intercept values (Longinelli, 1984; Luz et al., 1984;
Levinson et al., 1987). This variation may result from the use of
different analytical techniques among studies, small datasets that
sample a restricted range of variation, or differences in the timing
and duration of crown mineralization from one individual to
another. Additionally, although not thought to be a big influence,
diet may influence the oxygen isotopic composition of human tis-
sues and contribute to the variation among studies. Although
thought to be small, the effect of specific diets on d18OP is unknown.
One can question the impact on d18OP of a vegetarian or a meat-
based diet, the effect of cereal consumption, or the consequence of
cooking food. If specific diets prove to have a sizable influence on
d18OP, they would need to be considered when reconstructing
paleoclimate from the isotopic signature of phosphatic tissues.
Conversely, the d18OP of individuals of known isotopic context
(d18OW) can provide information on their dietary practices.

In this study, we refine our knowledge of the oxygen isotope
fractionation betweenwater and phosphate in human tooth enamel.
We provide a new set of oxygen isotope data for teeth of recent
humans from 4�N to 70�N. We compare regressions between d18OP

and the d18OW of their likely drinking water and of meteoric water.
We test whether the differences among the previously published
datasets (Longinelli, 1984; Luz et al., 1984; Levinson et al., 1987; this
study) are statistically significant. We then investigate the effect of
diet on d18OP bymeasuring the oxygen isotope compositions ofwater
from raw and cooked vegetables, fish, and meat by modeling the
impact of variable proportions of these constituents on d18OP.

Materials and methods

Tooth enamel samples

We analyzed the oxygen isotopic ratios of 38 molars (36 M1 and
M2; 2 M3) from modern or historical (18th century Inuit) in-
dividuals from 12 geographic areas that range from about 4�N
(Cameroon) to 70�N (Greenland; Fig. 1). Only one tooth was sam-
pled per individual. In the case of living individuals, informed
consent was given by the patients whose teeth were analyzed. Both
maxillary and mandibular molars were sampled. Teeth of living
individuals were extracted because of periodontal disease or for
prosthodontic reasons. Teeth were selected that met the following
criteria: 1) the person, according to their own statement, had lived
all their childhood in the same place and had drunk local water
during this time; and 2) the molar exhibited no evidence of decay.

Once obtained, teeth were crushed and enamel was sorted by
handpicking under a microscope. The fragments were cleaned with
15% hydrogen peroxide for half an hour in an ultrasonic bath and
dried in an oven before being crushed to powder in an agatemortar.

Most studies dedicated to the oxygen isotope composition of
apatite start by isolating PO3�

4 using acid dissolution and anion-
exchange resin. The protocol used here is derived from the original
method published by Crowson et al. (1991) and slightlymodified by

Lécuyer et al. (1993). After dissolution of 15 to 30 mg of powdered
tooth enamel in 2 M HF at 25 �C for 24 hours, the CaF2 that pre-
cipitates is separated from the solution that includes the phosphate
by centrifugation. The CaF2 precipitate is rinsed three times using
double deionized water (DDW) and the rinse water is added to the
solution that is neutralized with a 2 M KOH solution. Cleaned
Amberjet� resin (2 ml) is added to the neutralized solution in
polypropylene tubes. The tubes are placed on a shaker table for
12 hours to promote the ion exchange process. Excess solution is
discarded and the resin is washed five times with DDW to remove
the traces of ionic contaminants. To elute the phosphate ions
quantitatively from the resin, 25–30 ml of 0.5 M NH4NO3 is added
to bring the pH of the solution to 7.5–8.5, and the tubes are gently
shaken for about 5 hours. Silver phosphate is precipitated from the
eluted solution following the method of Firshing (1961). The so-
lution is placed in a 250 ml Erlenmeyer flask and about 1 ml of
concentrated NH4OH is added to raise the pH to 9–10. Fifteen ml of
ammoniacal AgNO3 solution is added to the flask. Upon heating this
solution to 70 �C in a thermostatic bath, millimeter-size yellowish
crystals of Ag3PO4 are quantitatively precipitated. The crystals of
silver phosphate are collected on a Millipore filter, washed three
times with DDW, and air dried at 50 �C.

The 18O/16O ratios aremeasured after reaction of silver phosphate
with graphite to form CO2 (O’Neil et al., 1994; Lécuyer et al., 1998).
Ag3PO4 samples are mixed with pure graphite powder with precise
proportions of 0.5 mg of C to 8 mg of Ag3PO4. They are weighed into
tin reaction capsules, loaded into quartz tubes, and degassed for 30
minutes at 80 �C in vacuum. The samples are then heated at 1100 �C
for 1 minute to promote the redox reaction. CO2 samples are ana-
lyzed at the University of Lyonwith a GV IsoPrime� or a GV PRISM II
stable isotope ratio mass spectrometer using dual inlet systems with
automated cold fingers. Isotopic compositions are quoted in the
standard d notation relative to StandardMeanOceanWater (SMOW).
The reproducibility of measurements carried out on tooth enamel
samples is better than 0.2& (1s). Silver phosphate precipitated from
standard NBS120c (natural Miocene phosphorite from Florida) was
repeatedly analyzed (d18O¼ 21.73� 0.20; n¼ 20) along with the
silver phosphate samples derived from the human tooth collection.
Calibration of the ‘‘graphite method’’ has been made with oxygen
isotope measurements using fluorination. As this technique ensures
a total conversion of apatite oxygen to carbon dioxide, any bias
resulting from the so called ‘‘scale compression factor’’ (Vennemann
et al., 2002) has been corrected by using two standards of distinct
oxygen isotope composition. For NBS120c, we obtained a compara-
blemean d18O value of 21.70� 0.14& (n¼ 21). To bracket the isotopic
range documented in this study, we analyzed the ‘‘Durango apatite’’
which gives a mean d18O value ofþ9.45& (n¼ 3) by offline pyrolysis
against a value ofþ9.6& obtained by fluorination using BrF5 reagent
(C. France-Lanord, pers. comm.). It must be taken into account,
however, that former studies (Longinelli, 1984; Luz et al., 1984;
Levinson et al., 1987) used both BiPO4 chemistry and fluorination
protocols for isolation of phosphate and extraction of its oxygen. The
robustness of the oxygen isotope measurement by various methods
has been reported by Lécuyer et al. (1996) who used the two kinds of
data to generate an oxygen isotope fractionation equation for lin-
gulids, with the fair and appreciated contribution of Dr. A. Longinelli.

Tap and meteoric waters

At 11 of the geographic locations from which enamel sampling
was undertaken, samples of tap water were collected for oxygen
isotope analysis. Oxygen isotope compositions were determined
using water-carbon dioxide equilibration methods (Epstein and
Mayeda, 1953; O’Neil et al., 1975). Aliquots of 3 ml of water were
equilibrated with 30 mmoles of CO2 at 25 �C for 48 hours (8 hours at
LSCE in the Finnigan equilibration device). Equilibrated CO2 was
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then analyzed with a GV IsoPrime�, a GV PRISM II stable isotope
ratio mass spectrometer at the University of Lyon, or a THERMO
Finnigan MAT 252 stable isotope ratio mass spectrometer at LSCE,
Gif/Yvette. External reproducibility of oxygen isotope measure-
ments is close to 0.05&. Tap water samples were not collected at
Disko Bay (Greenland).

In addition, for each sampling site, the d18O value of pre-
cipitation was estimated from a global dataset according to an al-
gorithm developed by Bowen and Wilkinson (2002) and refined by
Bowen and Revenaugh (2003). The dataset is derived from the In-
ternational Energy Association/World Meteorological Organization

Global Network for Isotopes in Precipitation by using the Online
Isotopes in Precipitation Calculator (OIPC; version updated in
2004).

We have chosen to use both tap water and OIPC estimates for
d18O to consider how these two may differ and which may be the
more appropriate proxy for modeling past d18O levels. We prefer
tapwater becausewe believe that in the past humans likely utilized
surface water sources, and at present, the tap water of most human
beings is pumped from shallow aquifers supplied by precipitation.
The residence time of the water in these aquifers is on the order of
several years (e.g., Jacques, 1996). As a result, most aquifers tend to

Fig. 1. Geographic locations of the sites mentioned in this study: a) teeth and tap water at Algiers (Algeria), Athens (Greece), Brussels (Belgium), Douala (Cameroon), Flossenbürg
(Germany), Kermansha (Iran), Oslo (Norway), Québec (Canada), and Bordeaux, Le Tholy, and St. Amand (France), teeth at Disko Bay (Greenland); and b) focus on the French lo-
cations: teeth and tap water as mentioned above, carrots, zucchinis, and chicken at Lyon, rice, lentils, and beef in the Haute-Loire, Camargue, and Limousin areas, respectively.
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resemble the weighted mean rainfall of an area within relatively
narrow limits (Clark and Fritz, 1997; Darling, 2004). In some of our
studied areas, however, tap water is not derived from local shallow
ground waters, but from distant lakes higher in altitude than the
areas of water use. In Algiers (alt. 25 m), the tap water is supplied
mainly by the Kaddara Dam reservoir that collects water at 350 m
above sea level. In Athens, Greece (alt. 28 m), the Mornos Lake, at
435 m above sea level, serves as the main storage reservoir. In
Bordeaux (France), the tap water is derived from deep ground
water approximately 20,000 years old (water supplier ‘‘Lyonnaise
des Eaux,’’ pers. comm.). Thus, it should prove possible to test our
predictions of the offset that should result from these different
sources of tap water and the OIPC predictions.

Food water

To examine the contribution of water from food, various types of
food were collected. With the exception of mackerel that was
caught in the northern Atlantic, the food came from southeastern
and southern Central France in an area relatively close to Lyon,
which is also the source of the French tap water used in the ex-
periment. The rice is from Camargue; the beef from Limousin; the
chicken, zucchini, and carrots from Lyon city; and the lentils from
Haute-Loire (Fig. 1).

Carrots, zucchini, mackerel, beef, and chicken were cut into
1 mm diameter pieces. Rice and lentil samples were ground and
the resulting powders were sieved between 100 mm and 500 mm.
Five grams of each food sample (called hereafter ‘‘raw food’’)
were boiled in 200 ml distilled water (‘‘initial water’’) in open
beakers for 20 minutes. Cooking water (‘‘final water’’) and food
(‘‘cooked food’’) were collected after filtration. Sodium azide was
added to an aliquot of 1 g of food to prevent fermentation. Food
water was directly equilibrated with 30 mmoles of CO2 for 20
hours at 25 �C according to the protocol given by Koehler et al.
(2000). Oxygen isotope compositions of distilled and cooking
waters have been measured using the same equilibration
method as for tap waters.

Methods for d18OW/d18OP fractionation equations and modeling
influence of food water on total water

Using a linear regression model, we generated a regression
equation to describe the fractionation of d18OW/d18OP for our sam-
ples. We then compared our equation with those published by
Longinelli (1984), Luz et al. (1984; human bones), and Levinson et al.
(1987; human teeth) using a single classification Analysis of Co-
variance (ANCOVA; Sokal and Rohlf, 1995). Statistics were calcu-
lated using the BIOMstat program.

Table 1
Oxygen isotope compositions (& versus SMOW) of 1) tooth enamel of M1 and M2 teeth of modern or historical (18th century Greenland) individuals, 2) tap water, and 3)
atmospheric precipitation at 12 locations

Country Site Lat, Long, Alta d18OP d18OP mean valueb SD (1s) d18OW measuredb d18OW estimatedb D&

Cameroon Douala 4.0, 9.8, 10 18.8
‘‘ ‘‘ 18.5
‘‘ ‘‘ 18.2 18.5 0.3 �3.4 �3.2 �0.2

Algeria Algiers 36.7, 3.3, 25 17.5
‘‘ ‘‘ 16.7
‘‘ ‘‘ 17.6 17.3 0.5 �6.1 �4.5 �1.6

Iran Kermanshah 34.3, 47.2, 1320 18.2
18.4 18.3 0.2 �7.0 �7.3 0.3
17.7c

17.6c

Greece Athens 37.9, 23.7, 28 16.9 16.9 �7.9 �6.2 �1.7
France Le Tholyd 48.1, 6.7, 740 17.0

‘‘ ‘‘ 17.3
‘‘ ‘‘ 17.3
‘‘ ‘‘ 16.3
‘‘ ‘‘ 16.2
‘‘ ‘‘ 16.4 16.7 0.5 �8.5 �8.9 0.4

France Bordeaux 44.8, 0.7, 49 18.3 18.3 �8.1 �6.2 �1.9
France St. Amand 46.7, 2.5, 162 17.3 17.3 �6.5 �7.3 0.8
Belgium Brussels 50.9, 4.5, 55 17.0

‘‘ ‘‘ 15.9
‘‘ ‘‘ 16.6
‘‘ ‘‘ 16.5
‘‘ ‘‘ 16.5
‘‘ ‘‘ 17.5
‘‘ ‘‘ 16.9
‘‘ ‘‘ 16.7
‘‘ ‘‘ 16.5 16.7 0.4 �7.6 �8.0 0.4

Germany Flossenbürg 49.5, 12.5, 650 16.4 16.4 �10.1 �9.4 �0.7
Canada Québec Cityd 46.7, –71.4, 110 14.1

‘‘ ‘‘ 15.0
‘‘ ‘‘ 15.3
‘‘ ‘‘ 14.4
‘‘ ‘‘ 15.3 14.8 0.5 �11.0 �11.4 0.4

Norway Oslo 59.9, 10.7, 10 15.1 15.1 �10.5 �10.8 0.3
Greenland Disko Bay 70.0, –52.0, 1 12.3

‘‘ ‘‘ 12.5
‘‘ ‘‘ 11.0 11.9 0.8 n.d. �17.3

a Lat¼ degrees North latitude. Long¼ degrees East longitude. Alt¼ altitude in meters.
b d18OP and d18OW in & versus SMOW.
c M3 teeth.
d published in Daux et al. (2005).
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Simple mass balance calculations were performed to quantify
the effect of raw and cooked food consumption on the oxygen
isotope composition of the total ingested water. We calculated
Dd18O, or the difference between the isotopic composition of the
drinking water and of the total ingested water as follows:

Dd18O [ d18OtotLd18OW (1)

where:

d18Otot [ d18OW3MWDMF3 ðfveg$½H2O�veg$d18Oveg

D fcl½H2O�cld18OclD fmf ½H2O�mfd
18Omf Þ=Mtot; ð2Þ

and

Mtot [ MWDMF3 fveg½H2O�vegD fcl½H2O�clD fmf ½H2O�mf : (3)

MF andMW are themasses of daily ingested drinkingwater and total
food (assumed to be constant); Mtot is the mass of water ingested
(as a liquid plus in solid food); fveg, fcl, fmf are the fractions of veg-
etables, cereals and legumes, and of meat and fish in the diet

(fvegþ fclþ fmf¼ 1); and [H2O]veg, [H2O]cl, and [H2O]mf are the water
contents of these food categories.

Results

Oxygen isotope compositions of tooth enamel (d18OP)
and drinking water

The oxygen isotope ratios of tooth enamel from human beings
measured in this study range from 11.9& (Greenland) to 18.5&
(Cameroon) with a corresponding water isotopic range from
�17.3& to �3.4& (Table 1). The 1s standard deviations, calculated
for the seven sites where at least three individuals have been
sampled, range from 0.3& to 0.8&, indicating an isotopic vari-
ability larger than the analytical uncertainty (1s¼ 0.2&).

As predicted, the relationship between tap water and OIPC d18O
values is generally good (not exceeding 0.8&), but diverges in areas
where tap water does not sample shallow aquifers. Our samples
from Algiers, Athens, and Bordeaux differ by 1.6 and 1.7& between
the oxygen isotopic values of their tap waters and of OIPC estimates
of present day rain in each region (Table 1). We discuss the causes
of these differences below.

Fractionation equations: d18OW versus d18OP

Because of the differences in tap water and OIPC values, the
d18OW versus d18OP regressions yield slightly different isotopic
fractionation equations when using tap water values (OIPC esti-
mate is used for Disko Bay; equation 4; Fig. 2a; Table 2) or the OIPC
precipitation database (equation 5; Table 2). The ordinary least
squares analysis of the data produces the following equations:

d18OW [ 1:73ð±0:21Þ3 d18OPL37:25ð±3:55Þ

ðn [ 12; R2 [ 0:87; p½H0 : R2 [ 0� [ 1310L5Þ; ð4Þ
and

d18OW [ 1:70ð±0:22Þ3 d18OPL39:28ð±3:68Þ

ðn [ 12; R2 [ 0:88; p½H0 : R2 [ 0� [ 7310L6Þ ð5Þ

The Greenlandic sample (Disko Bay) lies at the extreme of the
correlation. Therefore, it exerts a large influence on the slope of the
regression line and on the value of the correlation coefficient (see
Table 2). The Greenland sample corresponds to Inuit people who
lived during the 18th century. The value of the d18OWat Disko Bay at
this time may have been different from the present day. We
therefore explore if this uncertainty regarding the d18OW must be
seen as a motive for excluding the sample.

The variation through time of the isotopic composition of oxy-
gen in Greenland precipitation can be estimated from ice cores. The
data reported by Andersen et al. (2006), which are calculated by
stacking the record at Dye-3, GRIP, and GNIP drilling sites, represent
an integrated North-South value of the isotopic composition of the
precipitation (data available on http://icecores.dk). These data are
expressed as anomalies, (i.e., differences to the mean calculated
from the entire period; S.O. Rasmussen, pers. comm.). The mean
values of the d18OW during the 18th and 20th centuries (m� 1s:
�0.089%� 0.3805 and �0.005� 0.2237, respectively) are not sig-
nificantly different at a 95% level of confidence (unequal variance
Welch test: t¼ 1.56, d.f.¼173, p¼ 0.12). Therefore, if differences
exist between the d18OP of the Inuits of the 18th and of the 20th
centuries, they are not due to different oxygen compositions of the
precipitation. In addition, this sample is clearly not an outlier when

y = 1.73x (± 0.21) - 37.25 (±3.55)
R2  = 0.87  
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Fig. 2. a) Oxygen isotope fractionation equation computed by using modern human
tooth enamel (d18OP) and tap water (d18OW) from Table 1 (IAEA precipitation data for
Disko Bay, Greenland). The error bars correspond to the external reproducibility:
�0.2& for d18OP and� 0.05& for d18OW (smaller than the symbols); and b) comparison
of the equation shown in (a) with those previously published by Longinelli (1984), Luz
et al. (1984), and Levinson et al. (1987).
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considering all published data simultaneously (see Discussion). So,
we conclude that there is no obvious reason to exclude the
Greenlandic samples from our dataset. However, we also provide
all the parameters of the regression equations calculated without
the Greenlandic sample in Table 2.

The regression equation (4) presented here differs slightly
from those published by Longinelli (1984), Luz et al. (1984; hu-
man bones), and Levinson et al. (1987; human teeth) (Table 2,
Fig. 2b). The application of these various equations to extreme
conditions can generate differences of several & in the estimates
of d18OW values. Nevertheless, a single classification Analysis of
Covariance (ANCOVA; Sokal and Rohlf, 1995) indicates that these
four models do not differ from each other at a a¼ 0.01 signifi-
cance level (Table 3), a more secure and preferable type-I error
rate than the usual a¼ 0.05 error rate. This stricter criterion was
preferred because: 1) different analytical techniques have been
used by authors, 2) there are measurement errors and between-
measures variability for most points, and 3) the number of points
available in each of the four samples is small.

Consequently, the linear models calculated for the four sets of
d18OW/d18OP values (Longinelli, 1984; Luz et al., 1984; Levinson
et al., 1987; this study) can be considered as random estimates of
a unique d18OW/d18OP linear relation that can be more accurately
estimated by compiling the four sets into a single super-sample
(n¼ 42). The least squares analysis of the whole set leads to the
following overall equation (see also Fig. 3):

d18OW [ 1:54ð±0:09Þ3 d18OPL33:72ð±1:51Þ

ðR2 [ 0:87 : p½H0 : R2 [ 0� [ 2310L19Þ ð6Þ

Oxygen isotope composition of food water

The oxygen isotope compositions of the waters used for the
experiment are 18O-depleted (�10. or�11.2&; water a) or enriched
(7.8&; water b) relative to SMOW (Table 4). While cooking, two
chemical reactions operate: first, the water evaporates and be-
comes 18O enriched, and second, there are exchanges of H2O mol-
ecules between cooking water and food water. As a result, the
oxygen isotopic compositions of the water of the cooked food

(d18Ocf) and of the final water (d18Ofw) are close to each other and
higher than the d18O of the initial water. The d18O of thewater of the
cooked food is closer to the value of the water of the raw food for
initially highly-hydrated food (zucchinis and carrots; see Table 4)
than for drier food (mackerel, beef, chicken, rice, lentils). The ap-
parent isotopic fractionation between the water of the cooked food
and the initial water (d18Ocf�d18Oiw in Table 4) ranges from 1.2& to
6.2&. The highest values are observed for vegetables.

Modeling the impact of solid food on the oxygen isotopic
composition of ingested water

The values of Dd18O calculated according to equation 1, using the
isotopic compositions of the tap water at Lyon (�10.5&) and the
parameters reported in Table 5, are shown in Fig. 4a (raw food) and
4b (cooked food). The vegetables, legumes, cereals, meat, and fish
analyzed in this study were grown at some distance from the place
where the water was collected in Lyon (see Food water). Thus, their
oxygen isotopic composition is not linked to that of the local water
(carrots, zucchini, and chicken are excepted as they are grown and
farmed in the Lyon area). However, all foods originate from
southeastern and southern Central France and cannot differ much
isotopically from those of the Lyon area.

Discussion

Variability in the oxygen isotopic composition of drinking water

In most cases, the oxygen isotope compositions of measured tap
waters differ only slightly from the yearly mean oxygen isotope

Table 2
Regression and correlation parameter estimates for the linear models d18OW¼ (a� d18OP)þ b associated to the available individual sets of d18O-valuesa

N Slope Intercept Correlation

Mean SE SE/Mean % Mean SE SE/Mean % R p-valuea

Longinelli (1984) 10 1.53 0.10 6.5 �34.30 1.81 5.3 0.97 4� 10�7

Luz et al. (1984) 6 1.20 0.19 15.8 �27.42 3.05 11.1 0.95 3� 10�3

Levinson et al. (1987) 14 1.93 0.18 9.3 �38.51 2.53 6.6 0.92 1� 10�7

This study–tap water except for Disko Bay (OIPC estimate) 12 1.73 0.21 12.1 �37.25 3.55 9.5 0.88 1� 10�5

This study without the Disko Bay sample–tap water 11 1.49 0.35 23.5 �33.08 5.87 17.7 0.67 2� 10�3

This study–OIPC estimatesb 12 1.87 0.22 11.8 �39.28 3.68 9.4 0.89 7� 10�6

This study without the Disko Bay sample–OIPC estimatesb 11 1.75 0.37 21.1 �37.21 6.29 16.9 0.71 1� 10�3

Overall equation 42 1.54 0.09 5.8 �33.72 1.51 4.5 0.87 2� 10�19

a SE¼ Standard errors associated to the mean estimates of the slope and intercept. The p-value associated to the coefficient of determination (R2) tests the null hypothesis
H0: R

2¼ 0.
b Not used in the overall equation.

Table 3
Results of the single classification ANCOVAa

Among groups Within groups Statistics

Sum of squares d.f. Sum of squares d.f. Fisher F p-valueb

Slopes 23.678 3 100.338 37 2.91 0.048
Intercepts 23.166 3 100.338 40 3.08 0.042

a d.f.¼ degrees of freedom.
b Associated to the slope and intercept comparisons indicating that the four in-

dividual d18OP�d18OW linear models do not differ significantly from each other at the
a¼ 0.01 significance level (see text for comment).

y = 1.54 x ±0.09 - 33.72 ±1.51
R2 = 0.87
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Fig. 3. Oxygen isotope fractionation equation resulting from the compilation of all the
available data. Filled diamonds: this study; open triangles: Longinelli (1984); open
circles: Levinson et al. (1987); open squares: Luz et al. (1984).
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compositions of precipitation calculated with the OIPC (Table 1). In
Athens, Algiers, and Bordeaux there are larger discrepancies. The 1.6
and 1.7& differences between the oxygen isotopic values of tap
waters and of OIPC estimates of present day rain at Algiers and
Athens (Table 1) may be ascribed, at least partly, to an altitude
influence. In the Mediterranean area, an altitude effect of �0.2 to
�0.4&/100 m has been measured (Bortolami et al., 1978; Leontiadis
et al., 1996). A mean �0.3&/100 m lapse rate would produce a d18O
decrease of 1.0 to 1.3&. The d18O value from Bordeaux (France) is
1.6& lower than the OIPC estimates for the area. If a d18O/T gradient
of 0.6&/�C (e.g., Von Grafenstein et al., 1996; Fricke and O’Neil, 1999)
is considered, this difference corresponds to an atmospheric tem-
perature 20,000 years ago thatwas 3 �C lower than today. During the
Last Glacial Maximum, annual temperatures in this area are thought
to have been ca.12 �C lower (Jost et al., 2005; Kageyama et al., 2007),
but the lack of precision of the dating and the likely mixing of waters
of different ages preclude further comparison. In some areas, tap
waters derive from tributaries or rivers that are not buffered by large
reservoirs and are characterized by seasonal isotopic variations (e.g.,
Chao et al., 1996; Darling, 2004). In those cases, a one-off sampling is
not representative of the yearly mean. The good correlation between
our measured tap waters and the OIPC estimates (R2¼ 0.89) dem-
onstrates that this effect, if any, is limited.

Even though the fractionation equations obtained with the tap
waters and OIPC estimates of precipitations resemble each other,
we argue, for the reasons stated above, that local measured waters
(equation 4) should be preferred to estimated precipitations. Be-
cause drinking water represents from 0.6 to 0.75% of the total water
ingested by a human, drinkingwater has a larger influence on d18OP.
As tap water may differ from environmental water in modern
countries, the isotope composition of the oxygen input flux is closer
to the composition of the tap water. Therefore, the d18OP/d

18OW

fractionation equation based on tap water is more appropriate. In
historical and prehistorical times, human beings may have derived
much of their water from surface water sources (lakes, rivers,
streams), and hence, some of the limitations presented above may
not be significant at these times (deep water catchments are less
likely for instance). However, a range of factors (e.g., preservation of
the ‘‘altitude signature’’ downstream for rivers, evaporative frac-
tionation) may influence the isotopic composition of surface wa-
ters. Therefore, correcting back ancient teeth d18OP signal to local
rainfall isotopic composition may not be straightforward.

Compatibility of the different d18OW/d18OP fractionation equations

When compared to the four initial models (Table 2), the overall
model (equation 6) shows markedly reduced uncertainties allow-
ing more accurate predictions (lower associated standard error) of
d18OW values on the entire range of sampled d18OP values (Table 6).
For instance, for d18OP values in the range of 12.5–19, wheremost of
the individuals have been sampled, using the overall model allows
the prediction of d18OW values in the range from �4 to �14.5 with
a 95% confidence interval <2 d units (i.e., 1s prediction error< 0.5
d unit). Let us note that the 18th century Greenlandic sample, the
representativeness of which was questioned earlier, is not an out-
lier in the overall scatter plot (Fig. 3).

Influence of the dietary behavior on the oxygen isotopic composition
of enamel

Although oxygen isotopic signature of tooth enamel is related to
drinking water, the inter-individual variability in the enamel
composition is quite important (SD¼ 0.5& on average, up to 0.8&
at Disko Bay). Food and cooking may play a part in this variation
since thewater absorbed by consumers (‘‘total water’’) is the sum of
drinking water and water ingested from solid food. Some food
(cereals, legumes) contains only a few wt % water, whereas most
vegetables are up to 95% water byweight (Table 4). Plants andmeat
are 18O–enriched compared to meteoric water (e.g., Schmidt et al.,
2001; Thiem et al., 2004). Therefore, the total water ingested by
consumers may be 18O–enriched compared to the meteoric water
of their living place.

Kohn (1996) has shown the effect of diet on the oxygen isotopic
composition of tooth enamel by studying some East African her-
bivores. The consumption of C3 versus C4 plants, in particular, ac-
counts for at least a part of the isotopic interspecific variability. In
humans, cooking complicates the relationship. In boiling, food be-
comes hydrated from the cooking water, which is 18O–enriched
through progressive evaporation. According to our data, the d18O of
raw and cooked food are similar to each other if the food is initially
hydrated (e.g., carrots, zucchinis). Therefore, the effect of such food
consumption on the isotopic composition of the total water is more
or less the same whether the food is raw or cooked. Cereals and
legumes (rice, lentils) and meat and fish, which are seldom eaten
raw, incorporate significant amounts of 18O-enriched water during
cooking (Tables 4 and 5). Therefore, their consumption is likely to
increase the d18O of a person’s total water.

According to our mass balance calculations, the maximum 18O–
enrichment of the total water compared to the drinking water is ca.
2& (corresponding to 1.1& in human enamel). This maximum
enrichment occurs in a raw food diet with very high proportions
of meat or vegetables, or in diets mainly based on cooked
vegetables (Fig. 4). Therefore, at any given place, the water ingested
by human beings via solid foods, whether it is raw or cooked,
should not be richer in 18O than is the total water ingested by
herbivorous animals of the same place whose diet is composed of

Table 4
H2O content of the raw food in wt% (according to US Dept. Agriculture, Agricultural research Service, 2005), and oxygen isotope compositions (d18O& versus SMOW) of the
water in the raw and in the cooked food initial and final waters. Dc-iw¼ d18Ocooked food�d18Oinitial water

Zucchinis Carrots Mackerel Beef Chicken Rice (a) Rice (b) Lentils (a) Lentils (b)

H2O wt% 95 88 63 65 75 10 10 10 10
d18O
Raw food �4.0 �2.9 �2.1 �1.7 �3.7 �5.9 �5.9 0.8 0.8
Initial water �10.5 �10.5 �11.2 �10.5 �10.5 �10.5 7.8 �10.5 7.8
Cooked food �4.3 �4.3 �7.5 �7.7 �8.3 �7.9 9.7 �7.9 9.0
Final water �6.4 �5.4 �9.5 �8.8 �9.9 �8.4 9.9 �8.4 9.3
d18Ocf�d18Oiw 6.2 6.2 3.7 2.8 2.2 2.6 1.9 2.6 1.2

Table 5
Parameters of the mass balance calculation shown in Fig. 4

Parameter Raw Cooked Reference

[H2O]veg (weight %) 90 90 US Dept. Agriculture
[H2O]cl (weight %) 10 72 US Dept. Agriculture
[H2O]mf (weight %) 65 65 US Dept. Agriculture
d18Oveg (&) �3.5 �4.3 This work
d18Ocl (&) �2.6 �7.9 This work
d18Omf (&) �2.5 �7.8 This work
MW (Kg) 2.0 Howard and Bartram, 2003
MF (Kg) 0.982 US Dept. Agriculture
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raw plants (tree-leaves, fruits, and grass). Iacumin et al. (2004) have
calculated the oxygen isotopic composition of precipitation (d18OW)
5,000 to 500 years ago in European Russia from humans and
herbivorous animals (sheep, horse, deer). They observed that the
d18OW calculated from the herbivores was higher than that calcu-
lated from the human samples. They attributed this discrepancy to
different drinking water sources or to diets. However, according to
our calculations the effects of herbivorous versus omnivorous diets
on the isotopic composition of the ingested water may be
responsible for the observed difference.

Current human diet relies mainly on cooked food. Although the
percentages of meat-fish, cereals-legumes, and vegetables-fruits
consumed vary from individual to individual, mean values of 20–
30% for the meat-fish component, 30–40% for the vegetables-fruits
component, and 30–50% for the cereals-legumes components (fveg/
(fvegþ fcl) of 0.4 to 0.6) are in general agreement with the statistics
produced by the Food and Agriculture Organization (http://

www.fao.org/). Such a diet induces a difference between the
drinking water and the total ingested water of þ1.05 to þ1.20&
(Fig. 4b). This difference corresponds to a shift in the d18OP ranging
from þ0.6 to þ0.7&. Although there is the variability in the origin,
amount, and proportion of the various types of food consumed,
these figures show that the d18OP recorded in tooth enamel of
contemporaneous people is likely shifted towards values slightly
higher than the values that would result from their drinking water
alone. It is not possible to correct the measured d18OP data for the
effect of solid food consumption because the diets of the in-
dividuals are not known and may differ from one another.
According to the estimation presented above, the interindividual
variability of the d18OP values (SD ca.� 0.5& in this study; Table 1)
may be ascribed only partly to intraindividual dietary differences
(0.7–0.6¼ 0.1& from the calculation above).

The regression of d18OW on d18OP (as in equation 6) implicitly
assimilates the Dd18O shift, which is controlled by the relative
proportions of the food components, to a systematic bias. It follows
that the reconstruction of d18OW from d18OP yields accurate results
if the proportions of an individual’s diet are similar to modern
proportions. If the Dd18O is higher than the contemporaneous value
(1.05–1.20&), the application of the regression equation leads to an
overestimation of d18OW. An underestimation would result if Dd18O
is lower.

Archaeological and isotopic evidence suggests that Paleolithic
diets varied considerably through time and space. It is far beyond
our goal to retrace the history of human diet. However, we can
explore the effect on Dd18O of some specific diets (meat-rich and
cereal-poor) that may approximate the extremes during the
Paleolithic.

The influence of carnivory and cereal free diets in Neandertals
and modern humans

The Neandertal diet has been argued to be essentially carnivo-
rous (Fizet et al., 1995; Richards et al., 2000; Bocherens et al., 2005;
Balter and Simon, 2006). If we take an extreme value, a raw diet
composed of more than 90% fish and meat would have a Dd18O that
is þ1.9&, or slightly higher than the modern diet (Fig. 4a). For the
boiled equivalent, the shift decreases to þ0.6&. Archaeological
sites deliver few clues about cooking practices. As a result, little is
known about Neandertal recipes, but boiling may not have been
a widespread practice. Indeed, it is likely that some meat was
cooked on broach or cured (Kozlowski and Kozlowski, 1996; Patou-
Mathis, 2006; methods referred to hereafter as ‘‘dry’’). Due to the
fact that 18O preferentially remains and is enriched during evapo-
ration, the d18O of the meat water increases with drying (Franke
et al., 2007). The consumption of dry cooked meat induces a Dd18O
larger than the shift corresponding to raw meat or to boiled or
braised meat (i.e., > 1.9&). Therefore, if the Neandertal diet is as-
sumed to rely mainly on dry-cooked meat, the isotopic enrichment
would be larger than the modern shift. As a consequence, using
d18OP of Neandertal teeth to reconstruct the oxygen isotopic

Table 6
d18OW predicted values for d18OW¼ 10, 15, and 20, illustrating the markedly-better prediction accuracy of the overall model over the four individual models on the full range of
measured d18OP-values. Mean and 95% confidence intervals in brackets

d18OP

n 10 15 20

Longinelli (1984) 10 N.A. �11.4 [�12.4; �10.4] �3.8 [�4.9; �2.7]
Luz et al. (1984) 6 N.A. �9.5 [�11.8; �7.0] �3.5 [�7.0; 0.1]
Levinson et al. (1987) 14 �19.2 [�21.7; �16.7] �9.5 [�11.1; �8.0] N.A.
Daux et al. (This Study) 12 N.A. �11.3 [�12.7; �9.8] N.A.

Total 42 �18.3 [�19.9; �16.8] �10.6 [�11.3; �9.9] �2.9 [�4.1; �1.7]

N.A.¼ not available.
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Fig. 4. Modeled isotopic enrichment of the total ingested water (Dd180 in & versus
SMOW). Three categories of food are considered: meat and fish (mf), vegetables and
fruits (veg) and cereals and legumes (cl). The figures on the lines correspond to the
fractions of meatþ fish in the total food (fmf). The figures of the x-axis represent the
fractions of vegetables in the remaining part of the food (fveg/(fvegþ fcl)).
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composition of ancient precipitation may overestimate this last
parameter. However, roasting meat and fish on hot stones may also
have been a common practice among Neandertal humans. This
cooking method may not influence the water content, and correl-
atively the Dd18O, as much as the other drying methods. Clearly,
more experiments are needed to measure the extent of the isotopic
enrichment induced by different dry cooking methods. Additional
information about Neandertal diet would also be very valuable to
refine these conclusions.

In some areas, cereals were staple foods as early as 23,000 years
BP (wild wheat and barley at Ohalo II site, Israel; Weiss et al., 2004).
Cooking is necessary for the processing of cereal grains. A diet
containing cooked cereals induces a lower Dd18O than a cereal-free
diet (Fig. 4b). During most of the Paleolithic times, human diet was
cereal free (fveg/(fvegþ fcl)¼ 1). In these conditions, the isotopic
shift ranges between 1.3 and 1.7& for 50 to 20% meat and fish; this
is 0.10 to 0.65& higher than the modern shift. Therefore, it can be
concluded that the d18OW, deduced from the d18OP of humans
whose diets were cereal free (using equation 6), would be slightly
overestimated.

Conclusions

The oxygen isotope composition of tooth enamel phosphate
(d18OP) is related to the composition of the water ingested during
the time of tooth mineralization. In this study, we propose a frac-
tionation equation (d18OP/d

18OW) defined over a large range of
isotopic compositions (equation 6). This new equation is charac-
terized by markedly reduced uncertainties allowing lower associ-
ated standard error (1s prediction error< 0.5 d unit) of d18OW

values on the entire range (12.5–19) of sampled d18OP values.
During historical and prehistorical times, humans probably de-

rived much of their drinking water from surface sources. These
waters, however, may be different from the mean d18O of rainfall.
Therefore, the paleo-environmental significance of the d18OW

values reconstructed from d18OP may be complicated to infer. Ide-
ally, a full understanding of the hydrological factors at the local
scale is necessary to be confident in the validity of the
interpretation.

The consumption of solid food (particularly vegetables) tends to
increase the d18O of the total water ingested (drinkþwater in
solids) by more than 1&. In meat-rich and cereal-free diets, the
difference between the d18O of the total ingested water and the
drinking water is slightly higher than a modern diet (containing
meat, fish, vegetables, fruits, cereals, and legumes). As a conse-
quence, the oxygen isotopic composition of precipitation deduced
from the d18OP using equation 6 is slightly overestimated when the
teeth analyzed belonged to humans whose diets were meat-rich or
cereal-free. In the case of ameat-rich diet, this conclusion, however,
depends on the type of cooking employed. Only certain kinds of
heating that significantly reduce the water content of the meat
(curing, cooking on broach) would have a sizable effect on d18OW.
More information is needed to refine the estimation of the in-
fluence of specific diets on d18OP.

In addition to other isotopic (d15N, d13C) or archaeological
methods, the analysis of the oxygen isotopic composition of teeth
enamel can be used, in an independent manner, to compare the
diets of human groups that lived close to each other (drinking
water of the same isotopic composition) or to analyze the evolution
of culinary practices at some places over climatically stable periods
(constant d18O in the drinking water).
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Richards, M.P., Jacobi, R., Cook, J., Pettitt, P.B., Stringer, C.B., 2005. Isotope evidence

for the intensive use of marine foods by Late Upper Paleolithic humans. J. Hum.
Evol. 49, 390–394.

Richards, M.P., Pettitt, P.B., Trinkaus, E., Smith, F.H., Paunovic, M., Karavanic, I., 2000.
Neanderthal diet at Vindija and Neanderthal predation: the evidence from
stable isotopes. Proc. Nat. Acad. Sci. U.S.A. 97, 7663–7666.

Schmidt, H.-L., Werner, R.A., Roßmann, A., 2001. 18O pattern and biosynthesis of
natural plant products. Phytochemistry 58, 9–32.

Sokal, R.R., Rohlf, F.J., 1995. Biometry: The Principles and Practice of Statistics in
Biological Research. W.H. Freeman and Co., New York, pp. 887.

Sponheimer, M., Lee-Thorp, J., de Ruitter, D., Codron, D., Codron, J., Baugh, A.T.,
Thackeray, F., 2005. Hominids, sedges and termites: new carbon isotope
data from the Sterkfontein valley and Kruger National Park. J. Hum. Evol.
48, 301–312.

Thiem, I., Lüpke, M., Seifert, H., 2004. Factors influencing the 18O/16O ratio in meat
juices. Isot. Environ. Health Stud. 40, 191–197.

U.S. Department of Agriculture, Agricultural Research Service, 2005. USDA Nutrient
Database for Standard Reference, Release 18. Nutrient Data Laboratory Home
Page. Available from: http://www.ars.usda.gov/ba/bhnrc/ndl.

Van der Merwe, N.J., Thackeray, J.F., Lee-Thorp, J.A., Luyt, J., 2003. The carbon iso-
tope ecology and diet of Australopithecus africanus at Sterkfontein, South Africa.
J. Hum. Evol. 44, 581–597.

Vennemann, T.W., Fricke, H.C., Blake, R.E., O’Neil, J.R., Colman, A., 2002. Oxygen
isotope analysis of phosphates: a comparison of techniques for analysis of
Ag3PO4. Chem. Geol. 185, 321–336.

Von Grafenstein, U., Erlenkeuser, H., Müller, J., Trimborn, P., Alefs, J., 1996. A 200
year mid-European air temperature record preserved in lake sediments: an
extension of the d18Op-air temperature relation in the past. Geochim. Cosmo-
chim. Acta 60, 4025–4036.

Weiss, E., Kislev, M.E., Simchoni, O., Nadel, D., 2004. Small-grained wild grasses
as staple food at the 23 000-year-old site of Ohalo II, Israel. Econ. Bot. 58,
125–134.

White, C.D., Longstaffe, F.J., Spence, M.W., Law, K.R., 2000. Teotihuacan state rep-
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Regulation of Body Temperature by
Some Mesozoic Marine Reptiles
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What the body temperature and thermoregulation processes of extinct vertebrates were are
central questions for understanding their ecology and evolution. The thermophysiologic status
of the great marine reptiles is still unknown, even though some studies have suggested
that thermoregulation may have contributed to their exceptional evolutionary success as apex
predators of Mesozoic aquatic ecosystems. We tested the thermal status of ichthyosaurs, plesiosaurs,
and mosasaurs by comparing the oxygen isotope compositions of their tooth phosphate to those
of coexisting fish. Data distribution reveals that these large marine reptiles were able to maintain
a constant and high body temperature in oceanic environments ranging from tropical to cold
temperate. Their estimated body temperatures, in the range from 35° T 2°C to 39° T 2°C, suggest
high metabolic rates required for predation and fast swimming over large distances offshore.

The metabolic status of extinct vertebrates
is a key to understand their feeding strat-
egy, which was critical for satisfying their

daily energy requirements, as well as their po-
tential to exploit cold environments. Phylogeny
and ecology most likely had a large influence on
the thermophysiology of past vertebrates. High
metabolic rates mean the need to access large
amounts of high-quality food, which may be sat-

isfied by adopting predatory behavior, as shared
by many carnivorous mammals, except scav-
engers. Endothermy is the ability to generate and
retain enough heat to elevate body temperature to
a high but stable level, whereas homeothermy is
the maintenance of a constant body temperature
in different thermal environments (1, 2). Such
internal production of heat is not restricted to
mammals and birds. Heat generation can have
several origins: digestive organs in mammals and
birds (1) or muscles in endothermic lamniform
sharks (3). Paladino et al. (4) proposed that some
marine reptiles such as leatherback turtles dis-
play endothermy instead of inertial homeother-
my, thus helping them to feed in cold waters.
However, Lutcavage et al. (5) showed that the
studied gravid female specimens raised their
metabolic rates because of egg laying, thus bias-
ing the evaluation of their true metabolic status.
Most biologists agree that full or incomplete en-

dothermy arose several times during species
evolution and developed independently in sev-
eral lineages. For example, partial endothermy is
known in sharks, tunas, and even in some insects
and flowers (6–8). The origin and spreading of en-
dothermy are still a matter of great debate (9–11);
its oldest occurrence could be as early as the Per-
mian, with the appearance and radiation of the
Synapsida. Among archosaurs, mass homeother-
my or even endothermy have been proposed for
dinosaurs (12) and pterosaurs (13) and suggested
for the ancestors of crocodilians, because of the
existence of a four-chambered heart, which
modern crocodiles share with mammals and
birds (11).

Large marine reptiles, including ichthyosaurs,
plesiosaurs, and mosasaurs, inhabited the oceans
from the Triassic to the Cretaceous. They repre-
sent three different lineages that became second-
arily adapted to amarinemode of life. Ichthyosaurs
evolved from basal neodiapsid reptiles, with the
most obvious aquatic adaptations: a dolphin-like
streamlined body without a neck, paddles, and a
fish-like tail. Plesiosaurs are derived diapsids,
which belong to the Sauropterygia, the sister
group of the Lepidosauria (lizards and snakes).
They are highly adapted for submarine locomo-
tion, with powerful paddle-like limbs and heavily
reinforced limb girdles. Motani (14) already dis-
cussed the possibility that plesiosaurs could not
have had a typical reptilian physiology, thus indi-
cating highmetabolic activity.Mosasaurs constitute
a family of Late Cretaceous varanoid anguimorphs
highly adapted to marine life; they are derived
lepidosaurs with an elongate body, deep tail, and
paddle-like limbs (15). Both tooth morphology
and the stomach contents of these three groups of
marine reptiles indicate predatory behavior. Their
anatomy could afford high cruising speeds and a
basal metabolic rate similar to that of modern
tunas (16). Moreover, the bone structure of adult

1CNRS UMR 5125, Paléoenvironnements et Paléobiosphère,
Université Lyon 1, Lyon, 2 Rue Raphaël Dubois, 69622 Vil-
leurbanne Cedex, France. 2Institut Universitaire de France, 103
Boulevard Saint-Michel, 75005 Paris, France. 3CNRS UMR 5143,
Département Histoire de la Terre, Muséum National d'Histoire
Naturelle, 8 Rue Buffon 75231 Paris, France. 4CNRS UMR 8538,
Laboratoire de Géologie de l’Ecole Normale Supérieure, 24 Rue
Lhomond, 75231 Paris, France. 5Natural History Museum of
Denmark, University of Copenhagen, Øster Voldgade 5-7,
1350 Copenhagen, Denmark.
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plesiosaurs and mosasaurs corresponds to that of
large pelagic marine predators designed for long
cruises in open waters (17). The stomach con-
tents of these marine reptiles have revealed that
they were predators feeding on highly diverse
foods, including other marine reptiles, fish, cepha-
lopods, and crinoids (18). The metabolic status
of these aquatic reptiles was also investigated
through histological bone studies. It has been
shown that Jurassic ichthyosaurs had rapid post-
natal growth, followed by intense bone remodel-
ling that could be related to a sustained metabolic
rate close to that of marine endotherms (9).

Adaptation to cold marine waters was also
revealed by the fossil reptile assemblage dis-
covered in the Aptian southern high-latitude
deposits of theWhite Cliffs in southeast Australia
(19). The specimens were attributed to at least
three families of plesiosaurs and at least one of
ichthyosaurs. Paleoclimatic proxies indicate cold
to near-freezing conditions at the seasonal scale,
a climate mode that is not tolerated by modern
ectothermic reptiles such as turtles or crocodiles.
This observation suggests that some Mesozoic
marine reptile taxa were able to cope with low-
temperature marine environments (19). In this
study, we investigated the metabolic status of ich-
thyosaurs, plesiosaurs, and mosasaurs using the
oxygen isotope compositions (d18O) of their phos-
phatic tissues.

The d18O value of vertebrate phosphate de-
pends on both body temperature and the com-

position of ingested water (20). In the case of the
studied reptiles, the estimated body temperatures
recorded in the d18O value reflect that of the blood

during tooth development; this should be also
the case for some plesiosaurs that had protrud-
ing teeth. Within each studied reptile group, the

Fig. 1. Model variation of the differences in the d18O of tooth phosphate between marine reptiles and
fish against the variation of the d18O of fish teeth, assuming (1) an ectothermic and poikilothermic reptile
[body water d18O and body temperature (T) equal seawater d18O and seawater temperature]; (2) an
endothermic reptile with body temperature ranging from 35°C (solid black line) to 39°C (dashed black
line) and body water 2‰ enriched relative to a seawater value of 0‰; and (3) an endothermic reptile with
body temperature ranging from 35°C (dashed gray line) to 39°C (solid gray line) and body water 2‰
enriched relative to a seawater value of –1‰. For comparison, ichthyosaur (circles), plesiosaur (triangles),
and mosasaur (squares) values are reported. V-SMOW, Vienna SMOW values.

Table 1. Mean d18O values of tooth phosphate from worldwide Mesozoic ichthyosaurs, mosasaurs, and plesiosaurs, as well as coexisting marine fish.

Locality
number Locality Age Fish d18O Ichthyosaur d18O Plesiosaur d18O Mosasaur d18O Reference

n d18O SD n d18O SD n d18O SD n d18O SD
1 South Dakota,

USA
Early Campanian 2 19.8 0.1 1 18.5 (24)

2 Kansas, USA Late Coniacian 3 18.9 0.8 1 18.1 (24)
3 Oulad Abdoun,

Morocco
Maastrichtian 5 20.3 0.9 3 19.8 0.6 1 19.9 This study

4 Cambridge, UK Late Albian 2 20.2 0.1 3 18.7 0.2 2 19.2 0.6 This study
5 Kimmeridge Clay,

Westbury, UK
Kimmeridgian 4 19.5 0.1 2 19.6 0.6 This study

6 Oxford Clay,
Peterborough, UK

Early Callovian 5 19.6 0.3 4 18.6 1.4 2 20.0 0.4 (23)

7 Sorel, France Sinemurian 1 19.7 1 18.8 This study
8 Crussol, France Middle Oxfordian 2 20.3 1.0 1 19.1 This study; (26)
9 Bourgogne,

France
Early Oxfordian 1 21.2 1 18.8 1 19.3 This study

10 Maastricht,
Netherlands

Maastrichtian 1 21.7 2 19.6 This study

11 Monte San Giorgio,
Switzerland

Anisian 1 18.2 2 19.7 0.4 (27)

12 Asen, Sweden Campanian 4 21.1 0.9 2 19.6 0.4 2 19.1 0.1 This study
13 Ullstorp,

Sweden
Campanian 4 20.5 0.6 2 20.1 0.5 3 19.0 0.1 This study

14 Zefa, Israel Late Campanian 3 19.7 0.4 1 18.8 (25)
15 Ruseifa,

Jordan
Late Campanian 1 18.4 1 18.3 (25)

16 Toolebuc Formation,
Australia

Albian 1 19.7 2 18.2 0.1 This study
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taxonomic resolution is at the family level.
Assuming that both reptiles and fish lived in the
same water mass, differences in their d18O values
would reflect differences in body temperature. To
estimate the dependence of reptile body temper-
ature on that of ambient water, we reported the
difference in d18O value between coexisting ma-

rine reptiles and fish (belonging to the same sedi-
mentary bed) as a function of the fish d18O value,
which has been proven to be a valuable proxy of
seawater temperature (21). A compilation was
performed by combining 53 new (22) and 27
published (23–27) (table S1) d18O values of co-
existing marine fish and reptile tooth remains

recovered from worldwide sedimentary deposits
of Triassic to Cretaceous ages. Figure 1 illustrates
the principles of the relationship between coex-
isting reptile and fish temperature differences
and seawater temperature. If reptile body tem-
peratures mimic those of fish, d18O pairs are
expected to plot along the horizontal null line. In
the hypothetical scenario where reptile body
temperature is constant and nearly independent
of ambient water temperature, the isotopic pairs
should lie on or close to a line with a slope of –1.
Paired d18O data (Table 1) are compatible with
linear distributions whose slopes for ichthyo-
saurs, plesiosaurs, andmosasaurs are –1.38 T 0.20
[coefficient of determination (R2) = 0.937],
–1.08 T 0.27 (R2 = 0.480), and –0.70 T 0.20 (R2 =
0.588), respectively. Significant scattering in paired
data is observed in Fig. 2, and it exceeds un-
certainties associated with analytical measure-
ments. Diagenetic alteration cannot be excluded
for some samples, even though tooth enamel was
favored because of its remarkable resistance to
postdepositional alteration and recrystallization
(28). Reptiles and fish collected from the same
sedimentary bed may not be strictly contempo-
raneous, depending on how much time was con-
densed in the sedimentary layer. Contemporaneous
reptiles and fish could have recorded distinct sea
surface temperatures or water d18O, because they
lived at various depths or migrated seasonally for
hunting or reproduction. However, the observed
linear correlations are robust enough to indicate
that reptile body temperature does not vary sig-
nificantly with seawater temperature, except for
mosasaurs, whose slope could suggest that body
temperature could slightly decrease with decreas-
ing ambient water temperature. Indeed, the range
in d18O of fish close to 3 per mil (‰) means a
temperature variation of 13°C, according to the
slope of the oxygen isotope fractionation equa-
tion between fish phosphate and water [temper-
ature (°C) = 113.3 – 4.38 (d18Ophosphate –
d18Owater)] that was determined by Kolodny et al.
(21). This temperature range is valid only if the
d18O value of surface marine waters was constant
at various latitudes and for distinct water masses.

It is known that budgets of evaporation and
precipitation over the oceans are responsible for
various trends between d18O values of seawater
and salinity (29). These relationships are difficult
to apply to the past, especially for geological pe-
riods as old as the Mesozoic. At first order, we
can consider that there is an 18O enrichment of
water by at least 1‰ relative to the mean ocean
composition under low latitudes. Seawater tends
to be 18O-depleted by at least 1‰when reaching
latitudes above 50° as a consequence of precip-
itation dominating over evaporation; the d18O
value can be even lower in the presence of con-
tinental masses with fluvial discharge, as observed
in the present-dayNorthAtlantic ocean off Canada,
Greenland, and Norway. Consequently, the range
in Mesozoic fish d18O values must be corrected
by at least 2‰ because of the d18O-salinity lat-
itudinal gradient. In other words, the observed

A

B

C

Fig. 2. Differences in the d18O of tooth phosphate between the three marine reptiles [(A) ichthyosaurs,
(B) plesiosaurs, and (C) mosasaurs] and fish are reported against the d18O of fish teeth, approximating the
body temperature differences between coexisting reptiles and fish and the seawater temperature where
they lived (upper axis). The following reducedmajor axis regression lines with their 95% confidence limits
are drawn: y = –1.38 (T0.20) × +26.53 (T3.07), R2 = 0.94 (ichthyosaurs); y = –1.08 (T0.27) ×
+20.92 (T5.02), R2 = 0.48 (plesiosaurs); and y = –0.70 (T 0.20) × +12.89 (T3.37), R2 = 0.59
(mosasaurs). Numbers refer to localities given in Table 1. Ichthyosaur and fish samples 11 fromMonte San
Giorgio should be considered cautiously for the following reasons: (i) a poor knowledge of the water
salinity and consequently of the d18O value of ambient water. (ii) Triassic ichthyosaurs were not tuna-
shaped yet, so their thermoregulation was most likely not well developed and difficult to compare with
that of other Jurassic specimens. However, removing these data does not significantly change the slope
value of the regression line (–1.336 instead of –1.377).
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range of fish d18O values is translated into a tem-
perature range of at least 25°C. Lécuyer et al. (26)
have shown that the d18O of the global ocean
most likely ranged from –1 to 0‰ [standard
mean ocean water (SMOW) values] throughout
the Jurassic and Cretaceous. Accordingly, the
lowest temperatures of 12° T 2°C correspond to
the highest fish d18O values approaching 22‰,
and the highest temperatures of 36° T 2°C cor-
respond to the lowest fish d18O values close to
18‰ (Fig. 2). Ichthyosaurs and plesiosaurs have
d18O values similar to those of fish at a corre-
sponding temperature range of 26° T 2°C esti-
mated from fish and seawater d18O values of
19.5‰ and –1 to 0‰, respectively (Fig. 2). The
regression line for mosasaurs intercepts the hori-
zontal null line at a lower d18O value of 18.5‰,
thus indicating a possible higher body temper-
ature of 30° T 2°C. These temperature ranges are
the minimal values that can be considered for
ichthyosaur, plesiosaur, and mosasaur body tem-
peratures if the d18O of their body equaled that
of ambient seawater.

However, aquatic breathing vertebrates have
body waters that are slightly 18O-enriched rela-
tive to ambient water in the absence of trans-
cutaneous evapotranspiration, and published data
for modern aquatic reptiles reveal that this isotopic
enrichment does not exceed 2‰ (30, 31). Con-
sequently, the body temperatures of studied ich-
thyosaurs and plesiosaurs could have been as high
as 35° T 2°C and even close to 39° T 2°C for mo-
sasaurs, according to Kolodny et al.’s equation
(21). Both slope values of linear regressions and
estimates of body temperatures are in good agree-
ment with the swimming performances that were
modeled for these three groups of marine reptiles.
Massare (32, 33) and Motani (14) suggested that
ichthyosaurs were pursuit predators, whereas most
mosasaurs were ambush predators, not requiring
high metabolic rates all the time. Plesiosaurs were
considered to have been cruisers, although slower
than ichthyosaurs in sustained speed.

The d18O values of Mesozoic ichthyosaurs
and plesiosaurs support the hypothesis that these
large predators were able to regulate their body
temperature independently of the surrounding
water temperature even when it was as low as
about 12° T 2°C. In the case of mosasaurs, we
cannot exclude the possibility that their body
temperature was partly influenced by the temper-
ature of ambient water. In any case, estimated
body temperatures in the range from 35° T 2°C to
39° T 2°C encompass those of modern cetaceans
(34) and suggest a high metabolic rate required
for predation and fast swimming over large dis-
tances, especially in cold waters. d18O data from
tooth phosphate reveal the existence of homeo-
thermy for ichthyosaurs and plesiosaurs, and of at
least partial homeothermy for mosasaurs, with in
all cases a taxonomic resolution that does not
exceed the family or infraclass. These three dis-
tinct phylogenetic groups of large marine reptiles
were able to maintain a body temperature sub-
stantially higher than that of ambient marine waters,

indicating that some kind of endothermy operated
as an internal source of heat.
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Climate Change Will Affect
the Asian Water Towers
Walter W. Immerzeel,1,2* Ludovicus P. H. van Beek,2 Marc F. P. Bierkens2,3

More than 1.4 billion people depend on water from the Indus, Ganges, Brahmaputra, Yangtze,
and Yellow rivers. Upstream snow and ice reserves of these basins, important in sustaining seasonal
water availability, are likely to be affected substantially by climate change, but to what extent is
yet unclear. Here, we show that meltwater is extremely important in the Indus basin and important
for the Brahmaputra basin, but plays only a modest role for the Ganges, Yangtze, and Yellow rivers.
A huge difference also exists between basins in the extent to which climate change is predicted
to affect water availability and food security. The Brahmaputra and Indus basins are most
susceptible to reductions of flow, threatening the food security of an estimated 60 million people.

Mountains are the water towers of the
world (1), including for Asia, whose
rivers all are fed from the Tibetan pla-

teau and adjacent mountain ranges. Snow and
glacial melt are important hydrologic processes
in these areas (2, 3), and changes in temperature

and precipitation are expected to seriously affect
the melt characteristics (4). Earlier studies have
addressed the importance of glacial and snow
melt and the potential effects of climate change
on downstream hydrology, but these are mostly
qualitative (4–6) or local in nature (7, 8). The
relevance of snow and glacial melt for Asian river
basin hydrology therefore remains largely un-
known, as does how climate change could affect
the downstream water supply and food security.

We examined the role of hydrological pro-
cesses in the upstream areas, whichwe defined as
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Relative influences of DOC flux and subterranean fauna
on microbial abundance and activity in aquifer
sediments: new insights from 13C-tracer experiments

ARNAUD FOULQUIER*, LAURENT SIMON*, FRANCK GILBERT†, ‡, FRANCOIS FOUREL§,

FLORIAN MALARD* AND FLORIAN MERMILLOD-BLONDIN*

*UMR CNRS 5023, Ecologie des Hydrosystèmes Fluviaux, Université Claude Bernard Lyon 1, Villeurbanne Cedex, France
†Université de Toulouse, UPS, INP, EcoLab (Laboratoire d’écologie Fonctionnelle), Toulouse, France
‡CNRS, EcoLab, Toulouse, France
§UMR CNRS 5125, PaléoEnvironnements & PaléobioSphère, Université Claude Bernard Lyon 1, Villeurbanne Cedex, France

SUMMARY

1. Aquifers are considered to be controlled bottom-up because of their dependence on

organic matter supply from surface ecosystems. Microorganisms are generally assumed to

form the base of the food web and to respond strongly to organic matter supply. Although

the bottom-up control of microorganisms by carbon sources has been well documented,

the potential top-down control of obligate groundwater invertebrates on microorganisms

has never been addressed in alluvial aquifers.

2. The main aims of the present study were (i) to quantify the relative influences of the

activity of a subterranean amphipod (Niphargus rhenorhodanensis) and the flux of dissolved

organic carbon (DOC) on organic matter processing and microbial activity, biomass and

abundance in slow filtration columns mimicking an alluvial aquifer, and (ii) to determine

the feeding rate of N. rhenorhodanensis on sedimentary microbes by tracing the flux of a
13C-labelled source of DOC in batches (closed systems).

3. Slow filtration column experiments showed that microbial abundance, biomass and

activity were primarily controlled by DOC flux, whereas the activity of N. rhenorhodanensis

had only a slight effect on the microbial compartment. Modelling of carbon fluxes in the
13C-tracer experiments indicated that the feeding activity of the amphipod was too low to

significantly modify microbial growth and activity.

4. Our experiments supported the hypothesis that groundwater ecosystems are controlled

bottom-up. The small influence of N. rhenorhodanensis on the microbial compartment was

probably linked to its slow metabolism. Our results highlight the need for further

experiments to examine the relationship between metabolic rates of subterranean

organisms and their role in ecosystem functioning.

Keywords: animal–microbe interactions, bottom-up control, carbon cycle, Niphargus rhenorhodanensis,
top-down control

Introduction

Aquatic subterranean ecosystems are heterotrophic,

their functioning depending on the supply of allo-

chthonous organic matter originating from surface

ecosystems. The lack of photosynthesis (and primary

production) in ground water implies that the food
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webs are truncated (Gibert & Deharveng, 2002).

Theory predicts that heterotrophic and organic mat-

ter-limited environments such as groundwater eco-

systems are controlled bottom-up because the

quantity and quality of organic matter entering the

system determine food web structure (Malard et al.,

1994; Notenboom, Plénet & Turquin, 1994; Datry,

Malard & Gibert, 2005). The soil and vadose zone

(between the ground surface and the water table) act

as strong physical, chemical and biological filters that

dramatically reduce the transfer of organic detritus

(particulate organic matter – POM) from surface to

ground water. Consequently, dissolved organic car-

bon (DOC) is the main source of food for life in

aquifers (e.g. Starr & Gillham, 1993). Accordingly,

Simon, Benfield & Macko (2003) showed that micro-

organisms which process DOC represented the main

food resource for higher trophic levels in a karstic

system. In the hyporheic zone, several studies (e.g.

Findlay et al., 1993; Claret & Fontvieille, 1997; Craft,

Stanford & Pusch, 2002) have demonstrated the

significance of DOC availability for microbial

growth, with microorganisms being a potential food

source for invertebrates (Bärlocher & Murdoch,

1989). In a phreatic aquifer, Datry et al. (2005)

reported increased densities of groundwater inverte-

brates in zones enriched with DOC and suggested

that a DOC-induced enrichment of microbial biomass

stimulated the abundances of groundwater inverte-

brates.

Although this ‘bottom-up view’ of groundwater

ecosystems is largely accepted, there have been no

attempts to quantify the influence of the obligate

groundwater fauna on the microbial compartment

and DOC consumption and assimilation in alluvial

groundwater ecosystems (Gibert et al., 2009). In a

recent review, Boulton et al. (2008) pointed out that

obligate groundwater invertebrates should affect

many of the microbial processes involved in the C

and N cycles in a similar way to that observed for

surface-dwelling aquatic invertebrates. In sediments,

grazing activities of invertebrates may enhance bio-

film productivity (e.g. Traunspurger, Bergtold &

Goedkoop, 1997), whereas bioturbation activities

(burrowing, gallery building, and faecal pellet pro-

duction) may indirectly influence microbial commu-

nities through modifications of physicochemical

conditions (Danielopol, 1989; Mermillod-Blondin &

Rosenberg, 2006). However, clear evidence of the role

of invertebrates in microbial processes in sediment

has essentially been limited to surface-dwelling spe-

cies that lack many of the behavioural and physio-

logical adaptations to food limitation shared by most

obligate groundwater invertebrates (Hervant, Mat-

hieu & Barré, 1999a). Thus, the main aim of the

present study was to test whether a model obligate

groundwater species, the amphipod Niphargus rheno-

rhodanensis Schellenberg had a significant influence on

the microbial compartment and organic matter pro-

cessing in aquifer sediments. This species was

selected because it is the most abundant and widely

distributed subterranean macroinvertebrate in the

alluvial aquifer of the Rhône River (Dole-Olivier &

Marmonier, 1992). Two laboratory experiments were

developed (i) to quantify the relative influences of

amphipod activities (top-down control) and the flux

of DOC (bottom-up control) on the microbial com-

partment and DOC processing in slow filtration

columns mimicking an alluvial aquifer habitat

and (ii) to determine the feeding rate of N. rhenorho-

danensis on attached bacteria by tracing the flux of a
13C-labelled source of DOC in batches.

Methods

Collection of sediments

Gravel collected from the Rhône River was sieved

manually to select particle sizes ranging from 5 to

8 mm and then was cleaned with deionised water

before being dried at 60 �C. For the two experi-

ments, 10 kg of fresh sand was collected at a depth

of 1 m below the bed of a gravel pit intersecting the

water table of a glaciofluvial aquifer using the Bou–

Rouch method (Bou & Rouch, 1967). DOC concen-

trations in ground water collected from this glaciof-

luvial aquifer ranged from 0.4 to 0.9 mg L)1.

Groundwater temperature was 14.5 ± 0.3 �C, and

dissolved oxygen (DO) concentrations ranged from

5.8 to 6.7 mg L)1. Particulate organic carbon con-

tained in the collected sand was 0.42 ± 0.03 mg g)1

of sediment dry mass, and the abundance of

bacteria associated with sand was 2.1 108 bacte-

ria g)1 of sediment dry mass. After collection, the

sand was manually sieved to select particle sizes

ranging from 100–1000 lm and then kept in an

oxygenated water bath in the laboratory two days

before experiments started.
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Collection of subterranean organisms

The obligate groundwater amphipod Niphargus

rhenorhodanensis (dry weight = 1.0–1.3 mg), which

inhabits both karstic and alluvial aquifers, is an

opportunistic species showing a generalist feeding

strategy (Ginet, 1960; Danielopol, 1989). Individuals of

N. rhenorhodanensis were collected using traps buried

at a depth of 5 cm in the sediment of a ditch draining

the alluvial aquifer of the Dombes Forest, France

(45�58¢28¢N, 5�24¢25¢E, clade I in Lefébure et al., 2007).

To acclimatise animals to experimental conditions

(temperature, granulometry and food), they were

maintained in the laboratory for more than 15 days

before the experiment started.

Experiment I: relative influences of N. rhenorhodanensis

and DOC flux on microbial compartment in slow

filtration microcosms

Slow filtration column experiments were conducted to

test for the influences of amphipod activity (top-down

control) and the flux of DOC (bottom-up control) on

microbial compartment and DOC processing in sed-

iments. Columns had an inside diameter of 10 cm and

consisted of two experimental modules (10 cm high)

topped by a third module of 5 cm in height (Fig. 1a).

They were filled with inert gravel and fresh sand to a

height of 15 cm. About 10 cm of water was left above

the sediment surface. Masses of gravel (500, 500 and

400 g) and sand (150, 150 and 120 g) were alternately

introduced into the columns to obtain a heteroge-

neous porous media. During sediment introduction,

particle tracers (luminophores) were deposited at

depths of 2.5–3.5 cm (1 g of yellow luminophores)

and 6–7 cm (1 g of pink luminophores) below the

sediment surface to estimate sediment reworking

induced by amphipods (method described below).

Experiments were performed at constant tempera-

ture (15 ± 0.5 �C) in the dark. The columns were

supplied from the top with reconstituted ground

water (96 mg L)1 NaHCO3, 39.4 mg L)1 CaSO4 2H2O,

60 mg L)1 MgSO4 7H2O and 4 mg L)1 KCl, 19 mg L)1

Ca(NO3)2 4H2O) using a peristaltic pump controlling

a constant infiltration flow rate of 2 mL min)1. Sup-

plied water was aerated to maintain concentrations of

DO between 8.5 and 9.5 mg L)1 at the inlet of the

columns. The experiment was designed to couple

three modalities of DOC flux (i.e. 60, 180 and

300 lg h)1 of C by modifying the concentration of

easily degradable DOC sodium acetate supplied to

columns) with two modalities of fauna (absence or

Outlet

Water flow
(2 mL min-1)

–5 cm

+ 5 cm

–1 cm

–10 cm

Dissolved oxygen
Dissolved organic carbon

Water samples

   13C on organic carbon
attached to sediment

9 – 11cm

4 – 6 cm

0 – 2 cm

0.5-thick slices
of sediment

Luminophore
counting

{

{

{

3 SFC 3 SFC 3 SFC

3 SFC 3 SFC 3 SFC

0.5 mg L-1

of DOC
1.5 mg L-1

of DOC
2.5 mg L-1

of DOC

Controls without fauna

With 10 N. rhenorhodanensis

Microbial activities

Microbial biomasses

Bacterial abundances

(a)

(b)

Fig. 1 Schematic representation of slow

filtration columns indicating the positions

of sampling (a) and experimental design

of the experiment I in slow filtration col-

umns (b). SFC = slow filtration column.
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presence of 10 individuals of N. rhenorhodanensis) to

test for the interaction between DOC supply and the

activity of N. rhenorhodanensis on organic matter pro-

cessing and microbial parameters (Fig. 1b). A total of

six experimental treatments were tested with three

replicate columns per treatment. Dissolved acetate

supplied to all columns was enriched with 0.2% of
13C-marked acetate (13C2H4O2, 99 atom% 13C; Sigma–

Aldrich, Saint-Quentin Fallavier, France) to determine

the assimilation of DOC in attached bacteria and

amphipods. The d13C of the DOC solution supplied to

columns was 135 &.

After 1 week of column stabilisation, 10 individuals

of N. rhenorhodanensis were introduced in half of the

columns (n = 3 columns per DOC treatment). Amphi-

pod density in slow filtration columns (i.e. 8.4 indi-

viduals L)1 of sediment) was similar to that measured

in artificial substrata inserted in the bed sediment of

streams (7.2 ± 2.6 individuals L)1 of sediment, Mat-

hieu & Essafi-Chergui, 1990). Measurements of DOC

and DO were made at four depths (5 cm above the

sediment surface, and 1, 5 and 10 cm below the

sediment surface) on days 0 (before addition of

amphipods in the system), 6, 10, 14, 18, 22 and 26

after the addition of N. rhenorhodanensis to determine

the removal rates of DOC and DO (aerobic respira-

tion) in slow filtration columns (Fig. 1a). After the last

measurements (day 26), columns were dismantled,

the water layer was removed and columns were

opened to sample sediment (Fig. 1a). The top 11 cm of

fresh sediment were sampled in 0.5 cm thick slices.

Each layer was sieved to remove gravel and inverte-

brates, homogenised, and a 1 g sub-sample was used

for sediment reworking analyses (see below). Remain-

ing fresh sediments corresponding to three layers

(0–2, 4–6 and 9–11 cm below the sediment surface)

were used to analyse the 13C ⁄ 12C ratio of bacteria

(incorporation of acetate in bacteria, see model in Data

analysis section), bacterial abundance (numbers of

bacteria and active eubacteria), microbial activities

(hydrolytic activity, dehydrogenase activity) and bio-

chemical markers of biofilm biomass (carbohydrates

and proteins). Carbohydrates and proteins were used

to estimate biomasses of extracellular polymeric sub-

stances and bacterial cells, respectively (Foulquier A.,

Mermillod-Blondin F., Malard F. & Gibert J., submit-

ted). Individuals ofN. rhenorhodanensiswere recovered

from columns to analyse their 13C ⁄ 12C ratio and

calculate the incorporation rate of 13C-enriched micro-

bial biomass in animals (see model in Data analysis

section). After collection, N. rhenorhodensis were kept

48 h in glass bowls with tap water to clear their gut

contents before stable isotope analyses.

Experiment II: incorporation of DOC in the food web

We designed a second experiment with simplified

experimental units to quantify the assimilation of

DOC in attached bacteria and subterranean amphi-

pods. A total of 36 erlenmeyer flasks were used to

measure bacterial growth and the temporal dynamics

of 13C ⁄ 12C ratio in bacteria and amphipods. Flasks

(250 mL) were filled with 30 g dry mass of fresh sand

(collected and treated as in Experiment I) and 160 mL

of reconstituted ground water (ionic composition as in

Experiment I). Reconstituted ground water was

enriched with 13C-labelled acetate (13C2H4O2, 99

atom% 13C) to fit an initial concentration of 25 mg L)1

of DOC and a 13C ⁄ 12C ratio of 47 atom%. The

concentration of DOC (25 mg L)1) used in this exper-

iment was higher than the DOC concentrations used

in slow filtration columns (<3 mg L)1). However, the

application of a high concentration of 13C-labelled

DOC was necessary to obtain significant 13C enrich-

ments in bacteria and amphipods for the calculation

of carbon assimilation rates. Four individuals of

N. rhenorhodanensis were introduced in half of the

flasks (n = 18) to measure their capacity to modify

DOC incorporation in attached bacteria and to feed

and incorporate bacterial carbon in their tissues. At six

dates during the experiment (0, 12, 24, 48, 72 and

96 h), three flasks of each treatment (absence or

presence of N. rhenorhodanensis) were killed to deter-

mine DOC concentrations in the overlying water,

number of bacteria and active eubacteria on the

sediment, and the 13C ⁄ 12C ratios of the bacteria and

amphipods (used for calculation of assimilation rates,

see model in Data analysis section). As indicated for

experiment I, collected amphipods were kept 48 h in

glass bowls with tap water to clear their gut contents.

Physical, chemical and microbial analyses

Sediment reworking analyses. Sediment reworking by

amphipods was assessed using luminophores (natu-

ral sediment particles of 350–500 lm in size, dyed

with a fluorescent paint) as particle tracers (Gerino

et al., 1998). Each sub-sample of fresh sediment
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collected at the end of the experiment from 0.5 cm

thick slices was lyophilised for luminophore counting.

Detection of luminophores was performed under UV

light (digital camera Olympus C-2500L; Olympus

France, Rungis, France) for automatised counting on

acquired images (image analysis software Image-Pro

Plus). Luminophore quantities were reported in terms

of quantity of dry sand collected in each slice.

Dissolved oxygen and DOC analyses. Dissolved oxygen

measurements in slow filtration columns were made

with an oxygen microsensor probe (Unisense, Aarhus,

Denmark) directly connected to the four lateral water

outlets, thereby preventing any contact with atmo-

spheric oxygen. Water samples for DOC analyses were

filtered through HAWP filters (porosity: 0.45 lm;

Millipore, Billerica, MA, U.S.A.) and analysed with a

total carbon analyser (multi N ⁄C� 3100; Analytik Jena,

Jena, Germany) based on thermocatalytic oxidation

and MC-NDIR detection after removing inorganic

carbon with hydrochloric acid (5 lL mL)1) and CO2

stripping under 15 min oxygen flow.

Stable isotope analysis. Sediment samples (with

attached bacteria) and amphipods were oven dried

at 50 �C for at least 48 h and then crushed using a

mortar and pestle. About 500 mg of dry sediments

were placed in pre-cleaned Oakridge centrifugation

tubes and 2 MM HCl was added for 12 h at room

temperature to remove calcite. After centrifugation at

2500 g during 5 min, the supernatant was discarded;

sediments were rinsed three times with ultrapure

water and oven dried at 50 �C. An amount of 2.5 mg

of dry sediments were weighted in tin capsules for

stable isotope analysis. Dry amphipods were placed in

glass vials and acidified with 400 lL of 2 MM HCl to

remove calcium carbonate. Samples were oven dried

at 50 �C without subsequent rinse. A total of 250 lg of

dry amphipod were weighted in tin capsules for

stable isotope analysis.

Stable isotope ratios of carbon (13C ⁄ 12C) were mea-

sured by continuous flow stable isotope ratio mass

spectrometer (CF-IRMS) using a GVI Isoprime mass

spectrometer interfaced with a Eurovector Euro-

EA3028-HT elemental analyser. 13C ⁄ 12C ratios were

expressed as d in part per thousand (&) and referenced

to V-PDB standard. The analytical precision achieved

for tyrosine standards analysed along with the sam-

ples was better than 0.1& (± standard deviation).

Microbial analyses. The DNA intercalating dye (DAPI)

and a Cy3 probe (EUB 338, eubacteria) were used on

sediment samples to determine the total number of

bacteria and the percentages of active eubacteria.

Sediment samples (1 g) were fixed, homogenised,

spotted on slides and hybridised according to Mer-

millod-Blondin et al. (2005). Slides were mounted with

Citifluor solution (Citifluor Ltd, London, U.K.), and the

preparations were examined at 1000· magnification

with a BH2-RFCA Olympus microscope fitted for

epifluorescence with a high-pressure mercury bulb

(50 W) and filter sets BP 405 (for DAPI) and BP 545 (for

Cy3). Bacteria from the samples were analysed in 20

fields per sample with up to 30 cells per field. Numbers

of DAPI and Cy3 bacteria were counted separately

from the same field to determine the percentages of

active eubacteria (% Cy3 bacteria ⁄DAPI bacteria).

Total numbers of bacteria were expressed as number

of cells g)1 dry weight (DW) of sediment.

The 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl

tetrazolium chloride (INT) was used to measure

dehydrogenase activity as modified from Houri-

Davignon, Relexans and Etcheher (1989). Sediment

samples (1 g fresh weight) were incubated into a

0.02% INT solution (final solution) for 2 h at 15 �C
and then filtered on a nylon membrane (0.22 lm,

MSI). Controls were prepared by adding formalde-

hyde (2% final) in INT solution. Extraction of INT

formazan was made in vials containing 5 mL of

methanol. Each vial was sonicated at 100 W during

two periods of 60 s using a sonicator fitted with a

2-mm-diameter probe (Sonicator XL 2020; Misonix

Inc., Farmingale, NY, U.S.A.) to increase solvent

extraction yield (Maurines-Carboneill et al., 1998).

The INT formazan extract was measured by a spec-

trophotometer adjusted at 480 nm against control

blank. The quantity of INT formazan was computed

by using the molar extinction coefficient of

18 000 MM
)1 cm)1 at 480 nm and was expressed as

lmol of INT h)1 g)1 DW of sediment.

Hydrolytic activity was estimated using the fluo-

rescein diacetate (FDA) hydrolysis method (Jørgen-

sen, Eriksen & Jensen, 1992). Sediment samples (1 g

fresh weight) were placed into 3 mL of a pH 7.6

phosphate buffer solution with 0.15 mL of 4.8 mMM

FDA solution. The incubation was maintained for 1 to

3 h until a green colouration of fluorescein appeared.

The reaction was stopped by freezing the sample after

the addition of 4.5 mL of a solution of HgCl2
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(400 mg L)1). Fluorescein concentration was esti-

mated from the absorbance of the filtered supernatant

(0.45 lm, Millipore) measured at 490 nm and was

expressed as lmol of FDA h)1 g)1 DW of sediment.

Total proteins on sediment were measured accord-

ing to the Lowry method modified by Peterson (1977),

using the Sigma Protein Assay Kit (P 5656 Sigma

Diagnostics, St Louis, MO, USA). Concentration was

expressed as mg of protein g)1 DW of sediment.

Carbohydrates were quantified on dry sediment

(24 h at 60 �C in an oven) using the Dubois method

(Dubois et al., 1956). A homogenised sample of dry

sediment (0.25 g) was mixed with 1 mL of a phenol

solution (10%) and 5 mL of sulphuric acid (95%).

Incubation was performed at room temperature in the

dark for 1 h. Absorbance of the supernatant was

measured at 495 nm, and carbohydrate content was

expressed as mg of carbohydrates g)1 DW of sedi-

ment.

Data analysis

Experiment I. The quantification of luminophore

redistribution following sediment reworking by

N. rhenorhodanensis was realised using a model

inspired by the gallery-diffusion model of François

et al. (2002). This model describes both the diffusive-

like mixing of particles in the region of intense

burrowing activity (Db) and the non-local mixing

pattern (r) associated with a biologically induced

transfer of particles from one layer to another in a

discontinuous pattern (i.e. a non-continuous trans-

port; Boudreau, 1986; Meysman, Boudreau & Middel-

burg, 2003). Detailed information about this model

can be found in Gilbert et al. (2007). Biodiffusion-like

coefficients of particles obtained for yellow and rose

luminophores were compared among DOC and fauna

treatments using a two-way analysis of variance

(ANOVAANOVA). Tukey’s post hoc tests were performed to

identify significant pairwise differences between

treatments.

Concentrations of DO and DOC measured on day

26 at 4 depths in slow filtration columns were used to

calculate the removal rate of DOC and DO in three

sediment layers (i.e. 0–2, 2–5 and 5–10 cm below the

sediment surface) as follows:

RR ¼ ðDC �QÞ=ðV� PÞ ð1Þ
Where:

RR: Removal rate of DOC and DO in mg h)1 L)1

sediment

DC: Difference in DOC or DO concentration

(mg L)1) between two consecutive layers

Q: water discharge (L h)1) through the sediment

layer

V: volume of the sediment layer (L)

P: porosity

A three-way ANOVAANOVA was used to test for the effects

of depth, DOC flux and amphipods on the removal

rates of DO and DOC, microbial parameters (abun-

dance, activities and biochemical markers) and
13C ⁄ 12C ratio of attached bacteria. A one-way ANOVAANOVA

was used to compare the 13C ⁄ 12C ratio of amphipod

tissues collected at the end of the experiment between

DOC treatments. Tukey’s post hoc tests were per-

formed to identify significant pairwise differences

between treatments.

Experiment II. Student’s t-tests were performed on

measurements made at 0 h to verify that there were

no differences in DOC concentrations, bacterial counts

and 13C ⁄ 12C ratios of attached bacteria between the 2

series of flasks (n = 3) attributed to each fauna

treatment before addition of N. rhenorhodanensis. After

0 h, a two-way ANOVAANOVA with fauna (presence or

absence of N. rhenorhodanensis) and time (12, 24, 48,

72 and 96 h) was used to test for differences in the

temporal dynamics of DOC, bacterial counts and
13C ⁄ 12C ratios of attached bacteria between fauna

treatments. A one-way ANOVAANOVA was used to compare

the 13C ⁄ 12C ratios of amphipod tissues among dates.

Modelling of carbon fluxes. The modelling of carbon

fluxes between DOC, attached bacteria and N. rheno-

rhodanensis was performed using a similar approach

as in Mauclaire et al. (2003). Bacteria growth was

assumed to follow Monod kinetics (Monod, 1942). The

bacterial uptake of DOC (CDOC) over time t in the

experimental system was described by the following

differential equation:

dCDOC

dt
¼ � 1

Y1
l1

CDOC

Ks þ CDOC
B ð2Þ

where B was the carbon biomass of bacteria (g C

bacteria), KS was the Monod constant (mg C), l1 was

the maximum growth rate of bacteria (day)1) and Y1

was the carbon conversion efficiency between acetate

and bacterial biomass (g C bacteria g)1 CDOC). The
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feeding rate of amphipods on bacteria was assumed to

depend on the bacterial biomass and we neglected

biomass changes because of natural decay, which

yielded the equation:

dN

dt
¼ l2BN ð3Þ

with N as amphipod biomass (g C amphipods) and l2
as growth rate (g)1 C bacteria day)1).

Total change of bacteria biomass was then calcu-

lated as follows:

dB

dt
¼ l1

CDOC

Ks þ CDOC
B

� �
� l3B� 1

Y2
l2BN ð4Þ

where l3 was the bacteria natural decay rate (day)1)

and Y2 was the carbon conversion efficiency between

bacteria and amphipod biomasses (g C amphi-

pods g)1 C bacteria).
13C fluxes were modelled to describe changes in the

13C ⁄ 12C ratio of attached bacteria and amphipod

tissues. We assumed that there was no isotopic

fractionation between DOC and attached bacteria,

and between bacteria and amphipods during C

assimilation. This assumption was a reasonable sim-

plification because C isotope fractionations during

aerobic metabolism are generally low (0 to few &),

thus negligible relatively to the high 13C enrichment of

this study. The change of 13C mass in DOC was given

by:

d13CDOC

dt
¼ � 1

Y1
l1

13CDOC

Ks þ CDOC
B ð5Þ

while the evolution through time of 13C in bacteria

(13CB) and amphipods (13CN) was expressed as:

d13CB

dt
¼ l1

13CDOC

Ks þ CDOC
B

� �
� l3

13CB � 1

Y2
l2

13CBN

ð6Þ

d13CN

dt
¼ l2

13CBN ð7Þ

The carbon mass and the isotopic compositions of

the DOC, bacteria and amphipods were computed at

each time step by solving the system of differential

equations (2–7) that described the carbon and 13C

mass balances using a fourth-order Runge-Kutta

numerical integration procedure (Press et al., 1992).

To compare the result of the model to the experimen-

tal data, the carbon isotope composition of total

organic carbon attached to sediment (comprising the

organic carbon contained in bacterial cells and bacte-

rial exopolymeric substances) was calculated using a

simple mass-balance equation:

d13CTOC ¼ Bd13CB þ Ci
TOCd

13Ci
TOC

Bþ Ci
TOC

ð8Þ

where Ci
TOC was the total organic carbon attached to

sediments at the start of the experiment.

Cell bacterial biomass at the start of the experiment

was estimated from DAPI counts using a conversion

factor of 30 fg of C cell)1 (Fukuda et al., 1998; Trous-

sellier et al., 1997). Invertebrates contained about

500 lg of C per individual at t = 0.

Unknown parameters of the model (l1, l2, l3, KS, Y1

and Y2, Table 1) were calculated by adjusting the

simulation results to measured DOC concentrations,

d13C values of total organic carbon and d13C of

amphipod tissues. The quality of the fit between

modelled and measured data was evaluated by

calculating the sum of the squared differences

between observed and calculated values.

For all parametric tests, homoscedasticity and data

normality were checked using Levene’s tests and

Shapiro’s tests, respectively. Whenever necessary,

data were ln or square-root transformed to homoge-

nise variances and fit data normality. For variables

Table 1 Biodiffusion-like coefficients (Db) calculated for

luminophores deposited in two depth layers of the columns for

the six experimental treatments. DOC1 = 60 lg C h)1, DOC2 =

180 lg C h)1, and DOC3 = 300 lg C h)1. Values are means

(SD). n = 3 columns per treatment

Depth of

luminophore

deposition (cm) Treatment Db (cm2 year)1)

2.5–3.5 DOC1 * control 0.76 (0.39)

DOC1 * N. renorhodanensis 0.52 (0.32)

DOC2 * control 0.36 (0.17)

DOC2 * N. renorhodanensis 0.47 (0.40)

DOC3 * control 0.15 (0.02)

DOC3 * N. renorhodanensis 0.17 (0.05)

6.0–7.0 DOC1 * control 0.85 (0.19)

DOC1 * N. renorhodanensis 1.07 (0.46)

DOC2 * control 1.29 (0.66)

DOC2 * N. renorhodanensis 0.84 (0.28)

DOC3 * control 1.09 (0.76)

DOC3 * N. renorhodanensis 0.84 (0.14)
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expressed as percentages (% of active eubacteria),

data were arcsine transformed. All statistical analyses

were performed using Statistica 5� (Statsoft, Tulsa,

OK, U.S.A.).

Results

Experiment I: relative influences of N. rhenorhodanensis

and DOC flux on microbial compartment in slow

filtration microcosms

The luminophore vertical profiles were diffusive-like

shapes, indicating a preferential occurrence of ran-

dom mixing events over short distances in the

columns. This induced the production of diffusion-

like coefficients (Db) and the absence of non-local

coefficients (r) by the gallery-diffusor model. The

diffusion-like coefficients (Db) were not significantly

affected by the presence and activity of the amphi-

pods (Table 1, two-way ANOVAANOVA, fauna effect,

F(1.12) < 0.4, P > 0.5 for the two investigated sediment

layers).

Most variables showed no significant influence of

N. rhenorhodanensis on the microbial compartment

(Fig. 2, Table 2). Amphipods had only significant

positive effects on DO removal rate and dehydroge-

nase activity in slow filtration columns, but these

effects depended on depth as well as on ‘depth ·
DOC flux’ interactions for DO removal rate (Table 2).

For instance, Niphargus rhenorhodanensis increased DO

removal rate by 97% in the top 2 cm of sediment

columns receiving a DOC flux of 60 lg C h)1,

whereas it had no significant effect ()5.4%) at the

same depth in the treatment with a DOC flux of

180 lg h)1 (Fig. 2).

On the contrary, the increase in DOC flux had a

significant positive effect (Table 2, Fig. 2) on microbial

processes (DO removal, DOC removal, and dehydro-

genase and hydrolytic activities), microbial biomass

(proteins and carbohydrates) and bacterial counts

(total number of cells and percentage of active

eubacteria). In the top 2 cm of sediments, the DOC

removal rate, DO consumption, protein concentration

and bacterial abundance increased by 552, 389, 129

and 102%, respectively, as the DOC flux increased

from 60 to 180 lg C h)1. The influence of DOC supply

on microbial parameters decreased with increasing

depth in slow filtration columns except for hydrolytic

activity (Table 2). As a consequence of the influence of

vertical DOC fluxes on microorganisms, all microbial

variables were positively correlated with the DOC

removal rates measured in slow filtration columns

(Table 3).

The d13C value of total organic carbon attached to

sediment also increased significantly with increasing

DOC flux and decreased with depth (Fig. 3a, Table 2).

This d13C signature was highly correlated with the

DOC removal rate and the microbial variables

(Table 3) indicating that carbon from acetate was

incorporated into bacterial biomass. N. rhenorhodanen-

sis did not have a significant influence on d13C of total

organic carbon attached to sediment (Table 2) but

d13C values of amphipods showed a higher incorpo-

ration of organic carbon in their tissues for the highest

DOC treatment (Fig. 3b, one-way ANOVAANOVA, F(3,9) = 7.4,

P < 0.01).

Experiment II: incorporation of DOC in the food web

DOC decreased rapidly with time (Fig. 4a, Table 4)

owing to consumption by the microbial compartment,

the abundance of which concomitantly increased over

time (Fig. 4b, Table 4). The percentage of active

eubacteria also evolved significantly during the

experiment but to a lesser extent than the total

number of bacteria (Fig. 4c). The occurrence of

N. rhenorhodanensis did not significantly affect the

microbial compartment although amphipods signifi-

cantly delayed the DOC decrease during the experi-

ment (Fig. 4a, Table 4).

A significant increase in d13C was measured in

bacteria attached to sediment (Fig. 5b, two-way

ANOVAANOVA, time effect, F(4,18) = 67.3, P < 0.001) and

tissues of amphipods (Fig. 5c, one-way ANOVAANOVA,

F(5,12) = 39.9, P < 0.001). The best model fit of DOC

concentration (Fig. 5a) and 13C ⁄ 12C ratio of total

organic carbon associated with sediments (Fig. 5b)

and amphipods (Fig. 5c) was obtained with parameter

values reported in Table 5. According to differences in

DOC decrease with time between control and fauna

treatments (‘time · fauna’ effect in Table 4), a lower

half velocity constant (KS) and a higher maximum

growth rate of bacteria (l1) were estimated in the

control treatment in comparison with the fauna

treatment (Table 5). Although amphipods delayed

DOC decrease and reduced bacterial growth rate, the

conversion coefficient of DOC into bacterial carbon

(Y1) was increased by 18% with N. rhenorhodanensis
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(Table 5). The growth rate of amphipods reported as

bacterial biomass (l2) was 0.35 lg C bacteria day)1.

The carbon conversion efficiency of bacteria biomass

to amphipods (Y2) was 0.06, indicating that N. rheno-

rhodanensis incorporated 6% of the bacterial carbon it

consumed into biomass.

Discussion

In recent years, there has been increased interest in the

role potentially played by fauna in ground water

(Boulton, 2000; Boulton et al., 2008). Several studies

were performed on animal communities living in the

hyporheic zone (Danielopol, 1989; Marshall & Hall,

2004; Mermillod-Blondin et al., 2004) or in karstic

systems (Edler & Dodds, 1996; Kinsey, Cooney &

Simon, 2007; Cooney & Simon, 2009), but very few

attempts were made to specifically assess the role of

obligate groundwater invertebrates inhabiting alluvial

aquifers. In conformance with the bottom-up hypoth-

esis, our results clearly showed that microbial biomass

and activity in our experimental columns were pre-

dominantly driven by DOC fluxes. As observed along

subsurface flowpaths (Findlay et al., 1993; Marmonier

et al., 1995; Sobczac & Findlay, 2002), sediment respi-

ration (DO removal rate), bacterial activity and abun-

dance were controlled by the availability of DOC

flowing through the slow filtration columns. The

occurrence of the subterranean amphipod N. rheno-

rhodanensis had a slight influence on microbial activ-

ities and DOC processing. For instance, even if

N. rhenorhodanensis could increase by 97% the oxygen

respiration in the uppermost 2 cm of sediments (but

only with a DOC flux of 60 lg h)1), an increase in

DOC flux from 60 to 180 lg h)1 enhanced by 389%

the oxygen respiration in the same sediment layer.

The overriding effect of DOC supply on microbial

activities (respiration rate, organic carbon consump-

tion, dehydrogenase and hydrolytic activities), bio-

mass (protein and carbohydrate contents) and

abundances (total number of bacteria and number of

active eubacteria) indicated a predominance of bot-

tom-up control over top-down control on groundwa-

ter microbial communities in our experiments. This

finding is in accordance with the generally held view

that microbial growth and activities are essentially

dependent on dissolved organic matter entering

ground water (Ghiorse & Wilson, 1988; Goldscheider,

Hunkeler & Rossi, 2006).T
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In slow filtration columns, we detected significant

increases in oxygen consumption and dehydrogenase

activity of bacteria with N. rhenorhodanensis. With a

DOC flux of 60 lg h)1, amphipods produced an

increase in oxygen consumption of 1.3 mg of O2 h
)1

L)1 of sediment in the uppermost 2 cm of sediments

that could not be attributed to the sole respiration of

10 individuals of N. rhenorhodanensis (0.04 mg of

O2 h
)1 L)1 of sediment calculated with respiration

data of Hervant et al., 1997). Such results indicate that

feeding and ⁄or bioturbation activity of N. rhenorho-

danensis apparently had a positive influence on respi-

ratory activity of bacteria. In batches, the occurrence

of amphipods also delayed the DOC decrease

(increase in Ks and decrease in l1) and increased the

efficiency of DOC incorporation into bacteria (Y1). The

amphipod-induced modifications of carbon conver-

sion efficiency Y1 in batches and dehydrogenase

activity in slow filtration columns suggested that

amphipods could have slightly influenced the phys-

iology of the microbial communities. However, this

effect of N. rhenorhodanensis on microbial function was

not associated with a significant change in the

biomass (proteins and carbohydrates) and abun-

dances of bacteria (total number and number of active

bacteria). Modelling of carbon fluxes in batches clearly

indicated that the feeding rate of N. rhenorhodanensis

on sedimentary biomass was too low to influence

significantly the bacterial biomass (top-down effect).

The fast and efficient assimilation of DOC by

Table 3 Correlations between biogeochemical processes, microbial variables and sedimentary d13C obtained in slow filtration col-

umns (DOC RR: dissolved organic carbon removal rate; DO RR: dissolved oxygen removal rate; INT: dehydrogenase activity; FDA:

hydrolytic activity, BA: bacterial abundance; % AE: percentage of active eubacteria)

Variables DOC RR DO RR INT FDA Proteins Carbohydrates BA % AE

DO RR R = 0.912

P < 0.001

INT R = 0.786 R = 0.805

P < 0.001 P < 0.001

FDA R = 0.368 R = 0.425 R = 0.420

P < 0.05 P < 0.01 P < 0.01

Proteins R = 0.529 R = 0.609 R = 0.580 R = 0.873

P < 0.001 P < 0.001 P < 0.001 P < 0.001

Carbohydrates R = 0.801 R = 0.824 R = 0.816 R = 0.463 R = 0.694

P < 0.001 P < 0.001 P < 0.001 P < 0.01 P < 0.001

BA R = 0.646 R = 0.738 R = 0.717 R = 0.760 R = 0.901 R = 0.835

P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001

% AE R = 0.565 R = 0.652 R = 0.624 R = 0.747 R = 0.897 R = 0.757 R = 0.908

P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001

Sedimentary d13C R = 0.866 R = 0.957 R = 0.779 R = 0.485 R = 0.630 R = 0.772 R = 0.740 R = 0.661

P < 0.001 P < 0.001 P < 0.001 P < 0.01 P < 0.001 P < 0.001 P < 0.001 P < 0.001
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microorganisms probably compensated for the micro-

bial loss induced by the feeding rate of N. rhenorho-

danensis. Indeed, we computed from our model that a

total of 890 lg of DOC was incorporated into bacterial

carbon in each batch during the 4 days of the

experiment, whereas only 41 lg of bacterial carbon
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Time (h)

D
is

so
lv

ed
 o

rg
an

ic
 c

ar
bo

n 
(m

g 
L–1

)

0

5

10

15

20

25

30

0 12 24 48 72 96

Time (h)

0 12 24 48 72 96
0

1

3

4

6

7

8

2

5

N
um

be
r 

of
 b

ac
te

ria
 (

× 
10

8 )
 g

–1
 o

f D
W

 s
ed

im
en

t

Time (h)

0 12 24 48 72 96

P
er

ce
nt

ag
e 

of
 a

ct
iv

e 
ba

ct
er

ia
(C

y3
-b

ac
te

ria
 / 

D
A

P
I b

ac
te

ria
)

0

10

20

30

40

50

60

(a)

(b)

(c)

Fig. 4 Changes in the concentration of dissolved organic

carbon (a), bacterial abundance (b) and percentage of active

eubacteria (c) during experiment II in treatments with or

without individuals of N. rhenorhodanensis. Values are

means ± SD (n = 3 flasks per treatment).

T
a
b
le

4
A
N
O
V
A

A
N
O
V
A

re
su

lt
s
fo
r
th
e
ef
fe
ct
s
o
f
ti
m
e
an

d
o
cc
u
rr
en

ce
o
f
N
.
rh
en
or
ho
da
n
en
si
s
o
n
co
n
ce
n
tr
at
io
n
s
o
f
d
is
so
lv
ed

o
rg
an

ic
ca
rb
o
n
,
b
ac
te
ri
al

ab
u
n
d
an

ce
s,

p
er
ce
n
ta
g
es

o
f
ac
ti
v
e

eu
b
ac
te
ri
a
an

d
se
d
im

en
ta
ry

d1
3
C

d
u
ri
n
g
th
e
ex
p
er
im

en
t
II

(d
.f
.:
d
eg

re
es

o
f
fr
ee
d
o
m

fo
r
ea
ch

te
st
ed

ef
fe
ct
;
D
O
C
:
d
is
so
lv
ed

o
rg
an

ic
ca
rb
o
n
;
B
A
:
b
ac
te
ri
al

ab
u
n
d
an

ce
;
%

A
E
:

p
er
ce
n
ta
g
e
o
f
ac
ti
v
e
eu

b
ac
te
ri
a)

E
ff
ec
t

d
.f
.

D
O
C

co
n
ce
n
tr
at
io
n

B
A

%
A
E

S
ed

im
en

ta
ry

d1
3
C

F
P

F
P

F
P

F
P

F
au

n
a

1
4.
13

0.
18

0.
36

0.
58

0.
49

0.
53

0.
09

0.
78

T
im

e
4

16
3

<
0.
00
1

32
.9

<
0.
00
1

16
.1

<
0.
00
1

67
.3

<
0.
00
1

F
au

n
a
*
T
im

e
4

7.
12

<
0.
01

2.
02

0.
14

1.
46

0.
26

0.
42

0.
79

E
rr
o
r

18

Role of carbon supply and subterranean fauna on aquifer microorganisms 1571

� 2010 Blackwell Publishing Ltd, Freshwater Biology, 55, 1560–1576

122



were fed (only 2.5 lg being incorporated in animal

tissues) by amphipods during the same time period.

We did not detect any significant effect of N. rhe-

norhodanensis on the physical structure of sandy

sediment. Amphipods did not influence the sediment

transport coefficients (calculated with luminophore

tracers), although they were observed to move in large

interstices of the sediment column (visual observa-

tions on inner wall of the columns) and were collected

in the whole sediment columns at the end of the

experiment. The lack of sediment reworking implied

that the bioturbation by amphipods did not signifi-

cantly modify the living conditions for microorgan-

isms growing on sand particles. Thus, our

experiments clearly indicated that the feeding and

bioturbation activities of N. rhenorhodanensis were

much too low to significantly affect microbial pro-

cesses in sediments.

Our findings differ markedly from those obtained

by Edler & Dodds (1996) and Cooney & Simon (2009)

with cave animals. Edler & Dodds (1996) reported a

stimulation by 300–400% of attached bacteria (both

abundance and activity) by the subterranean isopod

Caecidotea tridentata, whereas organic carbon addition

(D-glucose) had no effect on bacteria. They suggested

that microbial activity was limited by N, rather than

C, in their experiments. In such conditions, the

excretion of nitrogen by isopods could have stimu-

lated microbial abundances and activities (Edler &

Dodds, 1996). In our experiments, N was not limiting

because N–NO3
) concentration in water (10 mg of

N–NO3
) L)1) was more than tenfold higher than

those used by Edler & Dodds (1996). Such compar-

ison suggests that the influence of invertebrates on

microbial processes may vary as a function of

nutrient limitation. Significance of invertebrates on

ecosystem processes may also depend on the func-

tional traits of the species (Mermillod-Blondin &

Rosenberg, 2006). If the amphipod N. rhenorhodanen-

sis had slight effect in our experiments, Cooney &

Simon (2009) reported that the cave amphipod

Gammarus minus could reduce the bacterial produc-

tion on rocks, offsetting the stimulatory effect as a

result of glucose amendment. The contrasting influ-

ences of G. minus and N. rhenorhodanensis on bacterial

activity were probably related to differences in

metabolic activities between these two species. The

ecophysiology of N. rhenorhodanensis and G. minus

were studied by Hervant et al. (1997) and Hervant,

Mathieu & Culver (1999b), respectively. At a temp-

erature of 11 �C, the obligate groundwater amphipod

N. rhenorhodanensis had a respiration rate of

12.9 lmol O2 g
)1 of dry mass h)1 (Hervant et al.,

1997). Comparatively, the amphipod Gammarus

minus studied by Cooney & Simon (2009) exhibited

a threefold higher respiration rate in normoxia at the
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1572 A. Foulquier et al.

� 2010 Blackwell Publishing Ltd, Freshwater Biology, 55, 1560–1576

123



same temperature (between 40 and 45 lmol O2 g
)1 of

dry mass h)1, Hervant et al., 1999b). Consequently,

G. minus probably needs a threefold higher grazing

activity than N. rhenorhodanensis to acquire its energy

from microorganisms. Differences in metabolic

demands could thus explain why G. minus can exert

a higher control on microbial communities than

N. rhenorhodanensis. In the same way, Kinsey et al.

(2007) reported that G. minus produced a mean leaf

litter breakdown of 0.14 g)1 of leaf g)1 of dry animal

day)1, whereas recent laboratory experiments

showed that Niphargus rhenorhodanensis had a 20-fold

lower effect on leaf litter breakdown (0.007 g)1 of

leaf g)1 of dry animal day)1, Simon Navel, unpubl.

data).

The low metabolism of N. rhenorhodanensis is a

characteristic shared by most subterranean species

(Hüppop, 1985; Hervant et al., 1997). Indeed, most

subterranean invertebrates have developed efficient

energy-saving strategies (low metabolism, storage of

energy reserves) for fitting their physiological func-

tion to food-limited conditions prevailing in most

aquifers (e.g. Hüppop, 1985; Danielopol et al., 1994;

Hervant & Renault, 2002). Hervant et al. (1997) also

demonstrated that N. rhenorhodanensis, by depressing

its metabolism, could survive without feeding for

periods largely exceeding 200 days. We can therefore

presume that the low influence of N. rhenorhodanensis

on microorganisms in our experiments was linked to

its low metabolic demand. However, we cannot

exclude that the low influence of this omnivorous

amphipod on microorganisms might have resulted

from a low feeding preference for sedimentary bacte-

ria. Although experiments showed that N. rhenorho-

danensis could be maintained several years in

laboratory under a large variety of foods (leaves,

sediment, meat) (Ginet, 1960; Mathieu, 1967), know-

ledge about the feeding preferences of this species are

lacking and we only detected small quantities of

faecal pellets with fine sediment in boils used for gut

content clearing (personal observation). Further

experiments in the laboratory and in the field (using

d13C and d15N to reconstitute food webs) are therefore

greatly needed to determine the feeding preferences

of N. rhenorhodanensis in the alluvial ecosystems.

Nevertheless, the present study highlighted that, in

sand-gravel sediments characteristics of the alluvial

aquifer of the Rhône River, N. rhenorhodanensis was

not able to influence significantly dissolved organic

matter processing (DOC removal rate). This result

was linked to the lack of significant activity of the

amphipods in sandy zones where microbial processes

predominantly occurred in our experimental systems

(Mermillod-Blondin et al., 2001). Although N. rheno-

rhodanensis is a dominant hypogean species of the

alluvial aquifer of the Rhône River, other less abun-

dant subterranean organisms that are strict microbi-

vores and effective sediment bioturbators would have

more influence on microbial processes than amphi-

pods. In surface environments, tubificid worms such

as Tubifex tubifex or Limnodrilus hoffmeisteri are known

to strongly affect organic matter processing in fresh-

water sediments (Pelegri & Blackburn, 1995; Mermil-

lod-Blondin et al., 2001). Therefore, experiments with

strict subterranean tubificid worms of the genus

Trichodrilus (Creuzé des Châtelliers et al., 2009) will

be needed to more widely explore the potential

influence of subterranean fauna on microbial pro-

cesses in alluvial sediments. Moreover, comparisons

of physiological traits and roles of tubificid worms

living in both surface and subterranean habitats

would allow us to determine whether it exits a

Table 5 Parameters used in the model and best estimated values from the fitting procedure in control and amphipod treatments

Parameters Definition

Estimated value

Control

With

amphipods

KS Monod constant (half velocity constant) (mg C) 2.55 2.66

l1 Maximum growth rate for bacteria (day)1) 1.17 1.11

l2 Growth rate parameter for amphipods (lg C bacteria day))1 – 0.35

l3 Rate of natural decay (day)1) <0.05 <0.05

Y1 Carbon conversion efficiency between DOC and bacteria

[g C (g C bacteria))1]

0.22 0.26

Y2 Carbon conversion efficiency between bacteria and N.

rhenorhodanensis [g C bacteria (g C amphipods))1]

– 0.06
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relationship between the ecological status of the

animals, their metabolic rates and their roles in

ecosystem functioning.

Finally, our laboratory experiments did not confirm

the assumption of Boulton et al. (2008) according to

which subterranean amphipods could have a signif-

icant influence on organic matter processing in inter-

stitial systems. Microbial activity was tightly linked to

the flux of dissolved organic matter in slow filtration

columns, but the feeding and burrowing activities of

N. rhenorhodanensis were far too low for influencing

microbial processes. We suggest that the feeding

preferences and the low metabolism of N. rhenorho-

danensis probably induced by a natural adaptation to

low-food conditions might have severely reduce its

ability to influence its environment. Testing our

hypothesis of a relationship between metabolism

and functional role of subterranean fauna needs to

extend our experiments to a wide range of strict

microbivore organisms, including species with multi-

ple populations living in habitats with contrasted food

supply.
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ronnement et Santé), the urban community of Lyon

(project OTHU, http://www.graie.org/othu/) and

the Rhône-Alpes Region. We thank two anonymous

referees for helpful comments on the manuscript.

References
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gus. Annales de Spéléologie, 15, 127–237.

Goldscheider N., Hunkeler D. & Rossi P. (2006) Review:

microbial biocenoses in pristine aquifers and an

assessment of investigative methods. Hydrogeology

Journal, 14, 926–941.

Hervant F. & Renault D. (2002) Long-term fasting and

realimentation in hypogean and epigean isopods: a

proposedadaptive strategy forgroundwater organisms.

The Journal of Experimental Biology, 205, 2079–2087.

Hervant F., Mathieu J., Barré H., Simon K. & Pinon C.
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SUMMARY

1. The functional feeding group approach has been widely used to describe the community

structure of benthic invertebrates in relation to organic matter resources. Based on this

functional framework, positive interactions between feeding groups (especially shredders

and collector-gatherers) were postulated in the River Continuum Concept. However,

relationships with organic matter have been poorly documented for invertebrates living in

the hyporheic zone.

2. We hypothesised that the common subterranean amphipod Niphargus rhenorhodanensis

would feed on fine particulate organic matter (FPOM), which is more abundant than

coarse particulate organic matter (CPOM) in hyporheic habitats, and should be favoured

by the occurrence of shredders that produce FPOM from CPOM.

3. We used laboratory experiments to quantify leaf litter processing by N. rhenorhodanensis

and a common shredder, the surface amphipod Gammarus roeselii. We estimated rates of

feeding and assimilation (using nitrogen stable isotopes) of the two species separately and

together to reveal any potential shredder–collector facilitation between them.

4. Measured leaf litter mass loss showed that N. rhenorhodanensis did not act as a shredder,

unlike G. roeselii. Organic matter dynamics and 15N ⁄ 14N ratios in tissues of niphargids

indicated that N. rhenorhodanensiswas a collector-gatherer feeding preferentially on FPOM.

We also found a positive influence of the gammarid shredders on the assimilation rate of

N. rhenorhodanensis, which fed on FPOM produced by the shredders, supporting the

hypothesis of a positive interaction between surface shredders and hyporheic collector-

gatherers.

Keywords: coarse particulate organic matter, fine particulate organic matter, leaf litter breakdown,
nitrogen isotopes, river continuum concept, subterranean amphipod

Introduction

The functional feeding group approach was developed

to evaluate the influence of invertebrate communities

on organic matter processing in aquatic ecosystems

(Cummins, 1973; Willoughby & Sutcliffe, 1976; Cum-

mins & Klug, 1979). Based on this approach and on the

physical structure of lotic habitats, the River Contin-

uum Concept (RCC) proposed a strong link between

downstream changes in organic matter resources and

in the structure of invertebrate communities along the

length of a river (Vannote et al., 1980). The hypothesis

that fine particulate organic matter (FPOM) produced
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by shredders serves as food for collectors-gatherer

downstream has frequently been tested in benthic

ecological studies (Short & Maslin, 1977; Dieterich,

Anderson & Anderson, 1997; Usio, Konishi & Nakano,

2001). However, studies are lacking for invertebrates

living in the hyporheic zone (the transition zone

between the river and the subterranean aquifer).

Recently, Boulton et al. (2008) hypothesised that

most hyporheic invertebrates mainly affect ecosystem

functioning through their feeding and bioturbation

activities. From studies performed in gravel bars, these

authors presented a functional inventory of hyporheic

invertebrates that are potentially important drivers of

particulate organic matter decomposition (Table 1 in

Boulton et al., 2008), pointing out that groundwater

amphipods should be active shredders involved in the

breakdown of coarse particulate organic matter

(CPOM) as observed for surface amphipods (such as

gammarids). However, the functional classification of

hyporheic amphipods as shredders has not been

experimentally demonstrated. Moreover, the classifi-

cation appears to contradict the RCC prediction that

the functional characteristics of invertebrate commu-

nities should be in equilibrium with the quantity and

quality of organic matter resources. Because hyporheic

sediments act as a mechanical filter that greatly

reduces CPOM transport from surface to hyporheic

habitats (Vervier et al., 1992), dissolved organic matter

(DOM) and FPOM are the main sources of organic

matter for subterranean fauna in hyporheic habitats.

Therefore, we expect subterranean amphipods to be

better adapted to feed on FPOM than CPOM, which

would not penetrate far into sediments (except during

spates). Moreover, the growth and densities of subter-

ranean amphipods should be strongly dependent on

the quantity of organic matter entering the hyporheic

zone. Joyce & Wotton (2008) showed that shredding

activity of surface shredders (gammarids) produced

large amounts of FPOM (mainly faecal pellets) that

penetrated into the hyporheic zone and suggested that

FPOM produced by gammarids could serve as food

for hyporheic invertebrates. We thus hypothesize a

positive shredder–collector interaction between sur-

face shredders and hyporheic invertebrates feeding

preferentially on FPOM (collector-gatherers). Our

aims were (i) to determine the role of hyporheic

amphipods on organic matter (OM) processing and (ii)

to quantify the potential shredder–collector interac-

tions between surface and hyporheic invertebrates.

The obligate-groundwater species Niphargus rhenorho-

danensis Schellenberg was selected as the most abun-

dant and widely distributed amphipod in the

hyporheic zone of the Rhône River (Dole-Olivier &

Marmonier, 1992). Gammarus roeselii Gervais was

chosen as a common surface shredder that feeds on

leaf litter (V. Médoc et al., submitted). In laboratory

experiments, we compared leaf litter processing by the

two amphipods both separately and together. Assim-

ilation rates were measured using nitrogen stable

isotopes (15N ⁄ 14N ratio) and we also analysed the

influence of amphipods on ammonium and dissolved

organic carbon (DOC), which are mineralisation prod-

ucts of OM processing (France et al., 1997; McTiernan,

Ineson & Coward, 1997).

Methods

Collection of sediments, leaves and amphipods

Gravel particles ranging from 2 to 4 mmwere collected

from the Rhône River, cleaned with deionised water,

dried at 60 �C and kept for 2 weeks in the laboratory

before use. We used senescent leaves of alder [Alnus

glutinosa (L.)] collected in the riparian zoneof theRhône

River during abscission (October, 2008), air-dried and

stored at the laboratory. Before insertion into the

experimental systems, leaves were conditioned in

small-mesh bags immersed in river (artificial river

located on the campus of the University Claude

Bernard Lyon 1, Lyon, France) for 10 days and cut into

21.8-mm-diameter fresh discs. Gammarus roeselii (dry

weight = 6.68 ± 2.00 mg; n = 10) were collected from

the Rhône River using a Surber sampler. Niphargus

rhenorhodanensis (dry weight = 1.47 ± 0.49 mg; n = 10)

were collected using traps buried at a 5 cmdepth in the

sediment of a ditch draining the surface aquifer of the

Dombes Forest, France (45�58¢28¢¢N, 5�24¢25¢¢E, clade I

in Lefébure et al., 2007). Gammarus roeselii and N. rhe-

norhodanensis were acclimated to experimental condi-

tions (temperature, sediment characteristics and food)

for 14 days and at least 15 days, respectively, before

experiments started.

Microcosms and experimental design

Experiments were carried out in cylindric microcosms

at a constant temperature (15 ± 0.5 �C) under a 12 h

light ⁄12 h dark cycle for 60 days. Each microcosm
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consisted of a 12 cm-diameter, 1000 mL-capacity jar

(Nalgene Labware; Thermo Fisher Scientific Inc.,

Waltham, MA, U.S.A.) containing a 4 cm-deep layer

of 2–4 mm gravels (400 g) kept in the dark (by

addition of three layers of black adhesive tape

covering the sedimentary part of the microcosm) to

provide a sedimentary habitat for N. rhenorhodanensis.

After installation of sediment, microcosms were pro-

vided with 700 mL of aerated river reconstituted

water (96 mg L)1 NaHCO3, 39.4 mg L)1 CaSO4Æ2H2O,

60 mg L)1 MgSO4Æ7H2O, 4 mg L)1 KCl, 19 mg L)1

Ca(NO3)2Æ4H2O and 1.6 mg L)1 (CH3CO2)2CaH2O;

pH = 7.5; US EPA, 1991). During the experiment, a

constant volume of water (700 mL) was maintained

by adding demineralised water every 2 days to

correct losses to evaporation.

Six treatments (n = 4 microcosms per treatment)

were tested: (i) three G. roeselii per microcosm, (ii) six

G. roeselii, (iii) threeN. rhenorhodanensis, (iv) six N. rhe-

norhodanensis, (v) an assemblage of three each of

G. roeselii and N. rhenorhodanensis and (vi) one ani-

mal-free treatment acting as control. Total densities of

Gammarus (265 ind m)2 and 530 ind m)2) were in the

range reported by Fruget (1989) for the Rhône river.

The densities of N. rhenorhodanensis, per unit volume

of hyporheic habitat, were 6.6 and 13.2 ind L)1 sedi-

ment and correspond to median and highest densities

measured in artificial substrata inserted in the bed of a

stream (mean density = 7.2 ± 2.6 ind L)1 sediment;

Mathieu & Essafi-Chergui, 1990).

A set of 30 alder discs was deposited on the surface

of the sediment in each microcosm as a source of

CPOM. In addition, two treatments were performed

to determine the change in 15N ⁄ 14N ratio of amphipod

tissues when starved (four microcosms without

CPOM per treatment, n = 3 G. roeseli or 3 N. rhenorho-

danensis per microcosm). Assessment of this ratio

allowed us to determine whether N. rhenorhodanensis,

a species that can survive without feeding for periods

exceeding 200 days (Hervant et al., 1997), starved

during the course of the experiment.

Analyses

At the end of the experiment (60 days), water samples

were taken from each microcosm and filtered through

Whatman GF ⁄F filters (pore size: 0.7 lm; Millipore,

Billerica, MA, U.S.A.) before measuring N-NH4
+ and

N-NO3
) concentrations using an automatic analyzer

(Easychem Plus; Systea, Anagni, Italy) based on

standard colorimetric methods (Grashoff, Ehrhardt

& Kremling, 1983). DOC concentration was measured

in water samples filtered through Whatman GSWP

filters (pore size: 0.22 lm) and acidified with three

drops of HCl (35%), using a total carbon analyzer

(multi N ⁄C 3100; Analytik Jena, Jena, Germany) based

on high temperature combustion at 850 �C after

removing dissolved inorganic C with hydrochloric

acid and CO2 stripping under O2 flow.

For each microcosm, all invertebrates, leaves and

organic detritus (leaf degradation products not re-

tained on a sieve with a pore size of 1 mm) were

retrieved, stored at )80 �C, freeze-dried (at least 48 h)

and weighed. Leaf mass loss was then calculated from

the initial dry mass estimated for five sets of 30 alder

discs (607.72 ± 6.25 mg, mean ± SD). Dry mass loss of

leaf litter, production ⁄consumption of FPOM and

total OM consumption (mass loss of leaf litter + con-

sumption of FPOM) were calculated for each treat-

ment, by comparison with the mass of OM introduced

into microcosms at the start of the experiment.

Freeze-dried leaveswere ground in a ballmill (Mixer

Mill MM 200; Retsch, Haan, Germany) to obtain a

homogenised leaf litter powder. Total organic carbon

(TOC) and total nitrogen (TN) were analysed for leaf

litter powder and FPOM (mainly faecal pellets) using

an elemental analyser (FlashEA; Thermo Fisher Scien-

tific) set up forC andNanalysis. TOCandTNwere also

used to calculate C : N molecular ratio for litter from

each microcosm. For stable isotope analyses, 1 mg dry

leaf litter powder, 1.5 mg FPOM and 0.5 mg dry

amphipod were weighed in tin capsules (Thermo

Electron S.p.A., Milan, Italy). Stable isotope ratios of

nitrogen (15N ⁄ 14N) were measured by continuous flow

stable isotope ratio mass spectrometry (CF-IRMS)

using an Isoprime mass spectrometer (Isoprime Ltd,

Cheadle, U.K.) interfaced with a Eurovector Eu-

roEA3028-HT elemental analyser (EuroVector, Milan,

Italy). 15N ⁄ 14N ratios were expressed as d in part per

thousand (&) and referenced to atmospheric air. The

analytical precision achieved for tyrosine, triphenyl-

amine and ascorbic acid standards analysed alongwith

the samples was better than 0.3&.

Data treatment

Regression analyses were performed to determine

the influence of density of G. roeselii or N. rhenorho-
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danensis on leaf litter mass loss, FPOM produc-

tion ⁄consumption and net OM consumption. We

used the coefficients of the significant linear regres-

sions to determine OM processing rates of the two

amphipod species. Comparison of TOC and TN

between leaves and faecal pellets (FPOM) was

performed using a Student t-test. Differences in

N-NH4
+, N-NO3

) and DOC concentrations measured

at the end of the experiment were tested using one-

way ANOVAANOVA with animal treatments (i.e. ‘Controls’,

‘three G. roeselii’, ‘six G. roeselii’, ‘three N. rhenorho-

danensis’ and ‘six N. rhenorhodanensis’) as main

effects. The d15N values of G. roeselii or N. rhenorho-

danensis collected during the experiment in the

different treatments were compared using one-way

ANOVAANOVA. When significant differences were detected

among treatments for N-NH4
+, N-NO3

) and DOC

concentrations or d15N values, we used Tukey’s HSD

post hoc tests to determine which treatments differed.

When necessary, data were log-transformed before

statistical analysis to fit the assumptions of homo-

scedasticity and normality. All statistical analyses

were performed using STATISTICATATISTICA 5� (Statsoft,

Tulsa, OK, U.S.A.).

Gammarus–Niphargus interactions. We tested the ef-

fects of the interaction between G. roeselii and N. rhe-

norhodanensis on OM processing and nutrient

concentrations using an additive model (Raffaelli

et al., 2003) based on single-species effects against

which we compared observed multi-species effects.

To determine the significance of interactions among

species on processes, we compared measurements

from the assemblage with three of each species

[E (three G. roeselii + three N. rhenorhodanensis)n = 4]

to predicted values calculated using the additive

model (n = 16, four microcosms · four micro-

cosms) = E (three G. roeselii)n = 4 + E (three N. rheno-

rhodanensis)n = 4 where E (three G. roeselii) and E

(three N. rhenorhodanensis) are the individual effects

of three G. roeselii and three N. rhenorhodanensis in one

species treatments.

We expected that, in the absence of interactions, the

effects of G. roeselii and of N. rhenorhodanensis would

simply be additive in the assemblage. For OM

processing and nutrient concentrations, measured

and predicted values were compared using Student

t-tests. A significant (negative or positive) difference

indicates that interactions between G. roeselii and

N. rhenorhodanensis modified organic matter process-

ing or concentrations of DOC or N-NH4
+ in the

microcosms. In the figures, we represent the expected

and measured effects of the treatments (three G. roes-

elii, three N. rhenorhodanensis and the assemblage) on

OM processing and nutrient concentrations by sub-

tracting the average values measured in the control

without amphipods.

Calculation of N assimilation from leaf litter. Organic

matter assimilation by amphipods was calculated

from the 15N ⁄ 14N ratio of G. roeselii and N. rhenorho-

danensis at the end of the experiments. Nitrogen stable

isotopes are preferred to quantify food assimilation

against carbon isotopes because the natural 13C ⁄ 12C
ratio of G. roeselii at the beginning of the experiment

(d13C = )29.5& ± 0.7) did not differ significantly

from the 13C ⁄ 12C ratio of leaf litter (d13C =

)29.0& ± 0.5), precluding the determination of

assimilation. On the other hand, the 15N ⁄ 14N ratios

measured for amphipods (both G. roeselii and N. rhe-

norhodanensis) and leaf litter at the start of the

experiment were sufficiently different to estimate

assimilation rates.

The fraction F of N assimilated by amphipods was

calculated using a simple mass balance equation (e.g.

Cerling et al., 2007):

F ¼ ðd15Nt�d15NeqÞ=ðd15Neq�d15NiÞ � 1 ð1Þ
where d15Ni and d15Nt are the N isotope compositions

of amphipods at the beginning and at the end of the

experiment, respectively, and d15Neq is the isotope

composition of amphipods at complete isotope equi-

librium with the food source. d15Neq is equal to

d15NF + D15N, where d15NF is the N isotope composi-

tion of leaf litter and D15N is the trophic fractionation

between amphipods and their food source. We have

chosen the commonly accepted value of +3.4& for

D15N (Post, 2002). Assuming a comparable assimila-

tion of N and other OM constituents by amphipods,

leaf litter assimilation (AF), expressed in mass of leaf

litter per mass of dry amphipod (obtained for each

treatment after freeze-drying), was then calculated as

following:

AF¼ F�Nt=NF ð2Þ

where Nt and NF are the N concentration in amphi-

pods and leaf litter, respectively.
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Results

Organic matter processing by Gammarus and

Niphargus

Loss of leaf litter dry mass was positively correlated

with the density of G. roeselii (Fig. 1a; R2 = 0.94,

P < 10)4) as was the mass of FPOM originating from

leaf litter (Fig. 1c; R2 = 0.93, P < 10)4). Each individ-

ual G. roeselii contributed an average loss of 28.2 mg

leaf litter and production of 16.1 mg FPOM. The net

OM consumption (leaf litter mass loss)FPOM pro-

duction) per G. roeselii was thus 12.1 mg during the

course of the experiment (Fig. 1e), corresponding to

OM consumption of 35.4 mg day)1 g)1 gammarid.

We detected no significant influence of N. rhenorho-

danensis density on loss of leaf litter drymass or net OM

consumption (Fig. 1b,f; R2 < 0.1, P > 0.3 for both). Leaf

litter consumption by amphipods was therefore negli-

gible and could not be quantified using this approach.

However, thequantityofFPOMdecreased significantly

and linearly with the density of N. rhenorhodanensis

(Fig. 1d; R2 = 0.27, P < 0.05).

Influence of Gammarus and Niphargus on water

chemistry

The concentration of N-NH4
+ in water differed

significantly among treatments (Fig. 2a; ANOVAANOVA;

F4,15 = 18.3, P < 10)3). Niphargus rhenorhodanensis did

not significantly modify N-NH4
+ concentrations in

comparison with the animal-free control whereas the

presence of six G. roeseliiwas associated with a 10-fold

increase in N-NH4
+ concentrations. Concentrations of

DOC increased from the beginning (1 mg DOC L)1)

to the end of the experiment for all treatments (mean

values ranging from 7.46 to 10.04 mg DOC L)1).

Although N. rhenorhodanensis had no effect on DOC

concentrations, a significant reduction (ANOVAANOVA;

F4,15 = 13.6, P < 0.001) was associated with the pres-

ence of G. roeselii (Fig. 2b). The measured concentra-

tions of N-NO3
) ranged between 0.65 and 0.99 mg L)1
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without any clear trend among experimental treat-

ments (data not shown).

Interactions between Gammarus and Niphargus

Dry mass loss of leaf litter was not significantly

affected by the interaction between G. roeselii and

N. rhenorhodanensis (Student t-test; P = 0.53) as this

process was mainly affected by G. roeselii (Fig. 3a). In

contrast, FPOM dry mass measured at the end of the

experiment was significantly lower (Student t-test,

P < 10)3) in the treatment containing three G. roeselii

and three N. rhenorhodanensis than expected from the

additive model (Fig. 3b). This interaction between

G. roeselii and N. rhenorhodanensis on FPOM accumu-

lation led to a higher net OM consumption in the

species mixture than expected from the additive

model (Fig. 3c; Student t-test; P < 0.05). The interac-

tion between G. roeselii and N. rhenorhodanensis did

not influence DOC concentration (Fig. 3d; Student

t-test; P = 0.91), but stimulated N-NH4
+ production in

the water (Fig. 3e; Student t-test; P < 10)3).
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TOC and TN of leaves and faecal pellets (FPOM)

Similar concentrations of TN (3.15–3.39%) were mea-

sured in FPOM and leaves (Student t-test, P = 0.403).

In contrast, TOC concentrations were significantly

lower in FPOM than in leaves (43.3 ± 0.9 and

48.2 ± 0.3%, respectively; Student t-test, P = 10)3).

The molecular C : N ratio of FPOM was therefore

lower than that of leaves (15.5 ± 0.5 and 16.9 ± 0.3,

respectively; Student t-test, P = 10)3).

Assimilation rates (15N ⁄14N ratios)

The 15N ⁄ 14N ratios of leaf litter and FPOM measured

at the start and end of the experiment were compa-

rable (d15N: )0.94 ± 0.38 versus )1.19 ± 0.22&) and

significantly lower than 15N ⁄ 14N ratios of G. roeselii

(d15N: 8.43 ± 0.18&) and N. rhenorhodanensis (d15N:

7.13 ± 0.43&) measured at the start of the experiment

(Student t-test, P < 10)4 for both). While the 15N ⁄ 14N
ratios of starved amphipods measured at the end of

experiment were comparable to the ratio measured at

the start, assimilation of leaf litter or FPOM during the

experiment decreased the 15N ⁄ 14N ratios of G. roeselii

and N. rhenorhodanensis (Fig. 4a,b). Significant differ-

ences in d15N values were measured among treat-

ments for G. roeselii (ANOVAANOVA; F4,16 = 3.6, P < 0.05) and

N. rhenorhodanensis (ANOVAANOVA; F4,16 = 10.1, P < 10)3).

The decrease in 15N ⁄ 14N ratios of G. roeselii between

the start and the end of the experiment was significant

in treatment with six G. roeselii and when together

with N. rhenorhodanensis (Fig. 4a). The 15N ⁄ 14N ratios

of N. rhenorhodanensis tended to decrease from the

start to the end of the experiment but the difference

was significant only when together with G. roeselii

(Fig. 4b).

Using the changes in 15N ⁄ 14N ratio of G. roeselii

obtained from the treatment with six G. roeselii or a

mixture of G. roeselii and N. rhenorhodanensis, we

calculated (eqn 2) a mean (±SD) assimilation of

14.8 ± 5.8 mg OM day)1 g)1 dry gammarid. For the

treatments with three or six N. rhenorhodanensis, we

calculated a mean assimilation of 7.5 ± 5.9 mg OM

day)1 g)1 dry niphargid. In comparison, a mean

assimilation of 12.3 ± 3.1 mg OM day)1 g)1 dry

N. rhenorhodanensis was estimated for the treatment

with an assemblage of three G. roeselii and three

N. rhenorhodanensis.

Discussion

Our laboratory experiment did not confirm the

assumption of Boulton et al. (2008) that groundwater

amphipods act as shredders similarly to surface

amphipods. Our results showed that the surface

amphipod G. roeselii and the subterranean amphipod

N. rhenorhodanensis exhibited distinct modes of OM

processing and thus could not be classified in the

same functional feeding group. Gammarus roeselii

shredded 0.07 g dry leaf litter day)1 g)1 dry gamm-

arid and transformed around 60% of this dry mass

into FPOM (mainly faecal pellets). Assessments of leaf

litter breakdown by G. roeselii were comparable to

those reported in the literature for animals feeding on

conditioned alder leaves [around 0.1 (±0.04) g dry

leaf litter day)1 g)1 dry gammarid, estimated from

Figure 2 in Gergs & Rothhaupt, 2008]. The consider-

able quantity of FPOM produced by G. roeselii was

also in accordance with the assimilation efficiency

calculated from the N stable isotope ratio (40%), a

value in agreement with the low assimilation effi-

ciency (10–40%) previously reported for Gammarus
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feeding on leaves (Wotton, 1994). The active mechan-

ical working of leaf litter by G. roeselii increased the

production of NH4
+ as a mineralisation product of leaf

litter breakdown (Gessner, Chauvet & Dobson, 1999).

Moreover, we observed a reduction in DOC concen-

tration that was probably linked to shredding activ-

ities of the gammarids which (i) reduced the mass of

leaf litter producing DOC and (ii) produced faecal

pellets that may stimulate both attached and free-

living DOC-consuming microorganisms (Thor, Dam

& Rogers, 2003). In comparison with the CPOM

processing induced by G. roeselii, the subterranean

amphipod N. rhenorhodanensis did not significantly

shred leaf litter and transform it into FPOM nor did it

affect NH4
+ and DOC concentrations. The linear

decrease of FPOM originating from leaf litter (small

leaf fragments) with density of N. rhenorhodanensis

most likely indicates that this species feeds on FPOM

rather than CPOM. The lack of shredding activity by

N. rhenorhodanensis in our experiment could be linked

to its low metabolic demand, a characteristic shared

by most subterranean species (Hüppop, 1985; Hervant

et al., 1997). Measurements of 15N ⁄ 14N ratios in tissues

of N. rhenorhodanensis showed that they did not starve

during the experiment and assimilated around

7.5 mg OM day)1 g)1 dry niphargid. Such results

suggest that N. rhenorhodanensis assimilated N by

consuming small debris originating from leaf litter.

The idea that N. rhenorhodanensis does not act as a

shredder like G. roeselii and can be classified as a

collector-gatherer is confirmed by the measures of OM

dynamics in the treatment containing both species. The

lower accumulation of FPOM in this treatment in

comparison with the expected value obtained from

treatments with the two species separately suggested

that FPOM produced by G. roeselii constituted a

preferential food for N. rhenorhodanensis. The mean

assimilation rates of leaf litter N byN. rhenorhodanensis

confirmed this assumption, because this efficiency

increased by 60% in the presence of FPOM produced

by G. roeselii. By feeding on FPOM produced by

gammarids, we estimated that N. rhenorhodanensis

increased by 35% the total OM consumption in the

system (Fig. 3c). This shredder–collector interaction

also influenced the quantity of ammonium released

into the system. For a comparable CPOM breakdown

rate, the fact that the NH4
+ concentration in the

treatment containing both gammarids and niphargids

was sevenfold higher than those calculated with the

additive model is most likely linked to the consump-

tion of faecal pellets of gammarids by niphargids. By

feeding on faecal pellets with a higher N : C than

leaves,N. rhenorhodanensis probably contributes to OM

mineralisation and nutrient recycling in stream eco-

systems. However, more experiments are needed to

clearly quantify the links between nutrient dynamics

and FPOM processing by the subterranean amphipod.

The classification of N. rhenorhodanensis into the

feeding group of collector-gatherers can be linked to

the OM sources available in the hyporheic zone. The

sedimentary habitat of rivers acts as a strong physical

filter that dramatically reduces the transfer of CPOM

from the surface to the hyporheic zone (Vervier et al.,

1992). Consequently, dissolved and fine particulate

forms of OM may be the main sources of energy for

hyporheic microorganisms and invertebrates (Leicht-

fried, 2007). These constraints carry the implication

that hyporheic fauna is better adapted to feed on

FPOM and microorganisms that consume DOM than

on CPOM. The importance of microorganisms in the

diet of N. rhenorhodanensis has been recently quanti-

fied by Foulquier et al. (2010). By tracing the flux of a
13C-labelled source of DOC in bacteria and amphi-

pods, these authors reported that N. rhenorhodanensis

assimilated only 0.625 mg bacterial C day)1 g)1 dry

niphargid. They suggested that the low functional

significance of N. rhenorhodanensis on DOC processing

and bacteria developed on sediment may be linked to

either (i) the low metabolic rate of this subterranean

species or (ii) its low feeding preference for sedimen-

tary bacteria. The results of our study support the

second explanation, the influence of N. rhenorhodan-

ensis being more significant in a system with FPOM. In

fact, by using a measured C concentration of leaf litter

of 48.2% and assuming a comparable assimilation rate

of C and N in N. rhenorhodanensis, we obtain a mean

assimilation rate of C (5.9 mg C of FPOM day)1 g)1

dry amphipod) which is one order of magnitude

higher than the assimilation rate measured by Foul-

quier et al. (2010) on bacterial carbon. Despite the

strong assumption that N. rhenorhodanensis feeding on

FPOM displays similar assimilation efficiencies for C

and N, these rough estimates are different enough to

conclude that N. rhenorhodanensis preferentially feeds

on FPOM rather than sedimentary bacteria.

Finally, our results indicate that the subterranean

amphipod N. rhenorhodanensis acts as a collector-

gatherer and can significantly influence OM

488 S. Navel et al.
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processing by feeding on the fine fraction. We also

demonstrated that FPOM production by surface

shredders facilitated the feeding activity of hyporheic

invertebrates. As expected by Wotton (2007) and

Joyce, Warren & Wotton (2007), faecal pellets may

be a key energy resource for invertebrates and

microorganisms in the hyporheic zone. The RCC

predicts that downstream collector-gatherers take

advantage of upstream shredding that converts leaves

(CPOM) into FPOM (Cummins, 1974; Vannote et al.,

1980). The shredder–collector interactions observed in

the present study suggest that this prediction, which

was proposed for the longitudinal dimension of

streams, can be extended to their vertical dimension.
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(1997) Comparative study on the behavioral, ventila-

tory, and respiratory responses of hypogean and

epigean crustaceans to long-term starvation and

subsequent feeding. Comparative Biochemistry and Phys-

iology, Part A, 118, 1277–1283.
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PaléoEnvironnements et Paléobiosphère, F-69622, Villeurbanne, France; and 3Université de Lyon, F-69000, Lyon;
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Summary

1. The evolution of strategies of resource acquisition and allocation is often considered to be clo-

sely dependent on the degree of environmental variability. Within this framework, female insects

that experience stochastic fluctuations in the availability of their egg-laying sites in time or space

can be expected to be fully synovigenic (i.e. they start maturing eggs after a delay once reaching

adulthood), which allows them to tailor their reproductive investment to variations in the

resource. Proovigenic females (that have most of their eggs already mature at the onset of their

adult life, which corresponds to a capital breeding strategy), on the contrary, should have an

advantage when the availability of the egg-laying sites is predictable. There is, however, a dearth

of empirical studies testing these predictions.

2. Here, we tested the hypothesis that four phytophagous insect species of the genus Curculio,

which coexist on a strongly fluctuating resource that they exploit for egg-laying purposes, would

all be synovigenic as strict proovigeny should be counterselected. The resource consisted of the

acorns of oak trees Quercus spp. We conducted field surveys to determine the date of adult emer-

gence in each weevil species and the ability of newly emerged females to produce eggs. We also

analysed the stable isotope profile of wild-caught females as a proxy for their feeding activity.

Finally, we tested females under laboratory conditions for their ability to produce mature eggs

when not fed and investigated whether dietary intake influenced their longevity.

3. Taken together, our results show that, contrary to the usual predictions, the four weevil spe-

cies that were all exposed to a markedly fluctuating environment exhibited sharply contrasting

strategies of resource acquisition and allocation: three species were synovigenic, while the fourth

was proovigenic. Unexpectedly, therefore, our findings show that a strict capital breeding species

might not always be counterselected in a temporally stochastic environment. They further sug-

gest that fluctuations in the environment should not promote a sole, optimal strategy of energy

acquisition and allocation to reproduction but instead should favour their diversification.

Key-words: Curculio spp., Curculionidae, energy allocation, fecundity, income breeding, stable

isotopes, synovigeny

Introduction

Current theories in evolutionary ecology predict that a

single optimal pattern of resource acquisition and allocation

to reproduction should be favoured in a given environment,

as an evolutionary response to environmental productivity,

seasonality or unpredictability (Perrin & Sibly 1993; Ellers,

Sevenster & Driessen 2000; Ellers & Jervis 2004; Houston

et al. 2006; Fischer, Taborsky & Dieckmann 2009; Stephens

et al. 2009; Fischer, Dieckmann & Taborsky 2010). These

strategies have been finely investigated among insects from
*Correspondence authors. E-mails: pierre-francois.pelisson@

univ-lyon1.fr; samuel.venner@univ-lyon1.fr
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physiological processes to population dynamics through

field surveys, laboratory experiments and theoretical

modelling (Boggs 1997; Ellers & van Alphen 1997; Rivero-

Lynch & Godfray 1997; Casas et al. 2000, 2009; Papaj 2000;

Rosenheim, Heimpel & Mangel 2000; Jervis, Ellers & Har-

vey 2008; Richard & Casas 2009; Rosenheim 2011).

In insect populations exposed to stochastic fluctuations of

their egg-laying sites (which constitute a limiting and fluctuat-

ing resource for population growth), proovigeny should be

precluded (i.e. the females have all of their eggs mature at the

onset of their adult life; Jervis et al. 2001; Jervis, Ellers &Har-

vey 2008; Jervis & Ferns 2004). Instead, the strategy of more

synovigenic females, starting adult life with some immature

eggs, can be expected to be optimal owing to the flexibility of

the laying behaviour induced: such a strategy enables females

to adjust the amount of energy allocated to reproduction to

the perceived availability of the oviposition sites encountered

(Heimpel 1998; Jervis & Ferns 2004; Richard & Casas 2009).

There is evidence of a high egg maturation rate induced by

such encounters (Casas et al. 2009), which might lower the

cost for these females of being transiently egg-limited (Rosen-

heim, Heimpel & Mangel 2000). Such flexibility can be even

increased by egg resorption that confers to synovigenic

females the capacity of reallocating the energy from repro-

duction towards maintenance whenever current conditions

are unfavourable because of either poor egg-laying sites or

lack of food availability (Rivero-Lynch & Godfray 1997; Ro-

senheim, Heimpel & Mangel 2000; Jervis et al. 2001; Jervis,

Boggs & Ferns 2005; Richard & Casas 2009). The flexible

allocation of nutrients towards lifetime reproduction might

be linked to the capacity for synovigenic females to fuel their

gametes with energy gained concurrently through adult feed-

ing, which corresponds to an income breeding strategy. Adult

feeding has been reported in many synovigenic species among

Hymenoptera and Lepidoptera (Jervis et al. 2001), and there

is evidence of a negative relationship between the dependency

on nutrients acquired at the adult stage and the ovigeny

index that is the proportion of eggs produced throughout

life that are mature at adult emergence (Jervis, Boggs &

Ferns 2005; Jervis, Ellers & Harvey 2008). Yet the link

between synovigeny and income breeding is complex because

females synovigenic insect species have been shown to incor-

porate nutrients of both larval and adult origin into their

eggs, thereby possibly using a mixed strategy, depending on

the nutrient category, the feeding history or even ageing

(Rivero & Casas 1999; Rivero, Giron & Casas 2001; O’Brien,

Fogel & Boggs 2002; Casas et al. 2005; Jervis, Ellers &

Harvey 2008).

In contrast, strict proovigeny corresponds to a capital

breeding strategy as all nutrients incorporated into the eggs

have been acquired at the larval stage. Females emerging with

significant egg loads have a limited ability to disperse before

ovipositing owing to their weak thoracic musculature and to

the limited amount of energy available for flight (Dixon,

Horth & Kindlmann 1993; Tammaru & Haukioja 1996; Jer-

vis, Boggs & Ferns 2005). Proovigeny and capital breeding

strategies are thus expected to be optimal when the local

availability of laying sites is both stable and predictable

(Ellers & Jervis 2004).

While the proportion of eggs mature at emergence is well

documented in holometabolous insects and shows empirical

evidence of a continuum between strict proovigeny and syno-

vigeny (Jervis, Ellers & Harvey 2008), the key role of the envi-

ronmental fluctuations or of their steadiness in the evolution

towards either extremes remains largely unexplored. This

study aims to start filling this gap by investigating natural

communities composed of four insect sibling species, all of

which belong to the same genus and are exposed to the same,

natural environment characterized by strong between-year

fluctuations in the number of available egg-laying sites.

Under this temporally stochastic environment, these species

should all exhibit a synovigenic and income-like strategy,

while none is expected to be strictly proovigenic and capital

breeder.

We focused on insect communities composed of four weevil

species – Curculio glandium (Marsham), Curculio elephas

(Gyllenhal), Curculio pellitus (Boheman) and Curculio veno-

sus (Gravenhorst) (Coleoptera, Curculionidae) – that are spe-

cialized on oak trees (Quercus spp.) in southern Europe,

coexist on the same individual host plants (Hoffmann 1954;

Coutin 1992; Hughes & Vogler 2004) and use oak acorns as

their egg-laying sites (Venner et al. 2011). Females deposit

eggs into oak acorns from early June to the end of the summer

following their emergence as adults. Each larva fully develops

into a unique, mature acorn before self-extracting from that

fruit and burrowing into the soil in the fall (Venner et al.

2011). The fully mature larvae then enter diapause for vari-

able periods of time (from 1 to 4 years), depending on the spe-

cies and even on individuals within the same species (Coutin

1992; Menu&Debouzie 1993; Venner et al. 2011). Following

that period, larvae experience full metamorphosis before

emerging above-ground and breeding the same year. Because

oaks are known to be ‘masting’ species, i.e. ones that produce

seeds massively but intermittently, the availability of the

resource suitable for larval development (i.e. mature oak

acorns) varies considerably and partly randomly from 1 year

to the next (Kelly & Sork 2002; See Appendix S1, Fig. S1, in

Supporting Information). The spatial distribution of acorn

availability is also heterogeneous, because trees located near

each other are only partly synchronized (Liebhold et al.

2004). Each year, the population growth of the four weevil

species might be severely limited whenever mature acorns are

lacking locally, that is, in the spatial range that can be

explored during the breeding season by adult weevils from the

same population (Venner et al. 2011). The four weevil sibling

species that exploit the same egg-laying sites and experience

the same, unpredictable environment are thus expected to be

synovigenic, which might allow them to cope optimally with

themarked spatio-temporal fluctuations of the acorns.

Adults of the four weevil species under study do exclusively

breed the year they emerge, even if the resource is locally

depleted (which can occur in years when there are almost no

oak acorns, neither on the tree on which an individual has

matured nor on neighbouring trees). They must therefore be
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able to escape from poor environmental conditions by

moving to trees producing more acorns. Accordingly, adults

need to emergewell before the laying period, so that they have

enough time to prospect for suitable laying sites. As the

energy required for this early dispersal is likely to be unavail-

able for oogenesis (according to the oogenesis-flight syn-

drome theory), very limited amounts of teneral reservesmight

be allocated towards reproduction (Jervis, Boggs & Ferns

2005; Zera 2005; Lorenz 2007). Accordingly, adult females

should be synovigenous and could require additional energy

tomature their eggs that they would obtain through feeding.

We conducted both field surveys and several experiments

under controlled laboratory conditions for each species to

examine these predictions following four steps: (i) we checked

whether adults do emerge much before ovipositing by deter-

mining the emergence date of adults in the field and compar-

ing it with the laying period, (ii) we determined whether the

four species are synovigenic by estimating the ability of newly

emerged females to produce eggs, (iii) to test whether they do

feed as adults, first we analysed the stable isotope profile of

wild-caught females and second we conducted a laboratory

experiment to compare the longevity of adult females that

were either unfed or fed a standard diet and finally, (iv) we

checked under laboratory conditions the inability of unfed

females to allocate energy towards reproduction, i.e. their

inability tomature eggs.

Materials and methods

DETERMINAT ION OF THE EMERGENCE DATE OF

ADULTS FROM THE FOUR WEEV IL SPEC IES , SURVEYED

YEARLY BETWEEN 2008 AND 2010

Following larval diapause and metamorphosis, adults emerge from

the soil to take part in a single breeding season. In these species,

females lay eggs in acorns from June to September. Each year

between 2008 and 2010, we consistently surveyed the emergence date

of adults of the four species in two natural communities located

30 km apart near Lyon in France, each community being found on

isolated oak trees [site A (Quercus robur): N45�35¢; E5�01¢; site B

(Quercus petraea):N45�45¢; E5�16¢]. Dormancy strategies vary greatly

from one species to another (ranging in duration from 1 to 3 years):

while C. elephas adults mostly emerge over the first 2 years following

larval development, the number of years spent diapausing under-

ground is fixed for the three other species (i.e. almost 2 years for

C. glandium and almost 3 years for C. pellitus and C. venosus), irre-

spective of annual field conditions (Venner et al. 2011).

Here, wewere surveying the emergence of adults fromfive consecu-

tive larval cohorts (2005–2009). To do this, during each of these

5 years, we harvested all mature acorns that had dropped off the two

oak trees studied onto a net laid on the soil over half the surface cov-

ered by the tree. These acorns were placed in wire-netting boxes in an

outdoor arena that allowed us to collect and count daily all mature

weevil larvae that emerged spontaneously from the acorns during the

emergence season, i.e. frommid-August to the end of December. The

larvae were then randomly assigned to several covered, water-perme-

able plastic receptacles that had previously been filled with sifted soil

and buried under each host tree. The five cohorts were assigned to

separate devices, which allowed larvae from a known cohort and tree

to develop in confined, semi-natural conditions until the adults

emerge. Yearly from 2008 to 2010, the devices were surveyed on a

weekly basis from early March. As soon as an adult was detected in

one of the receptacles, we started a daily survey of all of them that

continued until no further adults had emerged in either device during

at least eight consecutive days. After identifying the species and the

sex, each newly emerging adult weevil was weighed (to the nearest

0Æ1 mg, balance: Scaltec SBA 32): no significant difference was

detected for any species in the weight of adults belonging to the differ-

ent annual larval cohorts (see Appendix S2; Fig. S2).

CHARACTERIZAT ION OF FEEDING ACT IV ITY IN THE

F IELD

Isotope analysis of biological samples is an appropriate method for

obtaining information about the diet of animals (Hood-Nowotny &

Knols 2007), notably in natural populations (Markow, Anwar & Pfe-

iler 2000). The stable isotope ratios of nitrogen and of carbon, in par-

ticular, are influenced by the diet of animals to a large extent (DeNiro

& Epstein 1978, 1981; Inger & Bearhop 2008). Capital and income

resources can be identifiedwith the use of naturally stable isotope pro-

files (Fischer, O’Brien & Boggs 2004; Warner et al. 2008; Wessels,

Jordan & Hahn 2010). In this study, we used this property to explore

the feeding activity of adults of the four weevil species in the field. In

holometabolous insects, the larval and adult stages present very con-

trasting morphological and physiological traits and are mostly

exposed to distinct environments. Throughout their underground life,

none of the four weevil species does feed, which means that the tissues

of a newly emerging adult are entirely derived fromnutrients acquired

from the oak acorn at the larval stage. The isotope signature of an

emerging adult therefore only reflects the isotope composition of the

oak acorn in which it developed. Moreover, because after becoming

adult, no further moulting occurs, metabolically inactive tissues, such

as the keratinized exoskeleton (integument), retain this larval isotope

signature throughout the insect’s life. Field and laboratory observa-

tions justified our assumption that adults do not feed on acorns. Thus,

any change detected in the isotope profile of metabolically active tis-

sues such as muscles, genital organs or fat body is likely to be due to

adult feeding. By analysing the isotope profile of both the exoskeleton

and internal tissues of wild-caught females, we attributed any abso-

lute difference between these pairs of measures to adult feeding. This

allowed us to use each adult female as her own control and thus to cir-

cumvent any possible variability in the isotope profiles of individual

oak acorns, i.e. the larval food resource. We focused on the weevil

community at the site A, where we sampled oak acorns as well as

adults of the four weevil species both at emergence and later in the

breeding season.

Sampling

For each insect species, we compared the isotope signature of

newly emerged individuals captured before they had dis-

played any feeding activity with that of adults trapped on the

oak tree between June and September 2009. Newly emerged

individuals were obtained using the same experimental design

as for determining the emergence date and were collected

individually and freeze-dried at )20 �C. The other adult wee-
vils were captured on the oak trees by beating branches with a

wooden stick within the first hour after sunrise (Schauff

1986). Insects were collected on a white sheet laid under the
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tree and were individually frozen at )20 �C after their sex and

species were identified on the basis of morphological criteria

(Hoffmann 1954).We examined the isotope profile of individ-

ual oak acorns and its variability across trees and years: eight

acorns per tree were harvested from three different trees at site

A, which was repeated in 2007 and 2009. Acorns were sam-

pled at the time of the larval development of the insects, and

they too were stored at )20 �C prior to analysis.

Sample preparation

Adult females were dissected under a binocular microscope

(Zeiss STEMI-C, Illkirch, France) to collect separately the

keratinized tissues (elytra) and the soft tissues (ovaries and

the fat body, avoiding the gut). The acorns were dissected to

retrieve the kernel, which constitutes the sole food source of

weevil larvae. The insect and plant samples were then dried in

the oven (Memmert Celsius 2005) at 60 �C for 48 h, after

which the acorns were crushed using Stainless Steel Beads

and shaken for 30 s at 25 Hz (Tissue Lyser; Qiagen, Courta-

boeuf, France). We took four 2 mg (±0Æ2 mg) samples from

each acorn and placed each of them in a tin capsule. The ely-

tra and internal tissues of each adult insect were sampled sep-

arately the same way (four repeats per tissue per insect, each

weighing 250 ± 50 lg). Overall, 44 newly emerged females

(11 C. elephas, 15 C. glandium, 10 C. pellitus and eight

C. venosus) and 49 live-trapped females (nine C. elephas, 10

C. glandium, 15 C. pellitus and 15 C. venosus) were analysed.

As a larva depends on a single acorn for its entire develop-

ment, and because the isotope signature of oak acorns was

found to be very variable (see Appendix S3; Fig. S3), we

computed for each insect the difference between its kerati-

nized tissue – resulting from its larval diet – and its internal

tissue that was assumed to reflect its adult diet.

Stable isotope analysis

Stable isotope ratios of carbon (13C ⁄ 12C) and nitrogen

(15N ⁄ 14N) were measured by continuous flow stable isotope

ratio mass spectrometry using an Isoprimemass spectrometer

(Isoprime Ltd, Cheadle, UK) interfaced with a Eurovector

EuroEA3028-HT elemental analyser (EuroVector, Milan,

Italy). Carbon and nitrogen isotope ratios were expressed as d
in parts per thousand (&) and referenced to Pee Dee Belem-

nite and atmospheric air, respectively. The analytical preci-

sion achieved for tyrosine, triphenylamine and ascorbic acid

standards analysed along with the samples was better than

0Æ1& for d13C values and better than 0Æ3& for d15N values.

INFLUENCE OF FOOD INTAKE ON THE LONGEVITY OF

THE FEMALES

We tested in the four weevil species the extent to which dietary intake

by adult females influences their survival. Females were collected the

day they emerged and were placed individually in Plexiglas rearing

boxes (5Æ8 · 4Æ4 · 5 cm). These boxes were kept in a roomat constant

temperature (22 ± 1 �C), hygrometry (60 ± 5% relative humidity)

and under artificial light simulating the natural photoperiod

(±15 min). Adults were randomly assigned to one of three dietary

groups as follows: distilled water alone (diet 1: D1); sugar solution

(sucrose 10%, diet 2: D2); and sugar (10%) plus fresh chestnut pollen

(ca. 5 mg, ‘Percie du sert’ Penne d’Agenais, France; diet 3: D3). The

number of individuals provided with the various diets was as follows:

C. elephas (D1: n = 31, D2: n = 34 and D3: n = 26), C. glandium

(D1: n = 11, D2: n = 10 and D3: n = 10), C. venosus (D1: n = 7,

D2: n = 8 and D3: n = 8) and C. pellitus (D1: n = 5, D2: n = 8

and D3: n = 6). Adults were supplied ad libitum with their respective

diet: water and the sugar solution were both provided using a piece of

cotton wool soaked in 2 mL of the dietary solution that was renewed

every 3 days. Pollen was compressed in a fine gauze bag hung at the

top of the rearing box and was renewed weekly. We checked daily

whether adult females were still alive until all of them naturally died.

OOGENES IS IN FOOD-DEPR IVED FEMALES

To testwhether females required feeding beforematuring eggs, wefirst

dissected newly emerged females of the four species (C. elephas:

n = 17, C. glandium: n = 20, C. pellitus: n = 13 and C. venosus:

n = 12) under a binocular microscope to count the number of chor-

ioned eggs in their ovaries. Second, to test the ability of unfed females

toproducematureeggs,10C. glandiumand11C. elephas femaleswere

provided with distilled water (D1) ad libitum for 8 days and were then

sacrificedanddissected.C. venosusandC. pellituswerenot included in

this experiment, becauseof the too small sample sizeavailable.

STAT IST ICAL ANALYS IS

To find out whether adults from the four species differed with regard

to the time of year they emerged, we used a generalized linear mixed

model with a Poisson distribution of error (lme4 package). We tested

the effect of the interaction between the species and the week in the

year when an adult emerged. In this analysis, we considered the site

(i.e. the oak trees A and B) and the year of adult emergence as random

effects.

To assess the effects of the tree or of the year on the relationship

between d15N and d13C, we used the multivariate analysis of variance

(MANOVA), which allows the response variable to be multidimensional

(Tomassone et al. 1988). We used MANOVA to test whether the isotope

enrichment differed between the four insect species. To do this, we

computed for each individual the absolute difference between the

keratinized tissue and the internal tissue in the d15N and in the d13C
isotope profiles (|Dd15N| and |Dd13C|).

We analysed the effect of the diet on the longevity of adult females

with a generalized linear model assuming a Gamma distribution of

the residuals (inverse link). All analyses were performed with the

R free software environment (Ihaka & Gentleman 1996; http://

cran.at.r-project.org).

Results

EMERGENCE DATE OF ADULTS WITH IN THE YEAR

As shown in Fig. 1, the comparative kinetics of the emergence

dates clearly reveals two distinct patterns (interaction

between the species and the week in the year when an adult

emerged v2d:f:¼66 ¼ 2725; P < 0Æ0001) that showed

consistency across years and for the two communities: three
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species (C. glandium, C. pellitus and C. venosus) emerged

simultaneously in April, at a time when oak pollen was being

produced (Bonnet Masimbert 1984), that is 2 months before

egg laying, whereas the C. elephas females emerged much

later in the year, in August during their laying period.

FEEDING ACT IV ITY IN THE F IELD

The isotope signature of oak acorns varies considerably from

year toyearandbetweenoak trees, as is shownby the d15Nand

d13C isotope ratios (MANOVA, years: F2, 41 = 19Æ0;P < 0Æ001;
trees: F6, 84 = 20Æ6; P < 0Æ001; interaction: F2, 41 = 3Æ82;
P = 0Æ03; seeAppendix S3;Fig. S3).The |Dd13C|and |Dd15N|

values differed significantly between the newly emerged adults

(emerging) and adults captured later in the field (trapped) in

three of the four weevil species (C. venosus, C. pellitus and

C. glandium), indicating that individuals from these three spe-

cies had fed at the adult stage. In contrast, no such difference

was found inC. elephas, suggesting that adult females belong-

ing to this species had not fed in the field until the time of egg

laying(Fig. 2;Table 1; seeAppendix S4;Fig. S4).

INFLUENCE OF FOOD INTAKE ON THE LONGEVITY OF

THE FEMALES

We found that the longevity of adult weevil females varies

from one species to another depending on diet (diet:

v2d:f:¼2 ¼ 26; P < 0Æ0001; species: v2d:f:¼3 ¼ 40; P < 0Æ0001;
diet · species interaction: v2d:f:¼6 ¼ 23; P < 0Æ0001; Fig. 3).
These results were consistently observed at the two sites stud-

ied (v2d:f:¼1 ¼ 0:016; P = 0Æ842). Under controlled laboratory

conditions, the longevity of C. elephas females was not
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Fig. 1. Timing of the adult emergence in the

four weevil species investigated. The cumula-

tive abundance of emerging adults of each

species is shown at the site A in 2008 (a), 2009

(c) and 2010 (e) and at the site B in 2008 (b),

2009 (d) and 2010 (f). Three of these species,

Curculio venosus,Curculio pellitus and Curcu-

lio glandium, emerged synchronously and

early in the season, while the emergence date

of the fourth (Curculio elephas) differed

markedly.
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influenced by their diet (v2d:f:¼2 ¼ 1:182; P = 0Æ264) and aver-

aged 20Æ46 ± 13Æ27 days (mean ± SD; n = 91). C. glandi-

um females lived the longest when fed a mixed diet:

123Æ40 ± 57Æ53 days (mean ± SD; n = 10) vs. only

12Æ45 ± 4Æ8 days (mean ± SD; n = 11) when unfed. Feed-

ing also improved the longevity of C. venosus and C. pellitus

females, similar for the two species (diet: v2d:f:¼2 ¼ 17;

P < 0Æ0001; species: v2d:f:¼1 ¼ 0:0001; P = 0Æ98; diet · spe-

cies interaction: v2d:f:¼2 ¼ 0:13; P = 0Æ83) and lived

43Æ3 ± 33Æ74 (mean ± SD; n = 30), vs. only 10Æ75 ± 3Æ4
days when unfed.

OOGENES IS IN FOOD-DEPR IVED FEMALES

Dissection of ovaries of newly emerged females showed that

exceptC. elephas, none of them hadmature eggs at the day of

their emergence (C. glandium: n = 20, C. pellitus: n = 13

and C. venosus: n = 12). Curculio elephas females had 3Æ82
mature eggs at emergence, on average (±0Æ3 SD; n = 17

females). In the same way, only C. elephas females were able

to produce mature eggs after 8 days without any nutrient

intake (6Æ3 ± 3Æ9 mature eggs, mean ± SD; n = 10

females). By contrast, none of the 11 C. glandium 8-day-old

adult females startedmaturing eggs when unfed.

Discussion

Theoretical evolutionary ecology studies usually predict that

when the reproductive success of insects is limited by unpre-

dictable variations in their laying sites, synovigenic ovarian

development can be expected, because this should give them

considerable flexibility in the way they acquire energy and

allocate it to survival or reproduction (Ellers & Jervis 2003;

Jervis,Ellers&Harvey2008).Despite this prediction,we show

that four weevil species that occur together in the same com-

munities and exploit the same egg-laying sites (oak acorns) –

the availability of which fluctuates markedly over time –

display radically different strategies of resource acquisition

and allocation. Three of these species (C. glandium, C. veno-

sus andC. pellitus) are strictly synovigenic andpossess charac-

teristics consistent with an income breeding strategy, while the

fourth (C. elephas) is proovigenic and a capital breeder.

No significant between-year variation was detected over

the 3-year survey and at the two sites, neither in the timing of

adult emergence of each species across the breeding season

nor in the fresh weight of adults at emergence (Fig. 1; see

Appendix S2; Fig. S2). These findings suggest that the strate-

gies followed by the four weevil species are robust to varia-

tions in the environmental conditions met each year by the

different larval cohorts, and corroborate the consistency

found previously in the patterns of dormancy and in the per-

iod of egg laying during the year found in these species (Ven-

ner et al. 2011). Three of the four species studied

(C. glandium, C. venosus and C. pellitus) emerge in April,

which is well before the breeding period begins in June (Ven-

ner et al. 2011): this 2-month interval may be long enough for

them to escape from the original tree and to find a more suit-

able breeding site. Suitable trees can probably be identified

from early April, when oak trees flower (Bonnet Masimbert

1984). Our results show that these three early-emerging spe-

cies all are synovigenic (i.e. their ovigeny index equals 0), and

they further suggest that these ones might be income breeders.

Indeed, females of these three species all have empty ovaries

at emergence, and in the field they feed as adults, as demon-

strated by the isotopic signature of wild-caught females (more

specifically, by the difference between isotope ratios in the
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Fig. 2. Isotope signature displayed by females of the four weevil spe-

cies when they emerge and at the time of breeding. |Dd15N| and

|Dd13C| are the absolute differences, computed for each individual,

between the isotope ratio of its keratinized tissue – of larval origin –

and that of its internal, soft tissues (mean ± SE; newly emerged

adults: Curculio elephas n = 11; Curculio glandium n = 15; Curculio

pellitus n = 10; Curculio venosus n = 8; adults caught later in the

breeding season: C. elephas n = 9; C. glandium n = 10; C. pellitus

n = 15;C. venosus n = 15).

Table 1. Variability in the relationship between |Dd15N| and |Dd13C| across the four weevil species

Species

Mean|Dd13C| ± (SE) Mean|Dd15N| ± (SE)

F(d.f.,d.f.) PNewly emerged Trapped Newly emerged Trapped

Curculio venosus 0Æ352 ± (0Æ11) 1Æ190 ± (0Æ20) 0Æ598 ± (0Æ09) 1Æ340 ± (0Æ22) F(2,20)5Æ1972 0Æ015*
Curculio pellitus 0Æ442 ± (0Æ07) 1Æ039 ± (0Æ19) 0Æ381 ± (0Æ08) 1Æ458 ± (0Æ35) F(2,22)4Æ2018 0Æ028*
Curculio glandium 0Æ429 ± (0Æ07) 0Æ975 ± (0Æ20) 0Æ954 ± (0Æ23) 1Æ916 ± (0Æ40) F(2,22)7Æ3868 0Æ003**
Curculio elephas 0Æ280 ± (0Æ10) 0Æ622 ± (0Æ15) 0Æ751 ± (0Æ16) 0Æ925 ± (0Æ19) F(2,17)1Æ7565 0Æ202NS

NS, not significant, *P < 0Æ05; **P < 0Æ01; ***P < 0Æ001.

� 2011 The Authors. Functional Ecology � 2011 British Ecological Society, Functional Ecology, 26, 198–206

Contrasted breeding strategies 203

144



keratinized and soft tissues).Moreover, when females belong-

ing to each of these three species are deprived of food in the

laboratory, they have a very short life span (around 10 days),

which is incompatible with the 2-month interval they have to

survive in the field before egg laying starts (Venner et al.

2011). Furthermore, we also show that unfed C. glandium

females approaching death were unable to produce mature

eggs in the laboratory. Taken together, these observations

suggest that when the females of these three species emerge,

they do not have enough energy stored to enable them even to

survive until the breeding season, let alone have energy avail-

able for allocation to ovarian development. Yet some specific

nutrients stored from larval reserves could be incorporated

into eggs, and the three synovigenic weevil species could act

as both capital and income breeders, as it has been shown

experimentally in other insects (Rivero, Giron & Casas 2001;

Casas et al. 2005). This question deserves further investiga-

tions into the isotope signature of eggs or into the fecundity

of females reared with various diets.

In contrast, if females of these three species are given a rich

diet based on sugar plus pollen, their life span is comparable

to that observed in the field (Venner et al. 2011). The life span

of adults of two species (C. venosus and C. pellitus) fed a rich

diet was extended by about 2 months. This would give them

the advantage of prior access to the egg-laying sites and allow

them to breed within a short time interval early in the season

(Venner et al. 2011). Curculio glandium females fed on a rich

diet increased their adult life span by up to 4 months, which

allowed them to lay eggs over a longer interval, in accordance

with field observations [from June to September; (Venner

et al. 2011)]. The major differences observed in the way

energy is allocated to adult survival obviously explain the dis-

parate longevities among oak weevil species and largely con-

tribute to the strong temporal partitioning of their use of the

communal resource. Such partitioning seems to constitute

one of the major mechanisms underlying the coexistence of

species that compete with each other in a fluctuating environ-

ment. Hence, under the general niche theory, stable coexis-

tence is predicted among competing species whenever their

ecological traits are sufficiently distinct from each other to

lower the competition between them relative to that occurring

within species, which enables any species within a community

to grow whenever it becomes rare (Chesson 2000; Chesson

et al. 2004). The intra-annual partitioning mechanism actu-

ally seems to be involved in the coexistence of these four wee-

vil species (Venner et al. 2011).

Although the fourth species, C. elephas, exploits the same

unpredictable environment as the other three species, it is

clearly a capital breeder. The between-year fluctuations in the

availability of oviposition sites could even be increased for

this species: while years of high resource abundance could

provide all weevil species with unlimited egg-laying sites,

C. elephas would suffer more than the other species on years

of low acorn production as the resource is likely to be already

used by early species at the time of their emergence. In spite of

this environment highly variable between years, we found

that C. elephas adults emerge in August when females readily

start laying eggs (Venner et al. 2011): females have mature

oocytes as soon as they emerge, when oak acorns are already

mature and ready for exploitation by weevil larvae. Curculio

elephas adult females do not seem to need to feed, because the

stable isotope profile of wild-caught females remained

unchanged from their larval stage. Moreover, when these

females were given a rich diet, their life span was not longer

than that of unfed individuals. Nor did they require feeding

during adulthood to produce mature oocytes. To summarize,

these proovigenic females can breed successfully drawing

solely on energy of larval origin, which corresponds to a capi-

tal breeding strategy (Jervis, Ellers &Harvey 2008).

Curculio elephasmature larvae are much heavier than those

of the three other species when they leave the acorn (Pélisson

et al. 2011), and similarly, C. elephas newly emerging adults

are heavier than the other species (see Appendix S2, Fig. S2):

besides their greater body size, they may therefore have

greater energy reserves acquired during the larval stage than

the other three species. This interspecific difference between

adults composing the community a given year is unlikely to

be due to heterogeneous conditions experienced by the dis-

tinct larval cohorts, which might occur owing to their distinct

life cycles (Venner et al. 2011). Indeed, we did not detect any

variation in the weight of emerging adults across years, for

any species (see Appendix S2). This suggests that the quality

of acorns, possibly varying between years, does not impact

the energetic status of adults at emergence. Thus, ecophysio-

logical characteristics of the breeding strategy should also be

consistent across years for a given species. This energy seems
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Fig. 3. Influence of diet on the longevity of females (mean ± SE).

While the longevity ofCurculio elephas females (water: n = 31, sugar:

n = 34 and sugar + pollen: n = 26) seems to be unaffected by their

diet, the life span of Curculio glandium females markedly increases

with an enriched diet (water: n = 11, sugar: n = 10 and

sugar + pollen: n = 10). Feeding also improves, albeit to a lesser

extent than C. glandium, the survival of Curculio venosus (water:

n = 7, sugar: n = 8 and sugar + pollen: n = 8) and Curculio

pellitus (water: n = 5, sugar: n = 8 and sugar + pollen: n = 6),

with no difference being detected between these two species.
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to be rapidly and entirely allocated to reproduction as soon as

the adult emerges, which should make this species very effi-

cient in exploiting acorns when local resources are abundant.

However, when the local resource is scarce, the adults that

emerge might fail to breed owing to their poor ability tomove

towards more favourable, but distant sites (because they are

carrying excess body reserves destined for ovarian develop-

ment that prevent them fromdispersing spatially (Jervis, Bog-

gs & Ferns 2005) and ⁄or because they do not have enough

time to prospect). We suggest that such a capital breeder

strategy can only be efficient in a fluctuating environment if it

is combined with other life-history traits that buffer unpre-

dictable temporal environmental fluctuations. Thus, C. ele-

phas is the only weevil species in this system that spreads

significantly the emergence of adults belonging to the same

larval cohort over several years, which has been interpreted as

a form of bet-hedging (Menu, Roebuck & Viala 2000; Menu

& Desouhant 2002; Gourbière & Menu 2009; Venner et al.

2011). This strategy ensures that at least some of the individu-

als that share the same genotype will encounter favourable

local conditions and go on to breed successfully. Adults

emerging when the resource is locally abundant should be

able to maximize their lifetime reproductive success, while

individuals emerging in a year when the resource is depleted

would be sacrificed. In C. elephas, capital breeding might

have evolved alongside with this bet-hedging strategy. In con-

trast, the other three species do not spread significantly their

adult emergence over several years (Venner et al. 2011), and

they can be expected to exploit the oviposition sites less effi-

ciently than C. elephas when these are locally abundant:

hence, adults from these early-emerging species face a signifi-

cant risk of mortality during the prolonged interval between

emergence and breeding, and they have to find food before

they can breed. In contrast, these three species may be more

efficient than C. elephas in taking advantage of the spatial

variability of resource availability when resources are locally

absent. The co-occurrence of both pro- and synovigenic spe-

cies sharing the same fluctuating environment provides evi-

dence that the different species cope in various ways with the

spatial and temporal heterogeneity in the egg-laying site avail-

ability. This may be a key aspect of niche partitioning and of

the coexistence of species that compete for the same fluctuat-

ing resource.

Insects display multiple strategies of acquiring energy and

allocating it to different activities, and these have been studied

in great detail (see Strand & Casas 2008 for a review among

parasitoids). These strategies show great plasticity in response

to numerous factors, including environmental stress (Wessels,

Jordan & Hahn 2010), the quality of energy resources (Fi-

scher, O’Brien & Boggs 2004) and diet or metabolism (O’Bri-

en, Boggs & Fogel 2004; Min et al. 2006). At the individual

level, there may be several strategies ranging from income to

capital breeding, depending on the nutrient considered (Casas

et al. 2005). Our work was not designed to reveal differences

at such a fine scale, but it still provides the first report of the

simultaneous occurrence of synovigeny and proovigeny

breeding strategies in a community of sibling species that are

competing with each other for the same fluctuating resource.

Unlike previously proposed hypotheses, our result show an

exception to the conventional wisdom that environmental

stochasticity necessarily selects for synovigenic and income

breeding insects and selects against proovigeny and capital

breeding. Our findings suggest that environmental stochastic-

ity does not favour the evolution of a single optimal breeding

strategy, but may instead favour the diversification of these

strategies. Our work should encourage future studies

designed at testing this hypothesis.
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productions végétales (eds P. Pesson & J. Louveaux), pp. 219–242. INRA,

Paris.

Casas, J., Nisbet, R.M., Swarbrick, S. & Murdoch, W.W. (2000) Eggload

dynamics and oviposition rate in a wild population of a parasitic wasp. Jour-

nal of Animal Ecology, 69, 185–193.

Casas, J., Pincebourde, S., Mandon, N., Vannier, F., Poujol, R. & Giron, D.

(2005) Lifetime nutrient dynamics reveal simultaneous capital and income

breeding in a parasitoid.Ecology, 86, 545–554.

Casas, J., Vannier, F., Mandon, N., Delbecque, J.P., Giron, D. & Monge, J.P.

(2009) Mitigation of egg limitation in parasitoids: immediate hormonal

response and enhanced oogenesis after host use.Ecology, 90, 537–545.

Chesson, P. (2000) Mechanisms of maintenance of species diversity. Annual

Review of Ecology and Systematics, 31, 343–366.

Chesson, P., Gebauer, R.L.E., Schwinning, S., Huntly, N., Wiegand, K., Ern-

est, M.S.K., Sher, A., Novoplansky, A. & Weltzin, J.F. (2004) Resource

pulses, species interactions, and diversity maintenance in arid and semi-arid

environments.Oecologia, 141, 236–253.

Coutin, R. (1992) Original characteristics of the evolving cycles of some Euro-

pean weevil species: Curculio elephas Gyll., C. nucum L., C. glandium

Marsh., C. venosus Grav. and C. villosus F. Memoires de la Societe Royale

Belge d’Entomologie, 35, 259–266.

DeNiro, M.J. & Epstein, S. (1978) Influence of diet on the distribution of car-

bon isotopes in animals.Geochimica et Cosmochimica Acta, 42, 495–506.

DeNiro, M.J. & Epstein, S. (1981) Influence of diet on the distribution of nitro-

gen isotopes in animals.Geochimica et Cosmochimica Acta, 45, 341–351.

Dixon, A.F.G., Horth, S. & Kindlmann, P. (1993) Migration in insects: cost

and strategies. Journal of Animal Ecology, 62, 182–190.

Ellers, J. & Jervis, M.A. (2003) Body size and the timing of egg production in

parasitoid wasps.Oikos, 102, 164–172.

Ellers, J. & Jervis, M.A. (2004) Why are so few parasitoid wasp species proovi-

genic?Evolutionary EcologyResearch, 6, 993–1002.

Ellers, J., Sevenster, J.G. & Driessen, G. (2000) Egg load evolution in parasi-

toids.The American Naturalist, 156, 650–665.

Ellers, J. & van Alphen, J.J.M. (1997) Life history evolution in Asobara tabida:

plasticity in allocation of fat reserves to survival and reproduction. Journal

of Evolutionary Biology, 10, 771–785.

Fischer, B., Dieckmann, U. & Taborsky, B. (2010) When to store energy in a

stochastic environment.Evolution, 65, 1221–1232.

Fischer, K., O’Brien, D.M. & Boggs, C.L. (2004) Allocation of larval and adult

resources to reproduction in a fruit-feeding butterfly. Functional Ecology, 18,

656–663.

Fischer, B., Taborsky, B. &Dieckmann,U. (2009) Unexpected patterns of plas-

tic energy allocation in stochastic environments. The American Naturalist,

173, E108–E120.

Gourbière, S. & Menu, F. (2009) Adaptive dynamics of dormancy duration

variability: evolutionary trade-off and priority effect lead to suboptimal

adaptation.Evolution, 63, 1879–1892.

� 2011 The Authors. Functional Ecology � 2011 British Ecological Society, Functional Ecology, 26, 198–206

Contrasted breeding strategies 205

146



Heimpel, G. (1998) Egg limitation in parasitoids: a review of the evidence and a

case study.Biological Control, 11, 160–168.

Hoffmann, A. (1954) Faune de France. Coleopteres Curculionides, (Deuxième

partie). Fédération Française des Sociétés de Sciences Naturelles, Paris,

France.

Hood-Nowotny, R. & Knols, B.G.J. (2007) Stable isotope methods in biologi-

cal and ecological studies of arthropods. Entomologia Experimentalis et Ap-

plicata, 124, 3–16.

Houston, A.I., Stephens, P.A., Boyd, I.L., Harding, K.C. & McNamara, J.M.

(2006) Capital or income breeding? A theoretical model of female reproduc-

tive strategies.Behavioral Ecology, 18, 241–250.

Hughes, J. & Vogler, A.P. (2004) The phylogeny of acorn weevils (genusCurcu-

lio) frommitochondrial and nuclear DNA sequences: the problem of incom-

plete data.Molecular Phylogenetics and Evolution, 32, 601–615.

Ihaka, R. &Gentleman, R. (1996) R: a language for data analysis and graphics.

Journal of Computational and Graphical Statistics, 5, 299–314.

Inger, R. & Bearhop, S. (2008) Applications of stable isotope analyses to avian

ecology. Ibis, 150, 447–461.

Jervis, M.A., Boggs, C.L. & Ferns, P.N. (2005) Egg maturation strategy and its

associated trade-offs: a synthesis focusing on Lepidoptera. Ecological Ento-

mology, 30, 359–375.

Jervis, M.A., Ellers, J. & Harvey, J.A. (2008) Resource acquisition, allocation,

and utilization in parasitoid reproductive strategies. Annual Review of Ento-

mology, 53, 361–385.

Jervis,M.A. &Ferns, P.N. (2004) The timing of eggmaturation in insects: ovig-

eny index and initial egg load as measures of fitness and of resource alloca-

tion.Oikos, 107, 449–461.

Jervis, M.A., Heimpel, G.E., Ferns, P.N., Harvey, J.A. & Kidd, N.A.C. (2001)

Life-history strategies in parasitoid wasps: a comparative analysis of ‘ovige-

ny’. Journal of Animal Ecology, 70, 442–458.

Kelly, D. & Sork, V.L. (2002) Mast seeding in perennial plants: why, how,

where?Annual Review of Ecology and Systematics, 33, 427–447.

Liebhold, A., Sork, V.L., Peltonen, M., Bjørnstad, O.N., Westfall, R., Elkin-

ton, J. &Knops,M.H.J. (2004)Within-population spatial synchrony inmast

seeding ofNorth American oaks.Oikos, 104, 156–164.

Lorenz, M.W. (2007) Oogenesis-flight syndrome in crickets: age-dependent egg

production, flight performance, and biochemical composition of the flight

muscles in adult femaleGryllus bimaculatus. Journal of Insect Physiology, 53,

819–832.

Markow, T.A., Anwar, S. & Pfeiler, E. (2000) Stable isotope ratios of carbon

and nitrogen in natural populations of Drosophila species and their hosts.

Functional Ecology, 14, 261–266.

Menu, F. & Debouzie, D. (1993) Coin-flipping plasticity and prolonged dia-

pause in insects: example of the chestnut weevil Curculio elephas (Coleop-

tera: Curculionidae).Oecologia, 93, 367–373.

Menu, F. & Desouhant, E. (2002) Bet-hedging for variability in life cycle dura-

tion: bigger and later-emerging chestnut weevils have increased probability

of a prolonged diapause.Oecologia, 132, 167–174.

Menu, F., Roebuck, J.P. & Viala, M. (2000) Bet-hedging diapause strategies in

stochastic environments.The AmericanNaturalist, 155, 724–734.

Min, K.J., Hogan, M.F., Tatar, M. & O’Brien, D.M. (2006) Resource alloca-

tion to reproduction and soma in Drosophila: a stable isotope analysis of

carbon from dietary sugar. Journal of Insect Physiology, 52, 763–770.

O’Brien, D.M., Boggs, C.L. & Fogel, M.L. (2004) Making eggs from nectar:

the role of life history and dietary carbon turnover in butterfly reproductive

resource allocation.Oikos, 105, 279–291.

O’Brien, D.M., Fogel, M.L. & Boggs, C.L. (2002) Renewable and nonrenew-

able resources: amino acid turnover and allocation to reproduction in Lepi-

doptera. Proceedings of the National Academy of Sciences of the United

States of America, 99, 4413–4418.

Papaj, D.R. (2000) Ovarian dynamics and host use.Annual Review of Entomol-

ogy, 45, 423–448.

Pélisson, P.F., Henri, H., Bel-Venner,M.C., Allemand, R., Merville, A., Menu,

F. & Venner, S. (2011) Identification at the larval stage of four Curculio spe-

cies coexisting on oak trees using PCR-RFLP. Entomologia Experimentalis

et Applicata, 138, 77–82.

Perrin, N. & Sibly, R.M. (1993) Dynamic models of energy allocation and

investment.Annual Review of Ecology and Systematics, 24, 379–410.

Richard, R. & Casas, J. (2009) Stochasticity and controllability of nutrient

sources in foraging: host-feeding and egg resorption in parasitoids. Ecologi-

calMonographs, 79, 465–483.

Rivero, A. & Casas, J. (1999) Incorporating physiology into parasitoid behav-

ioral ecology: the allocation of nutritional resources. Researches on Popula-

tion Ecology, 41, 39–45.

Rivero, A., Giron, D. & Casas, J. (2001) Lifetime allocation of juvenile and

adult nutritional resources to egg production in a holometabolous insect.

Proceedings of the Royal Society of London Series B, Biological Sciences,

268, 1231–1237.

Rivero-Lynch, A.P. &Godfray, H.C.J. (1997) The dynamics of egg production,

oviposition and resorption in a parasitoid wasp. Functional Ecology, 11,

184–188.

Rosenheim, J.A. (2011) Stochasticity in reproductive opportunity and the evo-

lution of egg limitation in insects.Evolution, 65, 2300–2312.

Rosenheim, J.A., Heimpel, G.E. & Mangel, M. (2000) Egg maturation, egg

resorption and the costliness of transient egg limitation in insects. Proceed-

ings of the Royal Society of London Series B, Biological Sciences, 267, 1565–

1573.

Schauff, M.E. (1986) Collecting and preserving insects and mites: techniques &

tools. Museum ofWashington,USA,WashingtonDC.

Stephens, P., Boyd, I., McNamara, J.M. &Houston, A.I. (2009) Capital breed-

ing and income breeding: their meaning, measurement, and worth. Ecology,

90, 2057–2067.

Strand, M.R. & Casas, J. (2008) Parasitoid and host nutritional physiology in

behavioral ecology. Behavioral ecology of insect parasitoids (eds E. Wajn-

berg, C. Bernstein & J. vanAlphen), pp. 113–128. Blackwell, Oxford,UK.

Tammaru, T. & Haukioja, E. (1996) Capital breeders and income breeders

among Lepidoptera – consequences to population dynamics. Oikos, 77,

561–564.

Tomassone, R., Danzard, M., Daudin, J.J. & Masson, J.P. (1988) Discrimina-

tion et classement.Masson, Paris.

Venner, S., Pélisson, P.F., Bel-Venner, M.C., Débias, F., Rajon, E. &Menu, F.
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« La théorie, c'est quand on sait tout et que rien ne fonctionne. - La pratique, c'est quand tout 

fonctionne et que personne ne sait pourquoi. - Si la pratique et la théorie sont réunies, rien ne 

fonctionne et on ne sait pas pourquoi. »

Albert Einstein 
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Figure 4.1 : Système IsoPrime-MultiPrep installé dans le laboratoire d’isotopes stables de 

LGL-TPE. 
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Figure 4.2 : Principe de fonctionnement du de l’AquaPrep : Etapes 1 à 4 introduction du gaz 

de référence en contact avec l’eau à analyser. Ensuite équilibration H2-H2O ou CO2-H2O ;

Etapes 5 à 8 : séchage du gaz équilibré et introduction dans le dual inlet du spectromètre de 

masse. 
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Oxygen isotope fractionation and equilibration kinetics between CO2 andH2O have been investigated at 313 K for
salinities (S) ranging from 0 to 250 g L−1. In this range of salinity, times needed to reach oxygen isotope
equilibriumbetween CO2 andH2O increase from 4 h to 12 h. Isotopic exchanges are comparable for KCl and NaCl-
like (sea salt) solutions and are described by first-order kinetic reactions with ln(k)=−8.1485(±0.0057)−
0.00474(±3.87×10−5)S. The oxygen isotope fractionation factor between CO2 and H2O increases with salinity
for both sea salt and KCl solutions with concentrations ranging from 0 to 250 g L−1 according to the
following equation: 1000 ln(αCO2–H2O)sea salt=37.02(±5×10−3)+3.96×10−3(±1.1×10−4)S−6.38×10−6

(±4.5×10−7)S2 (R2=0.998). The oxygen isotopeanalysis of seawater sampleswith a salinity of 35 g L−1 requires
minor corrections of−0.15‰ (V–SMOW). However, oxygen isotope ratios are overestimated by 0.4‰ to 0.6‰ in
the case of highly saline natural waters (100bSb250 g L−1). Corrections of the oxygen isotope ratios due to
changes in the salinity-dependent fractionation factors between CO2 and H2Omust be taken into account during
the study of waters sampled from salt marshes, hypersaline lakes and lagoons, or hydrothermal brines.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Determination of oxygen isotope ratios of natural waters is
commonly obtained by equilibration with carbon dioxide according
to Epstein and Mayeda's (1953) fundamental study. Since the recent
development of automated preparation systems for the measurement
of stable oxygen and hydrogen isotope ratios of waters, analytical
precisions of ±0.05‰ and ±0.5‰ can be reached routinely with
samples of about 200 μL by using isotopic equilibration techniques
between CO2 and H2O (e.g. Horita et al., 1989; McCarthy et al., 2005).
These high-precision isotopic measurements allow an increase in
resolution of source water identification, and mixing or evaporation–
condensation processes that can affect them in the hydrosphere or
during interactions with the atmosphere or the Earth's crust. These
physical and chemical processes are able to change the ionic
concentration of aqueous solutions from highly diluted to over-
saturated solutions. For example, rainfall located in the central parts of
continents have a salinity (S)≈0 g L−1 whereas highly evaporated
waters of the Dead Sea or hydrothermal brines of the Red Sea have
S=250–300 g L−1 eq. NaCl.

It is known since the studies pioneered by Taube (1954), Craig and
Gordon (1965), O'Neil and Adami (1969) and Truesdell (1974) that
oxygen isotope fractionation between CO2–H2O depends on both the
chemical composition and the ionic strength of aqueous salt solutions.
Other studies have confirmed that the resulting oxygen isotopic
offsets relative to the fractionation factor determined for pure water
are much higher than analytical precisions (Sofer and Gat, 1972;
Kazahaya, 1986; O'Neil and Truesdell, 1991; Fortier, 1994) even though

Chemical Geology 264 (2009) 122–126

⁎ Corresponding author. Laboratoire UMR CNRS 5125, ‘Paléoenvironnements et
Paléobiosphère’, Université Lyon 1, Lyon 69003, France.

E-mail address: clecuyer@univ-lyon1.fr (C. Lécuyer).

Table 1
X-ray-fluorescence chemical analysis of a natural sea salt from the salt marsh of
Guérande, France.

Element wt.% Sea salt “Guérande”

SiO2 0.06
MgO 0.32
CaO 0.2
Na2O 88
K2O 0.06
H2O+ 4.04
H2O− 7.29
Sum 99.97
Ppm
Sr 62
Rb 7
S 21200

0009-2541/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.chemgeo.2009.02.017
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Horita et al. (1995) concluded that NaCl has little effect (within
analytical uncertainties) on the oxygen isotope fractionation factor at
temperatures below 200 °C. Precise knowledge of the relationship that
linked fractionation factors to the salt content is a prerequisite to the
oxygen isotope analysis of waters from salt marshes, hypersaline
lagoons, and hydrothermal brines (e.g. Chiodini et al., 2001; Pierret
et al., 2001; Kloppmann et al., 2002; Risacher et al., 2003; Ladouche
and Weng, 2005; Alexeev et al., 2007). Mixing of water end-members
is also commonly performed by using both D/H and 18O/16O as natural
tracers. This quantification can be weakened without applying the
adequate salinity-dependent fractionation factors during the case
study of water reservoirs with highly contrasted salinities. Approx-
imations on the knowledge of these isotopic fractionation factors
would also generate errors on the determination of the source of
rainfall that are based on the slopes and intercepts of evaporation
trajectories relative to the meteoric water line.

However, a systematic approach to calculate oxygen isotope
fractionation factors and exchange kinetics for the CO2–H2O system
as a function of salinity is still lacking. Therefore we have determined
oxygen isotope fractionation factors and exchange kinetics between
CO2 and H2O in NaCl (sea salt) and KCl aqueous solutions with
salinities ranging from 0 to 250 g L−1.

2. Analytical techniques

Two hundred and ninety-nine oxygen isotope measurements of
water have been performed to determine kinetics and oxygen isotope
fractionation between CO2 and H2O at 313 K for salinities ranging from
0 to 250 g L−1. Two salts have been used for the experiments, a
synthetic sylvite (99.9% KCl) and a natural sea salt mainly made of

NaCl (Table 1) that was sampled in the Guérande salt marsh along the
Northern Atlantic seaside in North-western France. Aqueous solutions
of salinity ranging from 15 to 250 g L−1 have been prepared by
dissolving from 1.9 to 31.5 g of KCl and a natural sea salt from the salt
marsh of Guérande, France, in 125 mL of double-distilled water
(DDW) which has a δ18O value of −10.38±0.05‰ (V–SMOW). A 3 L
aliquot of this doubly distilled water was stored in a glass bottle. The
natural sea salt is mainly NaCl with a minor sulfate content and 7 wt.%
of adsorbed H2O (Table 1) according to XRF analysis performed at the
University Claude Bernard Lyon 1 (LST UMR 5570). This salt was
therefore dried at 110 °C overnight before to be dissolved in double-
distilled water (DDW). It is however noteworthy that the δ18O of DDW
and of the same water of S=150 g L−1 obtained by dissolution of the
non-dried sea salt are similar within analytical uncertainties (Table 2).

It was calibrated versus SMOWGISP and SLAP to determine its δ18O
value and it was used for all the salt solutions. Prior to equilibration
analyses of salty solutions, we investigated the variations of the
equilibration time as a function of the salinities of the solutions. For
S=0; 35; 150 and 250 g L−1, the rate of oxygen isotope exchange
with time between CO2 and H2O is reported as ‘δ18O offset’where δ18O
offset= ((18O / 16OSAM− 18O / 16ODDW) / 18O/16ODDW− 1) × 103

(SAM=sample; DDW=doubly distilled water).
Aliquots of 200 μL of water were automatically reacted at 313 K

with CO2 and analyzed using a MultiPrep™ system on line with an
Elementar IsoPrime™ dual inlet IRMS. Internal and external δ18O
reproducibilities were ±0.03‰ and ±0.1‰, respectively. Oxygen
isotope ratios are reported relative to V–SMOW in the ‰ δ unit after
scaling the raw data to the “true” isotopic ratios of SMOW, SLAP and
GISP international standards. Kinetics experiments were performed
analyzing water samples immediately after the autofill sequence was
completed. The autofilling time was taken into account to determine
the total equilibration time. All the experiments have been performed
at 313 K, a temperature routinely used by some of the automated
preparation systems dealing with the stable isotope analysis of large
series of water samples.

3. Results

The Doubly Distilled Water (DDW) has a δ18O value of −10.38‰
(V–SMOW). For each sea salt solution, steady-state isotopic

Table 2
Comparison of the δ18O of an aqueous solution of S=150 g L−1 obtained by dissolution
of the non-dried sea salt (TES150-1 and TES150-2 samples) with double-deionized
water (δ18O=−10.38‰ V–SMOW) with a third one (TES150-D) obtained with the
same salt dried at 110 °C overnight before being dissolved.

Aqueous solution Salinity (g L−1) H2O in salt wt.% δ18O (‰ V–SMOW)

TES150-1 150 7 −10.35
TES150-2 150 7 −10.38
TES150-D 150 0 −10.37

Fig. 1. Variations with equilibration time of the oxygen isotope offset (defined as the difference between measured water δ18O at any time t and the composition of pure water with a
δ18O of−10.38‰ V–SMOW) of sea salt (NaCl-like) and KCl aqueous solutions at 313 K. Note that for the five experiments, oxygen isotope compositions of waters reach steady-state
values for equilibration times depending on salinities and not on salt composition.

123C. Lécuyer et al. / Chemical Geology 264 (2009) 122–126
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compositions are observed and are considered to represent isotopic
equilibrium values between CO2 and H2O (Fig. 1; data are available as
electronic supplement).

The order of the reaction was tested by a best fit of the data with a
first-order law:

f = 1− exp − ktð Þ = δ18Oi − δ18Ot

δ18Oi − δ18Oe
with k = Ae− Ea

RT ð1Þ

where f is the fraction of isotopic exchange between carbon dioxide
and water, δ18Oi is the initial oxygen isotope composition of CO2 (at

t=0; δ18O=25.23±0.02‰; n=5), δ18Ot is the composition of CO2

measured at any time t, δ18Oe is its composition at equilibrium
(deduced from observed steady-state values), and k (s−1) is the rate
constant of the reaction. Using Eq. (1), for each set of δ18Ot obtained
for a given salinity, the linear regression of data yield the rate constant
k (Fig. 2) which is related to the salinity (Fig. 3) according to the
following equation:

ln kð Þ sea salt = − 8:1485 F 0:0057ð Þ− 0:00474 F 3:87:10−5
� �

S

R2 = 0:999
� �

:

ð2Þ

In this range of salinity, times needed to reach oxygen isotope
equilibrium between CO2 and H2O increase from 4 h to 12 h. These
values are considered to be minimal reaction times required to
accurately determine the oxygen isotope ratios of aqueous salt solutions
by fluid equilibration techniques. It is noteworthy that “equilibration
curves” for sea salt and KCl solutions of S=150 g L−1 are close each
other (Fig. 4), showing that the nature of the cation does not influence
the kinetics of isotopic exchange between CO2 and H2O.

Steady-state values of isotopic offsets have also been obtained for
14 sea salt and KCl solutions of salinity ranging from 0 to 250 g L−1

(Tables 3 and 4). The oxygen isotope offsets increase similarly with
increasing salinity for both KCl and sea salt solutions (Fig. 4).
Assuming that they represent equilibrium isotopic values between
CO2 and H2O, oxygen isotope fractionation factors α are fitted as a
function of salinity at a constant temperature of 313 K for sea salt
(NaCl-like) and KCl solutions (Tables 3 and 4). These fractionation
factors are linearly correlated to the salt content when S≤35 g L−1,
above this value the experimental data deviate from the straight line
(Fig. 5). The whole data set can be empirically described by the
following equation:

1000 ln αCO2−H2O

� �
sea salt = 37:02 F 5:10−3

� �
+ 3:96:10−3

F 1:05:10−4
� �

S − 6:38:10−6

F 4:5:10−7
� �

S2 R2 = 0:998
� �

:

ð3Þ

Fig. 2. Progress with time of the fraction of oxygen isotopes exchanged between carbon
dioxide and water at 313 K. The absolute values of the slopes of the straight lines are the
rate constants k of the reaction for salinities of 0, 35,150, and 250 g L−1, respectively. For
S=0: ln(1− f)=−2.91×10−4(±1.29×10−5) with R2=0.835; for S=35: ln(1− f)=
−2.43×10−4(±8.27×10−6) with R2=0.877; for S=150: ln(1− f)=−1.42×10−4

(±3.49×10−6) with R2=0.831 and for S=250: ln(1−f)=−8.85×10−5(±1.72×10−6)
with R2=0.946.

Fig. 3. Linear variations of ln(k) with the salinity of a sea salt solution at 313 K. k is the
rate constant (s−1) of the reaction of oxygen isotope exchange between CO2 and H2O. ln
(k) sea salt=−8.1485(±0.0057)−0.00474(±3.87×10−5)S with R2=0.999.

Fig. 4. Variations of water δ18O offsets (defined as the difference between measured
water δ18O at equilibrium and the composition of pure water with a δ18O of −10.38‰
V–SMOW) as a function of salinity for a sea salt and a KCl solution at 313 K. Note that
both curves are similar to each other taking into account analytical uncertainties.
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Eq. (3) provides solutions to correct isotopic biases resulting fromthe
“salt effect” when measuring oxygen isotope compositions of natural
salinewaters. In the case of seawater-like samples with a salinity of 35 g
L−1, the δ18O offset of 0.15‰ is rather small but significant relative to
analytical uncertainties. For hypersaline solutions with S≥200 g L−1,
the large δ18O offsets of 0.6–0.7‰ can induce large analytical errors and
misinterpretations if not corrected from raw data.

4. Discussion

Quality of the data fit computed and illustrated in Fig. 2 suggests
that oxygen isotope exchange between CO2 and H2O obeys a first-
order reaction, a conclusion previously reached by Fortier (1994) for
calcium chloride solutions from 0 to 4.0 M between 25 °C and 50 °C.
However, at 313 K and 2.5 M, the rate constant for a CaCl2 solution (ln
(k)=−7.83) is about one order higher than the one inferred from this
study for a NaCl solution (ln(k)=−8.86). Time needed to reach
oxygen isotope equilibrium between CO2 and H2O increases with the
increasing salinity of aqueous solutions. Our recommended values
ranging from 4 h to 12 h for salinities ranging from 0 to 250 g L−1 need
to be compared to those recommended for the use of automated
preparation systems: “typical equilibration times are 4.5 h for CO2”

(System Description, p.12, in MultiPrep™ User's Guide, Micromass
UK).

For salinities higher than 35 g L−1, values of 1000lnα deviate from
a straight line when reported against solution salinities. This result
differs fromwhat was described by Bourg et al. (2001) who concluded
that there is no significant oxygen-18 salt effect in a range of
concentrations from 0.5 to 2 times that of seawater. The observed
complex relationship between these two parameters could result
from changes in carbon speciation with increasing solute concentra-
tion. Indeed, Millero et al. (2007) have studied the dependence of
dissociation constants of carbonic acid on both molality (0–6 M) and
temperature (0–50 °C) of NaCl solutions. One of the main conclusions
of their study is that both activity coefficients of HCO3

− and CO3
2− are

very sensitive to molality at a given temperature and that this
dependence must be taken into account during studies of the
carbonate system in hydrothermal brines. From our data, a simple
second-order polynomial equation allows to calculate values of
1000lnα(CO2–H2O) for NaCl or KCl solutions with any salinity lower
or equal to 250 g L−1.

Table 3
Variations of the oxygen isotope offset (defined as the difference betweenmeasuredwater δ18O at equilibrium between CO2 and H2O and the composition of purewaterwith a δ18O of
−10.38‰ V–SMOW) with the salinity of sea salt (NaCl-like) aqueous solutions.

Salinity δ18O offset δ18O offset δ18O offset δ18O offset δ18O offset δ18O offset δ18O offset δ18O offset δ18O offset δ18O offset SD α(CO2–H2O)

g L−1 Sea salt Exp. 1 Exp. 2 Exp. 3 Exp. 4 Exp. 5 Exp. 6 Exp. 7 Exp. 8 Exp. 9 Mean

0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.075 1.037700
15.02 0.00 −0.02 0.15 0.08 0.05 0.09 0.20 0.05 0.04 0.07 0.070 1.037774
20.06 0.01 −0.03 0.16 0.09 0.14 0.14 0.19 0.07 0.07 0.09 0.073 1.037794
25.00 0.02 0.02 0.19 0.12 0.12 0.21 0.21 0.06 0.09 0.11 0.075 1.037816
29.92 0.03 0.03 0.19 0.15 0.15 0.20 0.23 0.11 0.11 0.13 0.069 1.037834
35.04 0.09 0.03 0.20 0.13 0.20 0.21 0.25 0.16 0.14 0.16 0.068 1.037859
50.54 0.12 0.04 0.22 0.15 0.23 0.32 0.31 0.19 0.22 0.20 0.088 1.037904
75.02 0.20 0.10 0.29 0.22 0.35 0.41 0.40 0.30 0.29 0.28 0.097 1.037988
100.09 0.20 0.14 0.32 0.28 0.47 0.53 0.56 0.36 0.40 0.36 0.144 1.038064
125.12 0.25 0.18 0.38 0.34 0.50 0.58 0.57 0.42 0.43 0.40 0.136 1.038109
150.00 0.29 0.24 0.46 0.40 0.69 0.71 0.63 0.46 0.49 0.49 0.166 1.038192
174.65 0.35 0.29 0.44 0.43 0.68 0.70 0.70 0.52 0.53 0.51 0.153 1.038220
199.81 0.41 0.37 0.50 0.48 0.75 0.69 0.72 0.56 0.56 0.56 0.136 1.038264
250.12 0.46 0.42 n.d. 0.56 0.78 0.80 0.74 0.63 0.63 0.63 0.142 1.038333

Mean values and standard deviations (SD) have been obtained with nine experiments (exp.).

Table 4
Variations of the oxygen isotope offset (defined as the difference between measured
water δ18O at equilibrium between CO2 and H2O and the composition of pure water
with a δ18O of −10.38‰ V–SMOW) with the salinity of KCl aqueous solutions.

Salinity δ18O offset δ18O offset δ18O offset SD α(CO2–H2O)

g L−1 KCl Exp. 1 Exp. 2 Mean

0 0.00 0.00 0.00 0.004 1.037700
15.02 0.10 0.10 0.10 0.005 1.037800
20.04 0.10 0.11 0.11 0.007 1.037810
24.96 0.14 0.15 0.14 0.007 1.037845
30.05 0.17 0.19 0.18 0.012 1.037880
35.04 0.19 0.20 0.20 0.008 1.037899
50.54 0.29 0.27 0.28 0.012 1.037982
75.06 0.38 0.34 0.36 0.030 1.038062
99.87 0.50 0.40 0.45 0.068 1.038153
124.98 0.57 0.46 0.51 0.078 1.038220
150.05 0.59 0.52 0.55 0.045 1.038260
174.93 0.58 0.55 0.57 0.026 1.038272
200.32 0.61 0.60 0.61 0.011 1.038311
250.14 0.64 0.70 0.67 0.044 1.038377

Mean values and standard deviations (SD) have been obtained with two experiments
(exp.).

Fig. 5. Variations of 1000lnα(CO2–H2O) as function of salinity for a sea salt solution at
313 K. Experimental data follow empirically a second-order polynomial law, they
deviate from a straight line which relates 1000lnα(CO2–H2O) to salinity for sea salt
solutions of S≤35 g L−1. Equation of the straight line is: 1000lnα(CO2–H2O)=4.32×
10−3(±1.02×10−4)S+37.009(±2.41×10−3) with R2=0.998.
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Fitted fractionation factors for oxygen isotopes increase with
increasing solute concentrations (Fig. 5). These results mean that
values of 1000lnα between pure water and water bound to ions are
negative (O'Neil and Truesdell, 1991), and more and more negative
with the increasing solute concentration. O'Neil and Truesdell (1991)
proposed that these salts act as breakers of the water structure. The
solute alters the water structure with cation–H2O bonds that are
weaker than the co-existing H2O–H2O bonds, resulting in modified
vibrational frequencies of the water molecules (Feder and Taube,
1952; O'Neil and Adami, 1969). For example, fractionations of both
hydrogen and oxygen isotopes have been documented between
hydrated and freewater molecules in aqueous urea solution (Kakiuchi
and Matsuo, 1985). Oxygen isotope fractionation factors between
CO2–H2O are then strongly correlated to the concentration of the
solute.

O'Neil and Truesdell (1991) made oxygen isotope equilibrations
with alkali chloride solutions and their results revealed that K+ is a
stronger water structure breaker than Na+. Moreover, these authors
consider that NaCl constitutes a unique salt that fails to produce a
sizable oxygen isotope fractionation between carbon dioxide and
water as previously observed by Taube (1954) and Sofer and Gat
(1972). Cole andWesolowski (1989) have shown the influence of NaCl
aqueous solutions on both equilibrium constants and rates of isotopic
exchange in mineral–fluid systems. Results obtained from this study
are at variance with the conclusions inferred from these pioneering
studies. Direction and amplitude of oxygen isotope fractionation
between CO2–H2O as a function of salinity are similar when using
either KCl or NaCl solutions taking into account analytical uncertain-
ties (Fig. 4). In addition, for salinities equal or above those of seawater-
like solutions, changes in the fractionation factor values are large
enough (Fig. 5) to cause errors much larger than those resulting from
the chemical procedures and isotopic ratio mass spectrometer
measurements.

5. Conclusions

Direction and relative amplitudes of the measured 18O/16O
fractionations at 313 K between CO2 and H2O are well correlated to
the water structure-breaking capacity of the NaCl and KCl solutes.
Kinetics of reaction lead to propose minimal times needed to reach
equilibrium depending on the solute content of analyzed waters.
Oxygen isotope fractionations between CO2 and H2O increase with
salinity for both NaCl and KCl solutions, therefore allowing the
correction of fractionation factors for any salinity comprised between
0 and 250 g L−1. Isotopic fractionations known between CO2 and pure
H2O must be corrected from such a “salinity” effect for aqueous
solutions whose salinity is equal or higher to that of marine waters.
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Hydrogen isotope fractionation between H2O and H2 has been investigated at 313 K for sodium chloride
solutions with salinities (S) ranging from 0 to 265 g.L−1. In the presence of a Pt catalyst, time needed to
reach hydrogen isotope equilibrium between H2O and H2 is close to 3 h (t1/2≈30 min), independently
on the salinity of the aqueous solution. Hydrogen isotope fractionation between H2O and H2 increases
with increasing molality (m) for a NaCl-like (sea salt) solution according to the following linear function:
αH2O-H2

(sea salt)=3.387(±8.4×10−5)+3.4×10−3(±5×10−5)m (R2=0.997). The hydrogen isotope
analysis of seawater samples with a salinity of 35 g.L−1 requires minor corrections of −2±0.5‰ (V-SMOW)
whilst δD values are overestimated by 5±0.5‰ to 10±0.5‰ in the case of highly saline natural waters
(100bSb265 g.L−1). In combination to previously published salinity-dependent fractionation factors between
CO2 and H2O (Lécuyer et al., 2009), corrections of both hydrogen and oxygen isotope ratios must be taken into
account during the analysis by equilibration techniques of waters sampled from salt marshes, hypersaline
lakes and lagoons, or hydrothermal brines.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Waters with salinities higher than that of seawater define the field
of brines that contain sodium chloride as the most abundant and
widespread electrolyte in natural aqueous fluids. Most common
brines occurring on Earth come from saline lakes in arid areas or are
associated with sedimentary basins, crystalline rocks and hydrother-
mal vents. Fractionation of stable hydrogen and oxygen isotopes
within the hydrological cycle is of prime importance in stable isotope
geochemistry as measurements of isotope compositions can help to
identify water sources, to estimate the importance of phase changes,
and to quantify mixing, unmixing and distillation processes. Howev-
er, the activity of water in brines decreases with increasing salinity.
Indeed, Taube (1954), Craig and Gordon (1965), O'Neil and Adami
(1969) and Truesdell (1974) have shown that the isotope activity
ratio of water in brines differs from the isotope concentration ratio;
this difference being the so-called “salt-effect”. During the second
half of the twentieth century, the stable hydrogen and oxygen isotope
ratios of natural waters were determined by equilibration with
hydrogen gas (Horita, 1988; Horita et al., 1989; Coplen et al., 1991)
and carbon dioxide (Cohn and Urey, 1938). The liquid–gas equilibra-
tion techniques yield hydrogen and oxygen isotope activity ratios of
water in the case of brines whereas water reduction methods

(Coleman et al., 1982; Dugan et al., 1985; Kendall and Coplen, 1985;
Gehre et al., 1996; Yang et al., 1996; Morrison et al., 2001) provide
hydrogen and oxygen isotope concentration ratios. Numerous studies
confirmed that hydrogen and oxygen isotopic offsets relative to the
fractionation factor determined between pure liquid water and
vapour are much higher than analytical precisions in most cases
(Sofer and Gat, 1972; Kazahaya, 1986; Horita, 1988; O'Neil and
Truesdell, 1991; Fortier, 1994; Horita et al., 1995; Bourg et al.,
2001), even though no consensus was reached so far on the ampli-
tude of these isotopic offsets. Therefore, depending on the method
used for the isotopic analysis of brines, uncorrected data could be
responsible for misleading interpretations of the source and evolution
of these salted waters (Horita, 1989). Since the recent development of
automated preparation systems for the measurement of stable oxy-
gen and hydrogen isotope ratios of waters, analytical precisions of
±0.05‰ and ±0.5‰, respectively, can be reached routinely with
samples of about 200–400 μL by using isotopic equilibration tech-
niques between CO2 and H2O, and H2O and H2 (e.g. Horita et al.,
1989; McCarthy et al., 2005). These high-precision isotopic measure-
ments allow an increase in resolution of the identification of the
sources of water and mixing or evaporation–condensation processes
that can affect them in the hydrosphere or during interactions with
the lithosphere, biosphere or atmosphere of the Earth. This quantifi-
cation can be weakened without applying the adequate salinity-
dependent fractionation factors during the case study of water reser-
voirs with highly contrasted salinities. An approximate knowledge
of these isotopic fractionation factors would also generate errors
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associated with the determination of the source of precipitations. The
same problem also applies to the hydrogen and oxygen isotope anal-
ysis of aqueous inclusions trapped in evaporitic minerals. Protocols of
gas extraction that are based on crushing or thermal decrepitation
involve distillation processes under vacuum which produce both
hydrogen and oxygen isotope fractionations, if not all of the hydrogen
or the oxygen of the fluid phase is extracted.

Recently, Lécuyer et al. (2009) investigated the oxygen isotope
fractionation and equilibration kinetics between CO2 and H2O at 313 K
for salinities (S) ranging from 0 to 250 g.L−1 using an automatedmulti-
sample analyser (MultiPrep™ coupled to Elementar Isoprime™). These
authors found that the oxygen isotope fractionation factor between CO2

and H2O increases with salinity to such an extent that oxygen isotope
ratios of a natural sea-salt solution measured by isotope-activity
methods differ from isotope-concentration methods by 0.4‰ to 0.6‰
in the case of highly saline natural waters (100bSb250 g.L−1). In this
study based on the automated D/H measurements of waters by equili-
bration, we propose to determine the D/H fractionation factors in the
system H2O–H2 at 313 K for sodium chloride solutions with salinities
(S) ranging from 0 to 265 g.L−1.

2. Analytical techniques

Hydrogen isotope measurements of water have been performed to
determine kinetics and hydrogen isotope fractionation between H2O
and H2 at 313 K for salinities ranging from 0 to 265 g.L−1. Aqueous
solutions of salinity ranging from 15 to 265 g.L−1 (0.25 to 3.5 m)
have been prepared by dissolving a natural sea salt from the salt
marsh of Guérande, France, and a pure grade (≥99.9‰ wt.%) NaCl
salt, each of them in 125 mL of double distilled water (DDW). A 3 L al-
iquot of this doubly distilled water was stored in a glass bottle. The
natural sea salt is mainly NaCl with a minor sulphate content and
7 wt.% of adsorbed H2O according to XRF analysis performed at the
University Claude Bernard Lyon 1 (Lécuyer et al., 2009). This salt
was therefore dried at 110 °C overnight before dissolution in
double-distilled water (DDW).

The double distilled water was calibrated versus SMOW, GISP and
SLAP to determine its δD value of −79.5±0.8‰ (V-SMOW) and it
was used for all the analysed salt solutions. Prior to equilibration
analyses of the salt solutions, the variations of the equilibration time
were investigated as a function of the salinities of the natural sea
salt aqueous solutions. For S=0; 36; 107; 145 and 265 g.L−1, the
rate of hydrogen isotope exchange with time between H2O and H2

is reported as ‘δD offset’ where δD offset=((D/HSAM−D/HDDW)/
D/HDDW–1)⁎103 (SAM = sample; DDW = doubly distilled water).

Aliquots of 400 μL of water were automatically reacted at 313 K
with H2 and analysed using a MultiPrep™ system on line with an
Elementar IsoPrime™ dual inlet IRMS. For hydrogen isotopic analyses
the sample vials are loaded into the temperature controlled rack and
the autosampler is used to evacuate the headspace of the vials and
then fill them automatically with hydrogen equilibration gas coming
from a gas cylinder. Then equilibration vials are left to equilibrate
for a user-definable period. A platinum-based hydrophobic catalyst
made of platinum coated polymer beads trapped inside a stainless
steel coil was used to reach isotopic equilibrium between liquid
water and gaseous hydrogen. It consists of approximately 10
“Hokko-beads” (Shoko Co Ltd-Japan). At the end of the equilibration
time, the valve system of the MultiPrep transfers the equilibrated
gas from the headspace of each vial to an on-line cryogenic water
trap where the water vapour is removed. Finally the dried gas is
passed to the dual inlet system of the mass spectrometer to be ana-
lysed. Internal and external reproducibilities of δD values were
±0.4‰ and ±1‰, respectively. Hydrogen isotope ratios are reported
relative to V-SMOW in the ‰ δ unit after scaling the raw data to the
“true” isotopic ratios of SMOW, SLAP and GISP international stan-
dards. Experiments on the rates of exchange were made by analysing

the hydrogen isotope composition of molecular hydrogen immediate-
ly after the autofill sequence was completed and at various times
thereafter. The autofilling time was taken into account to determine
the total equilibration time. All the experiments have been performed
at 313 K, a temperature routinely used by some of the automated
preparation systems dealing with the stable isotope analysis of large
series of water samples.

3. Results

For each natural sea salt solution, steady-state isotopic composi-
tions are observed and are considered to represent isotopic equilibri-
um values between H2O and H2 (Fig. 1; Table 1).

The order of the reaction was tested by a best fit of the data with a
first order law:

f ¼ 1− exp −ktð Þ ¼ δDi−δDt

δDi−δDe
with k ¼ Ae− Ea

RT
ð1Þ

where f is the fraction of isotopic exchange between H2O and H2, δDi

is the initial hydrogen isotope composition of H2 (at t=0; δD=
−742.2±0.8‰; n=3), δDt is the composition of H2 measured at
any time t, δDe is its composition at equilibrium (deduced from
observed steady-state values), and k (s−1) is the rate constant of
the reaction.

Using Eq. (1), for each set of δDt obtained for a given salinity, the lin-
ear regression of data yields amean rate constant ln(k) of−7.93±0.03
that is independent of the salt content (Fig. 2). In this range of salinity,
the period required to reach hydrogen isotope equilibrium between
H2O and H2 is close to 3 h. This value is considered to be the minimal
reaction time required to accurately determine the hydrogen isotope
ratios of aqueous salt solutions by fluid equilibration techniques.

Steady-state values of isotopic offsets have also been obtained for
14 natural sea salt solutions and NaCl solutions of salinity ranging
from 0 to 265 g.L−1 (Tables 2 and 3). Similar isotopic results for
both salts suggest that the natural sea salt–water system can be
approximated by the NaCl–water system. It also means that any
potential contamination by water from hydrated magnesium chloride
can be neglected throughout the course of these experiments. The
hydrogen isotope offsets increase with increasing salinity for these
sea salt solutions. Assuming that they represent equilibrium isotopic
values between H2O and H2, hydrogen isotope fractionation factors
α are fitted as a function of salinity at a constant temperature of
313 K according to the following quadratic equation:

αH2O−H2
sea saltð Þ ¼ 3:387 �1:1� 10−4

� �
þ 5:9

� 10−5 �2:3� 10−6
� �

S–4:8

� 10−8 �9:1� 10−9
� �

S2 R2 ¼ 0:998
� �

ð2aÞ

αH2O−H2
NaClð Þ ¼ 3:388 �4:5� 10−4

� �
þ 6:7

� 10−5 �1:5� 10−5
� �

S–9:6

� 10−8 �4:4� 10−8
� �

S2 R2 ¼ 0:958
� �

ð2bÞ

that can be reduced to a simple linear equation when considering the
molality of solutions:

αH2O−H2
sea saltð Þ ¼ 3:387 �8:4� 10−5

� �
þ 3:4� 10−3 �5� 10−5

� �
m R2 ¼ 0:997

� �

ð3aÞ

αH2O−H2
NaClð Þ ¼ 3:388 �3:6� 10−4

� �
þ 3:3� 10−3 �2� 10−4

� �
m R2 ¼ 0:952

� �
:

ð3bÞ
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The measured fractionation factor of ≈3.39 between water and
hydrogen gas at 313 K is bracketed by several previous determina-
tions. Low α values of 3.20 and 3.27 were determined by Cerrai et
al. (1954) and Suess (1949), respectively, a higher value of 3.48 was
proposed by Rolston et al. (1976) whilst Richet et al. (1977) comput-
ed a value of 3.40. Therefore we consider that our determination of
the D/H fractionation factor between water and hydrogen gas should
be close to the equilibrium value at 313 K.

Eq. (3a) and (3b) provide solutions to correct isotopic biases
resulting from the “salt effect” when measuring hydrogen isotope
compositions of natural saline waters. In the case of seawater-like
samples with a salinity of 35 g.L−1, the δD offset of 2±0.5‰ is rather
small but significant relative to analytical uncertainties. For hypersa-
line solutions with S≥200 g.L−1, sizable δD offsets from 5‰ to 10‰
can induce large analytical errors and misinterpretations if not cor-
rected from raw data.

4. Discussion

Quality of the data fit computed and illustrated in Fig. 2 shows that
hydrogen isotope exchange between H2O and H2 obeys a first-order
reaction as already observed by Horita (1988). In the studied salinity
range 0–265 g.L−1, we estimate half-time reactions t1/2 close to
30 min along with times needed to reach isotopic equilibration (teq)
of ≈3 h; those values being significantly higher than those proposed
by Horita (1988) who calculated t1/2 less than 10 min and teq of ≈1 h
for pure water and a Dead Sea brine. Our recommended value of 3 h is
also twice than that recommended for the use of automated prepara-
tion systems: “typical equilibration times are 1 h 30 min for H2 at
40 °C” (MultiPrep™ User's Guide, IsoPrime UK Ltd). In contrast with
the CO2–H2O system, for which kinetics of oxygen isotope exchange
increase with salinity (Lécuyer et al., 2009), exchange rate between
H2O and H2 is not sensitive to the salt content of the aqueous solution,
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Fig. 1. Variations with equilibration time of the hydrogen isotope offset (defined as the difference between measured water δD at any time t and the composition of pure water with
a δD of −79.5‰ V-SMOW) of natural sea salt (NaCl-like) aqueous solutions at 313 K. Note that for the five experiments, hydrogen isotope compositions have reached steady-state
values for equilibration times of at least 3 h.

Table 1
Variations of the hydrogen isotope offset (defined as the difference between measured δD values of water at equilibrium between H2O and H2 and the composition of pure water
with a δD of −79.5‰ V-SMOW) as a function of time (s) for (NaCl-like) natural sea salt aqueous solutions with salinities ranging from 0 to 265 g.L−1.

Eq. time (s) δD offset Eq. time (s) δD offset Eq. time (s) δD offset Eq. time (s) δD offset Eq. time (s) δD offset

S=0 g.L−1; sea salt S=36 g.L−1; sea salt S=107 g.L−1; sea salt S=145 g.L−1; sea salt S=265 g.L−1; sea salt

434 −11.35 438 −10.20 428 −8.75 437 −6.49 433 1.29
1538 −6.02 1509 −1.74 1785 −1.99 1787 −0.42 2614 8.10
2365 −1.72 2338 −0.11 2594 −0.03 2610 5.46 5270 9.39
3205 −1.64 3994 1.80 3412 1.53 3419 3.43 6624 10.38
4042 −1.75 5254 2.00 4238 2.30 4238 6.55 7436 10.34
5265 −0.12 6363 1.60 5271 2.93 5271 6.28 8249 10.07
6335 −0.55 7190 1.57 6621 2.59 7427 6.18 9080 9.72
7167 −0.84 8018 1.81 7436 3.57 9070 5.69 10080 11.32
7991 0.29 8848 2.48 8253 3.90 10038 6.46 11437 11.34
8823 0.59 11146 2.47 9073 4.06 10086 6.79 13073 11.18
10077 −0.42 11976 2.84 10073 4.22 14877 7.39 13902 11.29
12059 0.52 12812 2.89 11429 4.38 14901 11.35
12921 0.05 13647 2.85 12252 4.23
14875 0.73 14900 3.01 13906 4.13
16809 0.76 14888 4.64
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an observation that could be the result of the prime role played by the
Pt catalyst in the hydrogen isotope exchange between water and
hydrogen gas.

From our data, a simple linear equation allows the fitting of
α(H2O–H2) values for NaCl-like solution with molalities ranging
from 0 to 3.5 mol.kg−1 (Fig. 3). These results mean that values of
1000lnα between water bound to ions and pure water are positive

(O'Neil and Truesdell, 1991), and more and more positive with the
increasing solute concentration. O'Neil and Truesdell (1991) pro-
posed that these salts act as breakers of the water structure. The sol-
ute alters the water structure with cation–H2O bonds that are
stronger than the co-existing H2O–H2O bonds, resulting in modified
vibrational frequencies of the water molecules (Feder and Taube,
1952; O'Neil and Adami, 1969). O'Neil and Truesdell (1991) also
showed that this effect was not as important as probable changes in
the structure of water that develop as solutions becomemore concen-
trated. In other words, D/H activity ratios of water in NaCl solutions
are higher than their D/H compositions ratios. The difference between
activity and composition ratios is the so-called “isotope salt effect”,
which is defined as following in the case of the system liquid

Table 2
Variations of the hydrogen isotope offset (defined as the difference between measured
δD values of water at equilibrium between H2O and H2 and the composition of pure
water with a δD of −79.5‰ V-SMOW) with the salinity of (NaCl-like) natural sea
salt aqueous solutions. Mean values and standard deviations (SD) have been obtained
with four experiments (exp.).

Salinity δD
offset

δD
offset

δD
offset

δD
offset

δD
offset

SD α(H2O–H2)

g.L−1 sea salt Exp. 1 Exp. 2 Exp. 3 Exp. 4 Mean
value

0.00 0.00 0.00 0.00 0.00 0.00 – 3.38686
14.60 0.72 0.77 0.79 0.70 0.75 0.043 3.38767
19.57 1.01 0.97 1.77 1.10 1.21 0.375 3.38818
26.02 1.31 1.10 1.78 0.78 1.24 0.419 3.38821
30.14 1.43 1.11 1.92 1.03 1.38 0.405 3.38836
35.94 1.90 1.79 1.98 1.58 1.81 0.176 3.38883
49.58 2.62 2.34 2.59 2.72 2.57 0.161 3.38965
76.95 3.82 3.45 3.42 2.90 3.40 0.377 3.39055
107.53 5.41 5.65 4.93 5.16 5.29 0.312 3.39259
124.78 6.18 7.12 6.22 5.54 6.26 0.650 3.39364
145.72 7.32 7.13 7.02 6.18 6.91 0.506 3.39434
172.67 7.96 8.29 7.95 7.91 8.03 0.176 3.39553
192.84 8.53 8.74 8.60 8.99 8.72 0.204 3.39627
264.41 11.49 11.19 10.95 11.00 11.16 0.244 3.39887

Table 3
Variations of the hydrogen isotope offset (defined as the difference between measured
δD values of water at equilibrium between H2O and H2 and the composition of pure
water with a δD of −79.5‰ V-SMOW) with the salinity of NaCl aqueous solutions.
Mean values and standard deviations (SD) have been obtained with two experiments
(exp.).

Salinity δD offset δD offset δD offset SD α(H2O-H2)

g.L−1 NaCl Exp. 1 Exp. 2 Mean values

0.00 0.00 0.00 0.00 – 3.38686
15.02 2.96 1.38 2.17 1.118 3.38922
20.06 0.72 4.11 2.42 2.394 3.38949
25.00 3.66 2.52 3.09 0.807 3.39022
29.92 3.11 3.50 3.30 0.275 3.39044
35.00 5.05 3.83 4.44 0.862 3.39167
50.15 3.07 3.87 3.47 0.561 3.39063
75.02 4.57 5.80 5.19 0.875 3.39248
100.09 7.37 8.02 7.70 0.463 3.39518
125.12 6.42 7.70 7.06 0.907 3.39450
149.99 6.74 10.15 8.44 2.410 3.39598
174.65 7.58 9.22 8.40 1.158 3.39593
199.81 9.79 10.76 10.28 0.688 3.39793
250.12 10.69 12.71 11.70 1.429 3.39945
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Fig. 3. D/H exchange in the systems H2O(l)–H2(g) (this study) and H2O(l)–H2O(v)

(Horita et al., 1995). Variations of the “isotope salt effect” 1000lnΓ (defined after
Horita et al., 1993; see also Eq. (4) in the text) as a function of the molality (m) of
the studied (NaCl-like) natural sea salt solution at 313 K. The fitted linear equation
for the studied system H2O(l)–H2(g) is: 1000lnΓ=1.0173(±0.0147)m – 0.0122(±0.0249)
with R2=0.997, and is compared to that obtained by Horita et al. (1995) for the system
H2O(l)–H2O(v).
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water–hydrogen gas after the formalism developed by Horita et al.
(1993):

Γ ¼ αl−v solutionð Þ
αl−v waterð Þ ð4Þ

where αl-v is the fractionation factor between liquid water and
hydrogen gas, ‘solution’ is the saline aqueous solution of molality m,
and ‘water’ represents the pure water end-member. The “isotope
salt effect” Γ has been documented in other liquid gas-systems such
as between H2O(l) and H2O(v) (Horita et al., 1995) for which its direc-
tion and amplitude are comparable to those measured in our study,
following in both cases a simple linear relationship with the molality
of NaCl solutions (Fig. 3).

Combining the results obtained for the salinity-dependent oxygen
isotope fractionation during CO2–H2O equilibration to those obtained
for hydrogen isotopes during H2O–H2 equilibration, sizable correc-
tions must be applied to both H and O isotope measurements of
waters with S≥35 g.L−1 if D/H composition ratios need to be consid-
ered instead of D/H activity ratios.

5. Conclusions

Direction and relative amplitudes of the measured D/H fraction-
ations at 313 K between H2O and H2 are well correlated to the NaCl
content of aqueous solutions. Kinetics of reaction lead to propose a
minimal time of 3 h needed to reach equilibrium independently on
the solute content of analysed waters. Hydrogen isotope fractionation
between H2O and H2 increases with salinity for NaCl solutions in a
similar way as observed for the fractionation of oxygen isotopes dur-
ing equilibration between CO2 and H2O. Corrections must be applied
to both H and O isotope measurements of waters with S≥35 g.L−1

if D/H composition ratios need to be considered instead of D/H activ-
ity ratios.
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Abstract

The oxygen isotope fractionation between the structural carbonate of inorganically precipitated hydroxyapatite (HAP) and
water was determined in the range 10–37 �C. Values of 1000 ln a(CO3

2�–H2O) are linearly correlated with inverse temperature
(K) according to the following equation: 1000 ln a(CO3

2�–H2O) = 25.19 (±0.53)�T�1 � 56.47 (±1.81) (R2 = 0.998). This frac-
tionation equation has a slightly steeper slope than those already established between calcite and water (O’Neil et al., 1969;
Kim and O’Neil, 1997) even though measured fractionations are of comparable amplitude in the temperature range of these
experimental studies. It is consequently observed that the oxygen isotope fractionation between apatite carbonate and phos-
phate increases from about 7.5& up to 9.1& with decreasing temperature from 37 �C to 10 �C. A compilation of d18O values
of both phosphate and carbonate from modern mammal teeth and bones confirms that both variables are linearly correlated,
despite a significant scattering up to 3.5&, with a slope close to 1 and an intercept corresponding to a 1000 ln a(CO3

2�–PO4
3�)

value of 8.1&. This apparent fractionation factor is slightly higher or close to the fractionation factor expected to be in the
range 7–8& at the body temperature of mammals.
� 2009 Elsevier Ltd. All rights reserved.

1. INTRODUCTION

Stable isotope compositions of biogenic apatites are now
widely used to reconstruct terrestrial and marine environ-
ments. Since the pioneering studies of Longinelli (1965,

1966), Longinelli and Nuti (1968, 1973) and Kolodny
et al. (1983), several oxygen isotope fractionation equations
between apatite phosphate and water have been established
(e.g. Longinelli, 1984; Luz and Kolodny, 1985; Kohn, 1996;
Lécuyer et al., 1996; Amiot et al., 2007) to quantify marine
and air temperatures over the Phanerozoic (Kolodny and
Luz, 1991; Fricke et al., 1998; Vennemann and Hegner,
1998; Joachimski and Buggisch, 2002; Pucéat et al., 2003;
Daux et al., 2005; Kocsis et al., 2007; Trotter et al.,
2008). Minor amounts of carbonate (3–6 wt%) occur natu-
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rally in substitution of phosphate in the crystal lattice of
apatites (LeGeros, 1981; Okazaki et al., 1982; Schuffert
et al., 1990; LeGeros et al., 1996). Decreasing amounts of
structural carbonate are correlated with increasing apatite
crystallinity, thus improving the stability of apatite crystals
by reducing its solubility (Shemesh, 1990; Kohn et al.,
1999). These carbonate contents have been used as indica-
tors of bone or enamel diagenesis (Shemesh, 1990; Bryant
et al., 1994). In the apatite of living vertebrates, oxygen
from phosphate and carbonate exchanges isotopes with
body water, and co-existing d18Oc and d18Op values are lin-
early correlated (Bryant et al., 1996; Iacumin et al., 1996).
This property was used as a test for identifying diagenetic
alteration in fossil teeth and bones (Iacumin et al., 1996;
Tütken et al., 2006). Because different rates of oxygen iso-
tope exchange in the phosphate–water and carbonate–
water systems are expected in the case of inorganic or
microbially mediated interactions, the d18O values of al-
tered fossils should deviate from equilibrium values (Zazzo
et al., 2004). For samples which escaped diagenetic alter-
ation, both carbon and oxygen isotope ratios of carbonate
from apatites constitute valuable proxies of the diet, ecol-
ogy and environments of many terrestrial vertebrates since
the Mesozoic (e.g. Wright and Schwarcz, 1998; Kohn and
Cerling, 2002; Smith et al., 2002; Zazzo et al., 2002; Jim
et al., 2004; Hoppe, 2006). The record of seasonal temper-
ature variations has been proposed on the basis of mea-
sured sinusoidal-like isotopic time series obtained from
the intra-tooth sampling of hypsodont vertebrates (e.g. Fer-
anec and MacFadden, 2000; Gadbury et al., 2000; Boche-
rens et al., 2001; Balasse, 2002; Stanton Thomas and
Carlson, 2004; Arppe and Karhu, 2006). However, the
quantification of temperatures is still lacking in the absence
of any experimental determination of the oxygen isotope
fractionation between hydroxyapatite (HAP) carbonate
and water. Such an isotopic fractionation equation would
be very useful for understanding the meaning of d18O val-
ues of apatite carbonate that are now commonly measured
along those of apatite phosphate in the same tooth or bone
samples (Zazzo et al., 2002; Lécuyer et al., 2003; Stanton
Thomas and Carlson, 2004; Tütken et al., 2004). Oxygen
isotope ratios of phosphate and carbonate are roughly lin-
early correlated (Bryant et al., 1996; Iacumin et al., 1996;
Zazzo et al., 2004). However, the isotopic difference be-
tween carbonate and phosphate recorded in terrestrial
mammals samples is not a constant (D18OðCO3

2�–PO4
3�Þ differ-

ences range from about 8& to 11&) despite near constant
body temperatures (T = 37 ± 2 �C). Therefore, we propose
to determine the oxygen isotope fractionation between the
carbonate ions of inorganically precipitated HAP and water
in the range (10 �C < T < 37 �C) of Earth’s surface and ter-
restrial vertebrate body temperatures.

2. EXPERIMENTAL PROTOCOL AND ANALYTICAL

TECHNIQUES

2.1. Precipitation of inorganic hydroxyapatites

In this study, carbonate-bearing hydroxyapatite was
synthesized by adapting the protocol given by Balter and

Lécuyer (2004). A first aqueous solution (“PC”) was pre-
pared by adding 0.5 ml of KNaCO3 (10�1 M) to 500 ml
of Na2HPO4�2H2O (10�2 M), pH was then adjusted to 7.4
by adding 0.3% HNO3. A second solution was made by
adding NaOH (10�1 M) to 500 ml of CaCl2�2H2O
(10�2 M) until a pH of 7.4 was reached (solution “CA”).
Aqueous solutions were held at constant temperatures of
10 �C, 15 �C, 20 �C, 25 �C, 30 �C and 37 �C, respectively,
for 48 h to ensure oxygen isotope equilibrium in the carbon-
ate–water system for the “PC” solutions according to ki-
netic data determined by Zeebe and Wolf-Gladrow
(2001). Equal volumes of “PC” and “CA” solutions were
mixed at a given temperature. Concentrations of Ca2+

and PO4
3� in the resulting solution are the same order of

magnitude as in blood plasma ([Ca2+] = 2.5 mM and
[PO4

3�] = 1 mM) and seawater ([Ca2+] = 10 mM), but P
in seawater typically has a concentration of 1 lM (Broecker
and Peng, 1982; Kaim and Schewderski, 1994) compared to
our solutions having a [PO4

3�] of 5.3 � 10�3 M. According
to Balter and Lécuyer (2004), at least 96 h of maturation of
the solid phase is required to obtain well-crystallized HAP
crystals in the temperature range of this study. During the
maturation of the solid phase, the Erlenmeyer flasks, cov-
ered with watch glasses to prevent evaporation of the solu-
tion, were gently shaken at regular intervals in order to
avoid extensive sedimentation as well as the development
of a concentration gradient in the solution. At the end of
the experiment, the solid phase was separated from the
supernatant by centrifugation, washed with distilled water
and dried at room temperature whereas the aqueous solu-
tions were filtered through a 0.22 lm filter and sealed in a
glass tube.

2.2. Scanning Electron Microscopy and Infrared

Spectroscopy

HAP samples were mounted on the conductive support
(i.e., aluminium stub) with double-sided conductive carbon
tape. An ultra-thin coating (ca 20 nm) of gold was then
deposited on the samples by low vacuum sputter coating
prior to imaging with a Jeol JSM 6400 SEM (University
of Geneva, Geneva, Switzerland). Transmission IR spectra
were recorded using a Perkin-Elmer GX II FTIR spectrom-
eter. Disks containing 1 mg of sample in 150 mg of KBr
were employed. The spectra were collected after 40 accumu-
lations with a spectral resolution of 0.4 cm�1 in the 400–
4000 cm�1 range.

2.3. Oxygen isotope analysis of HAP-bound carbonate

Oxygen isotope ratios were determined by using a Mul-
tiPrepe automated preparation system coupled to a dual-
inlet Elementare Isoprimee isotope ratio mass spectrome-
ter (IRMS). For each sample, an aliquot of about 1200 lg
of carbonate-bearing HAP was reacted with anhydrous
supersaturated phosphoric acid at 90 �C for 90 min. An
acid fractionation factor value of 1.0080 was used to calcu-
late the oxygen isotope composition of carbonate, the same
as that used for calcite reacted with anhydrous phosphoric
acid at 90 �C (Swart et al., 1991), which is also the value
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recommended by Passey et al. (2007) for F-poor apatite
(modern tooth enamel). Isotopic compositions are reported
in the delta notation in & relative to V-SMOW. All sample
measurements were adjusted to the international reference
NIST NBS19 according to the method developed by Wer-
ner and Brand (2001). Reproducibility of oxygen isotope
measurement was ±0.1& (1r).

2.4. Oxygen isotope analysis of water

Oxygen isotope measurements of water from HAP syn-
thesis experiments were also performed by using a Multi-
Prepe automated preparation system coupled to a dual-
inlet Elementare Isoprimee isotope ratio mass spectrome-
ter. The method used was the water–carbon dioxide equili-
bration technique (Cohn and Urey, 1938). Aliquots of
200 ll of water were automatically reacted at 40 �C with

CO2. Reproducibility of oxygen isotope measurements
was ±0.05&. Oxygen isotope ratios are reported relative
to V-SMOW in & d units after scaling the raw data to
the “true” isotopic ratios of SMOW, SLAP and GISP inter-
national standards.

3. RESULTS

3.1. Mineralogy of the chemical precipitates

IR-spectroscopy (Fig. 1) spectra show that the mineral
phases that were precipitated in the temperature range
10–37 �C are well-crystallized HAP. According to previous
IR-spectroscopy studies of apatite (e.g. Pucéat et al., 2004),
the three intense absorbance peaks of the phosphate group
occur at 1035, 603 and 565 cm�1 (Fig. 1A) whereas the
three peaks representing the B-type carbonate substitution
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Fig. 1. Infrared spectrum of a carbonate-bearing hydroxyapatite precipitated at a temperature of 37 �C. (A) Three intense peaks of the
phosphate group occur at 1035, 603 and 565 cm�1. Three small peaks are observed at 1456, 1423 (stretching modes) and 873 cm�1
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are observed at 1456, 1423 (stretching modes) and 873 cm�1

(deformational modes). The peaks observed at 3435 cm�1

can be attributed to the OH� groups (Fig. 1B). Scanning
Electron Microscope (SEM) photomicrographs show that
HAP precipitates form subhedral to euhedral hexagonal
crystals with a tabular habit (5–10 lm in size) co-existing
with smaller (<1 lm) poorly crystallized HAP (Fig. 2). Car-
bonate-bearing HAP is the only solid phase that was iden-
tified during these experiments. It is noteworthy that below

10 �C, brushite was precipitated instead of HAP as was pre-
viously observed by Balter and Lécuyer (2004). The amount
of structural carbonate has been roughly estimated by mea-
suring the CO2 pressure generated from the carbonate reac-
tions with phosphoric acid using the calibrated transducer
readings from the dual inlet of the IRMS. Carbonate con-
tent ranges from 0.05 to 0.23 ± 0.05 wt% (Table 1).

3.2. Oxygen isotope fractionation between HAP-bound

carbonate and water

Carbonate-bearing HAP was precipitated in waters with
d18O ranging from �10.46& to �6.89& V-SMOW (Table
1). Experiments were performed in a restricted range of
low temperatures from 10 �C to 37 �C, therefore resulting
values of 1000 ln a(CO3

2�–H2O) were reported as a func-
tion of the inverse of the temperature (K) according to
the recommendation given by O’Neil (1986). Both variables
are linearly correlated according to the following equation
(Fig. 3):

1000 ln aðCO3
2�–H2OÞ ¼ 25:19 ð�0:53Þ � T�1

� 56:47 ð�1:81Þ ðR2 ¼ 0:998Þ ð1Þ

This fractionation equation has a slightly steeper slope
than those already established between calcite and water
(O’Neil et al., 1969; Kim and O’Neil, 1997) even though
measured fractionations are comparable within analytical
uncertainties in the temperature range 20–37 �C (Fig. 4).
Blake et al. (1997), Lécuyer et al. (1999) and O’Neil et al.
(2003) have shown that oxygen isotope exchange between
dissolved phosphate and water is extremely slow. Indeed,
according to the temperature dependence of the rate con-
stant ‘k’ as determined by Lécuyer et al. (1999), the fraction
of exchanged oxygen isotopes between phosphate and
water is negligible for reaction times of 96 h and tempera-
tures ranging from 10 �C to 37 �C. Consequently, compar-
ison of oxygen isotope fractionation between HAP-bound
carbonate and water with that of phosphate–water can only
be made with oxygen isotope fractionation equations that
were established empirically with apatites of biogenic ori-
gin. It is then observed that the oxygen isotope fraction-
ation between apatite carbonate and phosphate (Kolodny
et al., 1983) increases from about 7.5& up to 9.1& with
the temperature decreasing from 37 �C to 10 �C (Fig. 5).

4. DISCUSSION

4.1. Did HAP-bound carbonate reach isotopic equilibrium

during precipitation?

Podlesak et al. (2008) performed diet-controlled exper-
iments on woodrats and measured oxygen isotopic fracti-
onations between enamel carbonate and body water in the
range 24.4–29.4&. These values bracket the fractionation
value determined during our experiments performed at
37 �C. Oxygen isotope fractionations that were measured
between HAP carbonate and water are also close to those
determined between calcite and water (O’Neil et al., 1969;

Fig. 2. Photomicrograph by Scanning Electron Microscopy of
inorganically precipitated crystals of carbonate-bearing hydroxy-
apatite. (A) HAP crystals precipitated at 10 �C (magnification of
9000�). (B) HAP crystals precipitated at 37 �C (magnification of
5000�).
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Kim and O’Neil, 1997) for temperatures between 20 �C
and 37 �C (isotopic differences do not exceed 0.5&). How-
ever, the steeper slope observed for the fractionation equa-
tion between HAP carbonate and water is rather
surprising (Fig. 3) when considering that equations deter-
mined for calcite, aragonite and HAP phosphate have sim-
ilar slopes (O’Neil et al., 1969; Kolodny et al., 1983;
Grossman and Ku, 1986). It must be also kept in mind
that oxygen isotope fractionation between HAP-bound
carbonate and water can be distinct from the fractionation
between calcite and water considering the differences in
chemistry and crystal lattice between the two minerals.
However, we must question whether or not our experi-
mental data reflect the oxygen isotope composition of nat-
ural carbonate-bearing HAP, taking into account that the
amount of carbonate in experimental HAP is much lower
than that of most biogenic apatites. Indeed, Koch et al.
(1997) and Zazzo et al. (2004) reported CO3

2� amounts
ranging from 3.4 to 4.0 wt% for untreated enamel and en-
amel treated with acetic acid or sodium hypochlorite solu-
tions. Experimental HAP crystals precipitated in this
study contain only 0.05–0.23 wt& of CO3

2�, which is
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Fig. 4. Oxygen isotope fractionation equation between inorganic
hydroxyapatite carbonate and water compared to the inorganic
calcite–water equation (Kim and O’Neil, 1997).

Table 1
Oxygen isotope compositions of carbonate ions in hydroxyapatites that were inorganically precipitated in waters of known isotopic
compositions in the range 10–37 �C. Samples correspond to HAP precipitates obtained from distinct aqueous solutions, each HAP sample has
been duplicated or triplicated (n) for the d18O analysis of apatite carbonate.

Sample n CO3
2� (wt%) d18O (CO3

2�) (& V-SMOW) d18O (H2O) (& V-SMOW) 1000 ln a T (�C)

HAP10-1 2 0.1 22.57 �10.09 32.46 10
HAP10-2 2 0.12 22.92 �10.09 32.80 10
HAP10-3 2 0.15 22.79 �10.09 32.68 10
HAP15-1 3 0.11 21.23 �10.07 31.13 15
HAP15-2 3 0.21 21.03 �10.04 30.90 15
HAP20-1 3 0.05 19.99 �9.96 29.80 20
HAP20-2 3 0.06 19.37 �9.94 29.17 20
HAP25-1 3 0.21 17.50 �10.46 27.86 25
HAP30-1 3 0.19 17.33 �9.81 27.04 30
HAP30-2 3 0.17 16.85 �9.77 26.53 30
HAP37-1 2 0.23 16.02 �9.30 25.24 37
HAP37-2 2 0.18 17.74 �6.89 24.50 37
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most likely the result of a high degree of crystallization in
the absence of organic matrix. It has been documented
that collagen-rich biogenic apatites such as bone and den-
tine have a poor crystallinity and a high carbonate content
(LeGeros et al., 1967; Daculsi et al., 1997), thus at least
partly explaining this difference in chemical composition.
As observed in the case of divalent carbonates by Kim
and O’Neil (1997), highly concentrated solutions or high
rates of precipitation can generate ‘non-equilibrium’ min-
erals that are characterized by larger fractionation factors
by as much as 2–3& associated with a poorer reproduc-
ibility. Similarly, Liang and Blake (2006, 2007) observed
that apatite precipitates may be enriched in P16O4 relative
to residual dissolved phosphate. Consequently, fraction-
ation equations have a steeper slope than those attributed
to ‘equilibrium minerals’. However, several observations
argue in favour of HAP precipitated near oxygen isotope
equilibrium with the aqueous solution, which are (1) most
crystals are well-crystallized as shown by XRD and IR-
spectroscopy data, (2) the low solubility of HAP precludes
the use of highly concentrated aqueous solutions, (3) frac-
tionation values are independent of the water d18O at
37 �C (Table 1). Oxygen isotope equilibrium between pre-
cipitated HAP carbonate and water cannot be demon-
strated, however, these first experimental data suggest
that measured fractionations are close to those established
between calcite and water in the range of temperature of
most living ectothermic and endothermic animals.

4.2. Oxygen isotope compositions of carbonate and

phosphate in biogenic apatites

The dependence on temperature of the oxygen isotope
fractionation between biogenic phosphate and water has
been empirically determined several times and according
to the Longinelli and Nuti (1973), Kolodny et al. (1983)
and Lécuyer et al. (1996); 1000 ln a(PO4

3�–H2O) equals
17.4 ± 0.5& at 37 �C. Consequently, when using the frac-
tionation equations experimentally determined for calcite
by O’Neil et al. (1969) and Kim and O’Neil (1997), the oxy-
gen isotope fractionation factor between carbonate
(approximated by that of calcite–water) and phosphate in
apatite from vertebrate bones and teeth lies between 7&
and 8& over the studied range of temperatures (10–
37 �C) because the slopes of these curves are close to each
other. This estimate is in agreement with the result of calcu-
lations made by Bryant et al. (1996) who combined frac-
tionation equations proposed by both Shemesh et al.
(1988) and Zheng (1996) and which were based on measure-
ments of natural samples and theoretical calculations,
respectively. Measured oxygen isotope fractionation be-
tween HAP-bound carbonate (this study) and phosphate
(Kolodny et al., 1983) is close to 7.5 at 37 �C (Fig. 5) and
is in agreement with previous estimates presented above.
However, an increasing oxygen isotope fractionation with
decreasing temperature remains to be confirmed (Fig. 5).

A compilation of d18O values of both phosphate and
carbonate (Fig. 6) from teeth and bones (Bryant et al.,
1996; Iacumin et al., 1996; Zazzo et al., 2004) from modern
mammals—which regulate body temperature close to

37 �C—confirms that both variables are linearly correlated
with a slope close to 1 (1.03 ± 0.02) and an intercept of
8.3& that corresponds to a 1000 ln a(CO3

2�–PO4
3�) value

of 8.1&. This fractionation factor is slightly higher or close
to the fractionation factor expected to be in the range 7–
8&. It is noteworthy that the observed apparent oxygen
isotope fractionation between carbonate and phosphate in
apatite is more scattered in fish than in mammals (Fig. 6)
as reported by Vennemann et al. (2001). These authors con-
sider that the mean Dcarbonate–phosphate value of 9.1& associ-
ated with a large standard deviation of 1.5& (n = 44) could
reflect temperature of carbonate formation either higher or
lower than that of phosphate, most of the analyzed fish
having evolved in waters for which the temperature was
in the range 12–23 �C (Vennemann et al., 2001).

Several mechanisms may be involved to explain the
slight difference of oxygen isotope composition between
carbonates from mammal apatite and inorganic HAP rela-
tive to the composition of the co-existing biogenic phos-
phate. Bryant et al. (1996) proposed that a difference in
mineral stoichiometry could partly account for the ob-
served relative slight 18O-enrichment of carbonate in mam-
mal apatite. Acid fractionation factors are indeed sensitive
to mineral composition as reported by Friedman and
O’Neil (1977). However, chemical compositions and crys-
tallinity of HAP from mammal tooth or bone and from
our low-temperature precipitates are close enough to ex-
clude a significant influence on oxygen isotope fractionation
factors. A second explanation could be a diachronism in the
closure of oxygen isotope exchange between the carbonate–
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d18O(CO3

2�) = 1.035(±0.017)�d18O(PO4
3�) + 8.33 (±0.30) with

R2 = 0.983. Dashed line: 1000 ln a(CO3
2�–PO4

3�) by combining
calcite and phosphate fractionation equations from Kim and
O’Neil (1997) and Kolodny et al. (1983). Dotted line:
1000 ln a(CO3

2�–PO4
3�) by combining fractionation equations

from this study and the phosphate equation from Kolodny et al.
(1983).
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water and phosphate–water systems with a diet-dependent
body water of varying d18O value. However such a diachro-
nism seems unlikely because of the large residence time of
water in the studied mammals (Nagy and Peterson, 1988)
which precludes short-time variations in the d18O of body
water. Moreover, such a process should be responsible for
a scattering of data but without modifying the mean value
of 1000 ln a(CO3

2�–PO4
3�). Scattering of data in Fig. 6 is

high relative to the possible cumulative analytical uncer-
tainties associated with the measurement of d18O values
in both carbonate and phosphate components. Indeed,
1000 ln a(CO3

2�–PO4
3�) values range from 7& to 10.5&,

independently of the methods used to analyze oxygen iso-
tope compositions of apatite phosphate and carbonate.
Such a data scattering could result from HAP carbonate
precipitation out of isotopic equilibrium with body water.
Precipitation of biogenic carbonate out of oxygen isotope
equilibrium with ambient water (the so-called “vital effect”)
has been for example widely documented in brachiopods
(Auclair et al., 2003), corals (Swart, 1983; McConnaughey,
1989a,b) and foraminifera (Zeebe, 1999). These isotopic
disequilibria can result from high growth rates of the skel-
eton, varying amounts of metabolic CO2 available during
crystallization and variations in the extracellular pH at
the site of mineralization.

Mineralization of bone and enamel from extracellular
fluids is promoted by specialized cells (osteoblasts for
bones, ameloblasts for enamel). Osteoblasts and amelo-
blasts are requisite for the synthesis of bone and enamel
extracellular matrix production and of mineralized tissues
(Robinson et al., 1979; Arnett, 2003). Bone extracellular
matrix is composed of nearly 90% collagen (Lian, 2006),
while non-collagen proteins comprise enamel extracellular
matrix. Mineral accounts for up to 70% of bone weight
and 95% of enamel. Since no predictable difference of
1000 ln a(CO3

2�–PO4
3�) is observed between bone and en-

amel samples, it is unlikely that the composition of extracel-
lular matrix or bonds between HAP and extracellular
matrix will significantly affect the d18O value of HAP-
bound carbonate. Regulation of pH and ionic conditions
is essential to normal enamel growth and mineralization.
The pH of extracellular fluid varies at different stages of
the amelogenesis between 5.8 and 7.4 (Aoba and Moreno,
1987; Sasaki et al., 1991). Little is known about bone inter-
stitial fluid composition, however, large pH variations of
the extracellular fluid around neutral to acidic values are
likely during bone turn-over. Bone mineralization occurs
at pH around 7.1–7.4, however, acidification by osteoclasts
is required for bone resorption (Fallon, 1984; Arnett and
Spowage, 1996). These pH variations could be responsible
for the 0–1& difference between the oxygen isotope compo-
sition of carbonate from inorganic apatite and carbonate
from biogenic apatite formed under identical conditions.

5. CONCLUSIONS

Our experimental study demonstrates the temperature
dependence of the oxygen isotope fractionation between
HAP-bound carbonate and water, in contrast with previous
studies in which no significant temperature dependence was

reported. This result suggests the existence of a carbonate–
phosphate temperature proxy in ectotherms or endotherms.
Values of 1000 ln a(CO3

2�–PO4
3�) at 37 �C are estimated to

be in the range 7–8& by combining experimental fraction-
ation equations for calcite–water and HAP-bound carbon-
ate–water with empirical fractionations based on phosphate
in biogenic apatites. This value is close to but slightly lower
than the value of 8.1& deduced from a compilation of data
obtained from modern mammals. This data set also shows
a significant scattering independent of the analytical meth-
ods that were used. These isotopic differences could result
either from out-of-equilibrium oxygen isotope fractionation
or changes in pH of the extracellular fluid, both processes
operating during the incorporation of the minor amounts
of carbonate ions in the crystal lattice of the apatite. De-
spite the sensitive dependence on temperature of the isoto-
pic fractionation between the carbonate component of
biogenic apatite and water, the oxygen isotope composition
of phosphate remains the most robust proxy of tempera-
tures or water compositions considering the better knowl-
edge of fractionation equations that were determined for
aquatic ectotherms and terrestrial mammals.

However, the carbon isotope composition of the carbon-
ate component of apatites is very useful for discussing diet
and ecology of past vertebrates while oxygen isotope com-
positions may help to identify a diagenetic alteration as al-
ready shown by Iacumin et al. (1996) and Zazzo et al.
(2004). A better understanding of the mechanisms that
are responsible for the observed variations in the apparent
fractionation factor between carbonate and phosphate
could improve the interpretations of data obtained in the
fossil record, especially if this isotopic fractionation is sen-
sitive to changes in an animal’s physiology such as growth
rate or any metabolic perturbation. Future research should
allow evaluating whether oxygen fractionation between
synthetic HAP-bound carbonate and water differs or not
from the fractionation between biogenic HAP-bound car-
bonate and water.
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Carbon and oxygen isotope fractionations between calcite and aragonite were investigated by analyzing ma-
rine gastropods and bivalves that lived under temperate to tropical climates. Species that secrete both arago-
nite and calcite layers were studied to ensure similitude of changes in the isotopic composition of water, in
diet, and in metabolic activity during shell growth. Aragonite and calcite layers from the adult parts of the
shell were identified and mapped by using Raman spectroscopy. Powder samples were obtained by micro‐
drilling under a stereo microscope. Thirty‐six pairs of aragonite–calcite samples were obtained from ten gas-
tropod and five bivalve species. Biogenic aragonite is 13C‐enriched by 0.95±0.81‰ and 18O‐enriched by
0.37±0.65‰ relative to co-existing biogenic calcite. Direction and magnitude of the carbon isotope fraction-
ation are compatible with those already determined by using low‐temperature experimental approaches. The
observed oxygen isotope difference between biogenic aragonite and calcite is assigned to the difference
(≈0.4‰) in the acid fractionation factor values that must be taken into account during digestion of carbonate
polymorphs at 90 °C. It is concluded that biogenic calcium carbonate polymorphs precipitate close to, but not
in isotopic equilibrium with seawater. Therefore, empirical oxygen isotope fractionation equations that were
established on the basis of modern mollusc shells and ambient waters should be preferred for the calculation
of aquatic paleotemperatures.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Many aquatic invertebrates (molluscs, cephalopods, foraminifera,
brachiopods) have exoskeletons made either of aragonite or calcite.
This specificity results from the remarkable property of the extrapallial
aqueous solution with its high Mg2+ content relative to Ca2+ (Wada
and Fujinuki, 1976). It means that during shell crystallization, aragonite
formation is expected because Mg2+ inhibits calcite precipitation
(Berner, 1975; Davis et al., 2000). Takeuchi et al. (2008) have shown
that Aspein, a protein occurring in the shell organic matrix of the oyster
Pinctada fucata, is specifically involved in calcite formation within the
prismatic layer. Carbon and oxygen isotope compositions of these two
carbonate polymorphs constitute suitable proxies of water mass proper-
ties such as temperature, salinity and productivity. Consequently, the
stable carbon and oxygen isotope compositions of fossil shells have

beenwidely used in paleosalinity and paleotemperature reconstructions
for some periods of the Phanerozoic (e.g. Krantz et al., 1987; Hendry and
Kalin, 1997; Hendry et al., 2001; Malchus and Steuber, 2002; Schöne et
al., 2004; Jones et al., 2005; Brigaud et al., 2008; Zakharov et al., 2011).
Quantitative estimates of both temperature and carbon isotope composi-
tion of past water require a precise knowledge of the stable isotope frac-
tionation equations for both calcium carbonate polymorphs.

To date, the issue of the direction and magnitude of carbon and
oxygen isotope fractionations between aragonite and water
(Δ13Caragonite–water and Δ18Oaragonite–water values), and between calcite
andwater (Δ13Ccalcite–water andΔ18Ocalcite–water values) thatwould be pre-
cipitated in isotopic equilibrium remains controversial. Within the same
water mass (i.e. of constant δ18O value), carbon and oxygen isotope frac-
tionations between shell‐forming aragonite and calcite can be expressed
as Δ13Ccalcite–water and Δ18Ocalcite–water values, respectively. Calcite was
shown to be depleted in 18O relative to aragonite by 0.5‰ to 0.8‰ from
precipitation experiments (Tarutani et al., 1969; Kim and O'Neil, 1997;
Kim et al., 2007b), semi‐empirical calculations (Tarutani et al., 1969;
Golyshev et al., 1981) and natural observations (e.g. Keith et al., 1964;
Grossman and Ku, 1986; Barrera et al., 1994; Thorrold et al., 1997).
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Other studies suggest that calcite is 18O‐enriched with respect to arago-
nite from a few tenths of permil up to 4.5‰, fromfield and laboratory ob-
servations (Epstein et al., 1953; Horibe and Oba, 1972), theoretical
calculations based on the incrementmethod (Zheng, 1999), and laborato-
ry experiments (Zhou and Zheng, 2002, 2003).

Rubinson and Clayton (1969) calculated carbon isotope partition
function ratios by extending Urey's (1947) and Bigeleisen and
Mayer's (1947) theories, as described in studies published by O'Neil
et al. (1969) and Tarutani et al. (1969). Computing outputs predicted
a carbon isotope fractionation of 0.9‰ between aragonite and calcite.
In conjunction with this theoretical approach, Rubinson and Clayton
(1969) precipitated both phases from bicarbonate solutions by slow
removal of carbon dioxide at 25 °C, and measured a mean carbon iso-
tope fractionation factor of 1.8±0.2 (1000lnα). Turner (1982)
obtained a similar equilibrium carbon isotope fractionation between
aragonite and calcite of 1.4‰ by slowly precipitating both inorganic
calcium carbonate polymorphs at 25 °C. According to Grossman and
Ku (1986), 13C‐enrichment between aragonitic (Hoeglundina elegans)
and calcitic (Uvigerina sp.) foraminifera increases from 1‰ to 2.5‰
with temperature decreasing from 25 °C to 0 °C. Romanek et al.
(1992) measured, in the temperature range of 10 °C to 40 °C, a
carbon isotope fractionation of 1.7±0.4‰ between synthetic arago-
nite and calcite precipitated by using an open‐system chemostat
technique.

No consensus can be inferred from literature data about the direc-
tion and magnitude of the oxygen isotope fractionation between cal-
cite and aragonite, and carbon isotope fractionation is positive but of
unknown amplitude. The comparison of data between the inorganic
and biogenic calcium carbonate polymorphs is a difficult task because
isotopic equilibrium during solid phase precipitation is not always

achieved and cannot be easily demonstrated. In the natural environ-
ment, shells precipitate in waters whose temperature and isotopic
compositions can vary enough to mask subtle differences in the isoto-
pic compositions of both polymorphs that do not exceed a few tenths
of per mil. Furthermore, the sampling of aragonitic and calcitic shells
from molluscs living in close association does not ensure a record of
the same water parameters (mean and seasonal temperatures, δ18O
of water) because of possible age differences and timing of shell min-
eralization among the studied population. They may also be biased by
diet and metabolic differences between species.

In this study, the carbon and oxygen isotope compositions of ara-
gonite and calcite layers of composite shells secreted by the same
mollusc specimen were measured. Mapping of the mineral phases
by Raman spectroscopy and in situ micro‐drilling of the adjacent
polymorphs were performed for obtaining samples that precipitated
the closest possible in time. Temperature‐dependent oxygen isotope
fractionations between calcium carbonate polymorphs and their am-
bient water were explored from a dataset of molluscs living in the
temperature range of 16±2 °C–30±1 °C. Finally, the data were
used to discuss whether biogenic calcite and aragonite precipitated
in isotopic equilibrium or not with ambient water.

2. Sampling and analytical techniques

2.1. Sampling strategy of modern mollusc shells

The seven bivalves and the twenty‐nine gastropods were collected
alive along with waters between years 2002 and 2008 (Table 1). Car-
bonate skeletons were cleaned within an ultrasonic bath to remove
sedimentary matrix, then treated with H2O2 10% for 12 h to remove

Table 1
Stable oxygen isotope compositions and temperatures of waters where we sampled the studied modern molluscs. T of water: mean annual sea surface temperature. Seasonal T:
mean seasonal temperature variation. Temperature data come from the NOAA (National Oceanographic Data Center) Data Center (Reynolds and Smith, 1995; Reynolds et al., 2002).

Location Sampling period cδ18O of water
(‰ V-SMOW)

T of water
(°C)

Seasonal T
(°C)

Mean water temperature of
the four warmest months
(°C)

Pointe Jean-Claude, Martinique May 2002 0.55 29 ±1 30±1
Tartane, Martinique May 2002 1.2 29 ±1 30±1
Saint-Pierre, Martinique May 2002 1.1 29 ±1 30±1
L'Etang Salé, Réunion July 2002 0.4 25 ±3 27±1
Antalya Bay, Turkey September 2002 2.0 23 ±4 25±2
Graclea Minoa Cap, Sicily November 2005 1.5 19 ±5 23±3
Magouëro, Brittany July 2008 0.5 14 ±5 16±2
Guidel, Brittany January 2010 0.6 14 ±5 16±2

Fig. 1. Transversal section of a Patella shell (Guidel, Brittany, France) embedded in epoxy resin (yellow‐green matrix). The outer pale pink layer is made of prismatic low‐Mg calcite,
the inner gray layer is made of aragonite.

93C. Lécuyer et al. / Chemical Geology 332–333 (2012) 92–101

186



organic matter. After washing with deionized water, the samples
were dried at ambient temperature. Aragonite and calcite constitut-
ing the inner and outer layers of the selected bivalve and gastropod
shells were identified using Raman spectroscopy. Mapped layers
were then sampled under a stereo microscope and grounded into
fine powder using a micro-driller. Three to five single grains of sam-
ple powders were then randomly analyzed using Raman spectrosco-
py in order to check for any possible contamination by adjacent
layers during sampling. At least three Raman spectra were obtained
on distinct spots of each grain, thus strongly reducing the probability
that the grain was mineralogically heterogeneous.

2.2. Raman spectroscopy

Raman spectra were collected using a LabRam™ HR spectrometer
and excitation provided by the 514.53 nm line of a Spectra-Physics™
Ar laser. Different parts of the shells were probed at the micrometer
scale in backscattering geometry through an Olympus™ microscope.
Laser power varied from 0.1 to 10 mW at the sample in order to pre-
vent local heating and transformation especially for the absorbing
black pigment-bearing parts of some shells. Recording times ranged
from 1 to 10 min depending on laser power.

2.3. Carbon and oxygen isotope analyses of calcium carbonate

Stable isotope ratios were determined by using an auto sampler
MultiPrep™ system coupled to a dual‐inlet GV Isoprime™ isotope ratio
mass spectrometer (IRMS). For each sample, an aliquot of about

100–200 μg of calcium carbonate was reacted with anhydrous
oversaturated phosphoric acid at 90 °C for 20 min. In thefirst approxima-
tion, oxygen isotope ratios of both aragonite and calcite were calculated
assuming an acid fractionation factor 1000lnα(CO2–CaCO3)=8.1. Differ-
ences between the acid fractionation factor values of the two calcium car-
bonate polymorphs are further discussed (see Section 4.1) considering
determinations available in the literature. Isotopic compositions are quot-
ed in the delta notation in‰ relative to V‐PDB. All samplemeasurements
were triplicated and adjusted to the international reference NIST NBS19.
External reproducibility is ±0.1‰ for δ18O values and ±0.05 for δ13C
values (1σ).

2.4. Oxygen isotope analysis of water

The oxygen isotope ratios of waters surrounding the livingmolluscs
weremeasured using an automated CO2 equilibration technique devel-
oped by Horita et al. (1989). Aliquots of 400 μL of water were automat-
ically equilibrated with CO2 and analyzed using a MultiPrep™ system
online with a GVI IsoPrime™ dual inlet IRMS. Reproducibility was typi-
cally ±0.03‰ (Table 1).

3. Results

3.1. Mineralogy of mollusc shells

All studied shells were analyzed for their mineralogy. Gastropods
shells are constituted of an inner layermade entirely of aragonitewhere-
as the outer prismatic layer is made of low-Mg calcite (Fig. 1). The two

a b

c d

Fig. 2. Raman spectra of aragonite (c) and calcite (d) layers from a Patella shell (Guidel, Brittany, France) are compared to those obtained from reference materials (a and b).
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Table 2
Stable carbon and oxygen isotope compositions of co‐existing aragonite and calcite from modern molluscs. A: aragonite; C: low‐Mg calcite.

Pair# Sample
code

Location Water mass Geographic coordinates Class Taxon Mineral δ13C
‰

(PDB)

δ18O
‰

(PDB)

1 Iso-J-1A* Pointe Jean-Claude,
Martinique

Central Atlantic Sea 14°36′43.74″N–60°52′40.32″O Bivalvia Isognomon radiatus A −0.34 −0.98

Iso-J-1C* Pointe Jean-Claude,
Martinique

Central Atlantic Sea 14°36′43.74″N–60°52′40.32″O Bivalvia Isognomon radiatus C 0.02 −0.81

2 Cra-J-1A* Pointe Jean-Claude,
Martinique

Central Atlantic Sea 14°36′43.74″N–60°52′40.32″O Bivalvia Crassostrea virginica A −2.14 −1.16

Cra-J-1C* Pointe Jean-Claude,
Martinique

Central Atlantic Sea 14°36′43.74″N–60°52′40.32″O Bivalvia Crassostrea virginica C −2.42 −1.36

3 Ner-T-1A* Tartane, Martinique Central Atlantic Sea 14°45′30.45″N–60°55′15.10″O Gastropoda Nerita tessellata A 2.79 −0.01
Ner-T-1C* Tartane, Martinique Central Atlantic Sea 14°45′30.45″N–60°55′15.10″O Gastropoda Nerita tessellata C 1.49 −0.03

4 Litra-St-A Saint-Pierre, Martinique Caribbean Sea 14°43′54.68″N–61°10′44.34″O Gastropoda Litra sp. A 2.26 −0.69
Litra-St-C Saint-Pierre, Martinique Caribbean Sea 14°43′54.68″N–61°10′44.34″O Gastropoda Litra sp. C 1.62 −0.93

5 Ner-S-1A* Saint-Pierre, Martinique Caribbean Sea 14°43′54.68″N–61°10′44.34″O Gastropoda Nerita tessellata A 2.08 −0.08
Ner-S-1C* Saint-Pierre, Martinique Caribbean Sea 14°43′54.68″N–61°10′44.34″O Gastropoda Nerita tessellata C 2.25 −0.25

6 C01i Saint-Pierre, Martinique Caribbean Sea 14°43′54.68″N–61°10′44.34″O Gastropoda Citharium pica A 1.70 −2.05
C01e Saint-Pierre, Martinique Caribbean Sea 14°43′54.68″N–61°10′44.34″O Gastropoda Citharium pica C 1.48 −1.67

7 Ne02i2 Saint-Pierre, Martinique Caribbean Sea 14°43′54.68″N–61°10′44.34″O Gastropoda Nerita tessellata A 2.15 −1.17
Ne02e2 Saint-Pierre, Martinique Caribbean Sea 14°43′54.68″N–61°10′44.34″O Gastropoda Nerita tessellata C 1.37 −2.11

8 Lima-E4-A2 L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Bivalvia Lima sowerbyi A 1.52 −1.04
Lima-E4-C2 L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Bivalvia Lima sowerbyi C −0.17 −1.81

9 Lima-E4-A1 L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Bivalvia Lima sowerbyi A 1.54 −0.55
Lima-E4-C1 L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Bivalvia Lima sowerbyi C 0.24 −2.24

10 Spon-E4-A L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Bivalvia Spondylus nicobaricus A 2.27 −0.62
Spon-E4-C L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Bivalvia Spondylus nicobaricus C 1.34 −1.70

11 Spon-E1-A L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Bivalvia Spondylus nicobaricus A 1.66 0.70
Spon-E1-C L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Bivalvia Spondylus nicobaricus C 0.52 −0.88

12 NerB-E3-A L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Gastropoda Nerita bisecta A 3.50 −0.33
NerB-E3-C L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Gastropoda Nerita bisecta C 1.84 −0.95

13 NerP-E3-A1 L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Gastropoda Nerita punctata A 3.43 −0.88
NerP-E3-C1 L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Gastropoda Nerita punctata C 2.38 −0.80

14 NerP-E3-A2 L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Gastropoda Nerita punctata A 4.60 −0.49
NerP-E3-C2 L'Etang Salé, Réunion Indian Ocean 21°15′22.09″S–55°19′22.24″E Gastropoda Nerita punctata C 2.23 −0.93

15 Pte-S2-A Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Bivalvia Pteria loweni A 2.88 −0.31
Pte-S2-C Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Bivalvia Pteria loweni C 0.82 −0.95

16 NerAl-S2-A Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Gastropoda Nerita cf. albicilla A 1.97 −1.13
NerAl-S2-C Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Gastropoda Nerita cf. albicilla C 0.44 −0.79

17 NerP-S3-A1 Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Gastropoda Nerita punctata A 4.18 −0.33
NerP-S3-C1 Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Gastropoda Nerita punctata C 1.91 −1.51

18 NerB-S3-A1 Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Gastropoda Nerita bisecta A 1.66 −0.23
NerB-S3-C1 Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Gastropoda Nerita bisecta C 1.01 −0.35

19 NerB-S3-A2 Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Gastropoda Nerita bisecta A 2.89 −0.25
NerB-S3-C2 Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Gastropoda Nerita bisecta C 0.65 −0.91

20 NerP-S3-A2 Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Gastropoda Nerita punctata A 3.53 −0.55
NerP-S3-C2 Saint‐Leu, Réunion Indian Ocean 21°09′59.04″S–55°17′12.84″E Gastropoda Nerita punctata C 1.96 −0.90

21 NerC-G1-A1 Grande‐Anse, Réunion Indian Ocean 21°22′18.57″S–55°32′49.21″E Gastropoda Nerita chaeleon A 2.95 −0.53
NerC-G1-C1 Grande‐Anse, Réunion Indian Ocean 21°22′18.57″S–55°32′49.21″E Gastropoda Nerita chaeleon C 1.06 −0.95

22 NerC-G1-A2 Grande‐Anse, Réunion Indian Ocean 21°22′18.57″S–55°32′49.21″E Gastropoda Nerita chamaeleon A 1.68 −0.69
NerC-G1-C2 Grande‐Anse, Réunion Indian Ocean 21°22′18.57″S–55°32′49.21″E Gastropoda Nerita chamaeleon C 0.28 −1.25

23 PatR-Tur-A Antalya Bay, Turkey Eastern Mediterranean
Sea

36°35′07.12″N–30°35′03.10″E Gastropoda Patella rustica A 1.05 1.31

PatR-Tur-C Antalya Bay, Turkey Eastern Mediterranean
Sea

36°35′07.12″N–30°35′03.10″E Gastropoda Patella rustica C 0.83 0.91

24 PatR-Gr-A Graclea Minoa Cap,
Sicily

Western Mediterranean
Sea

37°23′25.14″N–13°16′45.59″E Gastropoda Patella rustica A 0.75 0.97

PatR-Gr-C Graclea Minoa Cap,
Sicily

Western Mediterranean
Sea

37°23′25.14″N–13°16′45.59″E Gastropoda Patella rustica C −0.77 0.30

25 PatV-M-A1 Magouëro, Brittany North Atlantic Ocean 47°39′46.07″N–03°15′06.03″E Gastropoda Patella vulgata A −1.70 0.97
PatV-M-C1 Magouëro, Brittany North Atlantic Ocean 47°39′46.07″N–03°15′06.03″E Gastropoda Patella vulgata C −1.29 0.92

26 PatV-M-A2 Magouëro, Brittany North Atlantic Ocean 47°39′46.07″N–03°15′06.03″E Gastropoda Patella vulgata A −0.28 0.93
PatV-M-C2 Magouëro, Brittany North Atlantic Ocean 47°39′46.07″N–03°15′06.03″E Gastropoda Patella vulgata C −1.24 0.77

27 Pa04c Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata A 1.23 0.09
Pa04p Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata C 0.53 0.66

28 Pa02C Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata A −0.21 0.08
Pa02p Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata C 0.02 0.72

29 Pa06C Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata A −0.50 1.14
Pa06P Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata C 0.06 0.47

30 Pa08C Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata A 0.56 0.56
Pa08P Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata C 0.62 0.96

31 Pa09C Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata A 0.67 1.35
Pa09P Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata C −0.70 1.15

32 Pa11C Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata A 0.30 0.99
Pa11P Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata C −0.43 0.94

(continued on next page)
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polymorphs of CaCO3 are readily identified from the low frequency part
of the spectra (Fig. 2), and especially from the position and splitting of
the symmetric bending mode, which occurs as a single peak at
712 cm−1 in calcite and as a doublet at 701–704 cm−1 in aragonite
(e.g. Urmos et al., 1991; Gillet et al., 1993). High-Mg calcites can also be
distinguished from low-Mg calcite from the much higher linewidths of
their low frequency modes due to positional disorder enhanced by cat-
ionic substitution (Bischoff et al., 1985).

3.2. Oxygen isotope compositions and temperature of ambient waters

Mean water temperatures vary from 14 °C (Brittany, France) to 29 °C
(Martinique, France) with the magnitude of seasonal variations increas-
ing with latitude (Table 1) according to data retrieved from the NOAA
(National Oceanographic Data Center) Data Center (Reynolds and
Smith, 1995; Reynolds et al., 2002). Oxygen isotope compositions of sam-
pled marine waters are 18O-enriched relative to V‐SMOW (Table 1). The
mangrove water of Martinique Island, the openmarine water of Réunion
Island and the coastal marinewaters of Brittany, France, have δ18O values
close to 0.5‰. The open marine waters of Martinique Island are slightly
higher than 1‰ whereas the highest δ18O values were obtained for the
Mediterranean waters in Sicily (1.5‰) and in the bay of Antalya, Turkey
(2.0‰).

3.3. Carbon and oxygen isotope compositions of aragonite–calcite pairs

3.3.1. Carbon and oxygen isotope differences between aragonite and
calcite

Stable carbon and oxygen isotope ratios were measured in thirty‐six
pairs of aragonite (inner layer) and calcite (prismatic outer layer)
obtained from shells of ten gastropod and five bivalve species (Table 2).
The dataset reveals that biogenic aragonite is 13C‐enriched by
0.95±0.81‰ and 18O‐enriched by +0.37±0.65‰ relative to
co-existing biogenic calcite (Table 2). According to Shapiro–Wilk
test, the Δ13Caragonite–calcite and Δ18Oaragonite–calcite values (i.e. isoto-
pic differences between the paired polymorphs) of gastropods and
bivalves are normally distributed (for an alpha level of 0.1) and
their mean values of 0.94±0.82 and 1.00±0.82‰, respectively, are
comparable (Fig. 3a). Within the class of gastropods, however, the
inter-species or inter-genus differences are significant. For instance,
the mean Δ13Caragonite–calcite values of Patella and Nerita, are 0.55±
0.72 and 1.43±0.72, respectively (Fig. 3b).

In the case of oxygen isotope ratios (Fig. 4a), the Δ18Oaragonite–calcite

values of studied bivalves are higher (0.83±0.68) than those of analyzed
gastropods (0.26±0.60). Moreover, within the class of gastropods
(Fig. 4b), Nerita has Δ18Oaragonite–calcite values of 0.39±0.42 themselves
higher than those of Patella (0.18±0.75).

Studied molluscs were sampled from locations spanning from trop-
ical (Réunion andMartinique Islands) tomarinewarm temperate (Brit-
tany peninsula, France) climatic belts. Neither carbon nor oxygen
isotope differences between aragonite and calcite correlate with mean
annual water temperature (R2=0.005; p=not significant).

3.3.2. Oxygen isotope fractionation between mollusc shell and water
The dataset of this study was used for calculating the temperature‐-

dependent oxygen isotope fractionation between the aragonite inner
layer of mollusc shell and water (Fig. 5a). The results were compared to
those already determined for aragonite‐secreting molluscs (Grossman
and Ku, 1986) and for synthetic aragonite (Kim et al., 2007b). For water
temperatures higher than 23 °C, calculated isotopic fractionations match
those obtained by computing the equation proposed by Grossman and
Ku (1986) and are about 1‰ higher than those predicted by the equation
experimentally‐determined by Kim et al. (2007b). Below 23 °C, oxygen
isotope fractionations are shifted towards lower values relative to the
fractionation equation line of Grossman and Ku (1986). The five calculat-
ed fractionation values (corresponding to the five mean water tempera-
tures reported in Table 1) show an apparent robust linear dependence
to water temperature (R2=0.93; n=5; p=0.02) but a lower slope (or
‘temperature coefficient’) value (−7.1±1.1) than those close to−4 de-
termined for biogenic aragonite (Grossman and Ku, 1986; Patterson et
al., 1993; Thorrold et al., 1997; Radtke et al. 1998; White et al., 1999;
Böhmet al., 2000; Lécuyer et al., 2004). It is also noteworthy that these ob-
served fractionation values are up to 2.7‰ higher than those calculated
with the equation determined by Zhou and Zheng (2003) for synthetic
aragonite.

In the case of the calcite outer layer of the mollusc shells (Fig. 5B),
oxygen isotope fractionation values deduced from this study are strong-
ly correlated (R2=0.87; N=5; p=0.05) to the water temperature and
the slope (°C/‰ δ) of the fitting line is much lower (−6.5±1.4) than
those known for any divalent carbonate (O'Neil et al., 1969). For
water temperature higher than 23 °C, these isotopic fractionations are
higher than those expected from equations obtained for biogenic calcite
(Anderson and Arthur, 1983) or slowly precipitated inorganic calcite
(Kim and O'Neil, 1997). Below this threshold temperature value, frac-
tionation values lie between the two equations determined by
Anderson and Arthur (1983) and Kim and O'Neil (1997).

4. Discussion

4.1. Carbon and oxygen isotope fractionations between calcite and
aragonite

The determination of the acid fractionation factors (1000lnαCO2–CaCO3)
for aragonite and calcite has been refined by Kim and O'Neil (1997) and
Kim et al. (2007a) since the first attempt made by Sharma and Clayton
(1965).Meandifferences between the δ18Ovalues of aragonite and calcite
layers from a mollusc shell can be accounted for by a difference close to
0.4‰ in acid fractionation factors between the two polymorphs digested
at 90 °C (Kim et al., 2007a). After correction of the acid fractionation fac-
tor, the mean Δ18Oaragonite–calcite value of 0.37±0.65 is reduced to −
0.03±0.65. A two‐tailed Student's t-test reveals that there is a probability
of 77% to have equal means (H0) for the oxygen isotope compositions of
aragonite and calcite (t=−0.3; CI from −0.25 to 0.19; n=36; α=
0.05). Moreover, a two‐tailed Welch's t‐test rejects the null hypothesis
that theΔ18Oaragonite–calcite value of our population is equal to the admitted

Table 2 (continued)

Pair# Sample
code

Location Water mass Geographic coordinates Class Taxon Mineral δ13C
‰

(PDB)

δ18O
‰

(PDB)

33 Pa12C Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata A 0.60 1.62
Pa12P Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata C −0.63 0.77

34 Pa13C Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata A −0.80 0.25
Pa13P Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata C −1.17 0.99

35 Pa18C Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata A −1.39 0.96
Pa18P Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata C −1.70 1.25

36 Pa22C Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata A 0.08 2.27
Pa22P Guidel, Brittany North Atlantic Ocean 47°45′50.43″N–03°31′35.56″O Gastropoda Patella vulgata C −1.54 0.16
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theoretical fractionation value close to 0.7‰ (t=−6.74, CI from−0.95 to
−0.51, p=8.17×10−8; n=36). Thus no sizable oxygen isotope fraction-
ation is observed between co-existing aragonite and calcite layers secret-
ed by the studied specimens of molluscs. This result confirms previous
observations made on biogenic aragonite and calcite (e.g. Epstein et al.,
1953; Keith et al., 1964) and is clearly at variance with conclusions in-
ferred from most experimental (Tarutani et al., 1969; Kim and O'Neil,
1997; Kim et al., 2007b) and theoretical approaches (Tarutani et al.,
1969; Golyshev et al., 1981).

The mean Δ13Caragonite–calcite value of 0.95±0.81‰ is statistically dif-
ferent from zero according to a paired two‐sample and two‐tailed t‐test
(t=7.04, CI from 0.67 to 1.22, p=3.35×10−8; n=36). This value also
needs to be compared with the lowest (0.9) and highest (1.8) fraction-
ation values inferred respectively from the theoretical and experimental

approaches performed by Rubinson and Clayton (1969). In the first case,
the t‐test indicates a high probability (t=0.37, CI from −0.22 to 0.32,
p=0.71; n=36) for equal means (H0) while in the second case it
becomes small enough (t=−6.29, CI from −1.12 to −0.58, p=
3.22×10−7; n=36) to suggest rejection of the null hypothesis. The iso-
topic data from the studied molluscs suggest that the 13C‐enrichment of
aragonite relative to calcite does not exceed 1‰.

It cannot be excluded that sizable biases could result from the sam-
pling of the aragonitic and calcitic layers of extant mollusc shells. There
is some uncertainty regarding the synchronism of sampled parts of the
shell; water temperatures and oxygen isotope composition could have
been consequently different within a given aragonite–calcite pair.
Diachronism could partly explain the large standard deviations
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associated with the Δ13Caragonite–calcite and Δ18Oaragonite–calcite values
(Table 2; Figs. 3 and 4).

Even though calcite from the studied shells is low-Mg calcite
(i.e. b5 mol%MgCO3), Mg2+ content is about one order higher inmagni-
tude in the calcite shell than in the aragonite (Turekian and Armstrong,
1960; Amiel et al., 1973; Weber, 1973; Rosenthal and Katz, 1989; Bates
andBrand, 1991). There is a sizable effect of theMg content on the oxygen

isotope fractionation between calcite and water (Tarutani et al., 1969;
Jiménez‐López et al., 2004; Brand et al., 2012) that was estimated to in-
crease at a rate of 0.06 to 0.17 per mol% of MgCO3 (Jiménez‐López et al.,
2004; Brand et al., 2012). Calcite of studied bivalves and gastropods con-
tains no more than 2.5 mol% of MgCO3 as estimated from literature data
and Raman spectroscopy, which means that an additional uncertainty of
about 0.3‰ may scramble the present estimation of the oxygen isotope
fractionation between aragonite and calcite from molluscs.

Isotopic disequilibrium of small amplitude could take place during
carbonate precipitation from the extrapallial fluid. This hypothesis is
partly supported by the mean Δ13Caragonite–calcite and Δ18Oaragonite–calcite

values of studiedmollusc shells that are lower than those observed dur-
ing experiments or predicted by theoretical calculations (see aforemen-
tioned references). Moreover, Δ13Caragonite–calcite fractionation values are
partly driven by the δ13C value of aragonite as emphasized in Fig. 6 by
the significant positive correlation between the two variables (R2=
0.51; n=36; p=2.10−6).

Turner (1982) has experimentally demonstrated that the 13C‐
enrichment of the calcium carbonate phase decreases with increasing
precipitation rate. Owen et al. (2002) measured low δ13C and δ18O
values of scallop calcite, compared with expected isotopic equilibri-
um, at shell growth exceeding 0.13 mm per day. Experiments
performed by Kim and O'Neil (1997) reveal that out of equilibrium
precipitation of calcite is responsible for higher calcite–water oxygen
isotope fractionation values than those corresponding to equilibrium
processes; these non-equilibrium calcite fractionation values mimic
those known at equilibrium for the aragonite–water system. In the
case of the 18O/16O ratios of carbonates, temperature dependence of
both aragonite–water and calcite–water systems must be examined
in order to test whether shell precipitation operates close or out of
isotopic equilibrium.

4.2. Temperature‐dependent oxygen isotope fractionation between mol-
lusc shell and water

Shell growth rate depends on water temperature and varies among
species (e.g. Storr et al., 1982). Adult parts of marine mollusc shells that
slowly grew inwater of nearly constant temperature have oxygen isotope
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axis represent the standard deviations (1σ) associated with the isotopic fractionation
values. The linear regressions (dashed lines) are drawn along with associated
bootstrapped 95% confidence interval belts (dotted lines). A: t=−7.11 (±1.08)
Δ+16.91 (±1.08); R2=0.93. B: t=−6.49 (±1.42)Δ+14.76 (±1.90); R2=0.87.
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Fig. 6. Carbon isotope fractionation (Δ13Oaragonite–calcite) between aragonite and calcite
as a function of the δ13C value of aragonite for all the studied molluscs. The linear re-
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compositions strongly correlated with both temperature and δ18O values
of waters (e.g. Grossman and Ku, 1986; Owen et al., 2002; Kobashi and
Grossman, 2003; Lécuyer et al., 2004). As can be observed in Fig. 5,
Δ18Oaragonite–water and Δ18Ocalcite–water are significantly correlated with
water temperature, and Δ values match those measured by Grossman
and Ku (1986) for samples that grew in water temperatures higher
than or equal to 23 °C along with small seasonal variations (Fig. 5;

Table 1). Here, there is no evidence for isotopic disequilibrium but the
δ18O values of biogenic aragonite and calcite sampled in temperate ma-
rine waters most likely record the warm seasons favorable to growth
and reproduction insteadof themeanannual temperatures. Better or sim-
ilar correlations are indeed obtained between theΔ values and, for exam-
ple, the mean temperature of the fourth warmest seasons (Fig. 7) even
though expected values for the slope (≈−4 °C/‰ δ) are far from
being reached (aragonite: slope=−6.5±1.0 and R2=0.93; calcite:
slope=−6.2±0.7 and R2=0.96) despite high coefficients of determina-
tion for the two linear fits. Shell growth rate is species‐dependent and re-
lated to several parameters such aswater temperature and salinity, depth,
turbidity, chemical composition of the sediment, food availability, preda-
tor activity, and period of reproduction (e.g. Borrero and Hilbish, 1988;
Witbaard et al., 1999; Majoran et al., 2000; Schöne et al., 2005;
Wanamaker et al., 2007). This complex multi‐parameter relationship
with shell growth rate is out of the scope of this study. Nevertheless, it
emphasizes the challenge for determining temperature-dependent oxy-
gen isotope fractionation between biogenic carbonate and water by
using natural samples living in climatic belts characterized by high
seasonality.

Tarutani et al. (1969) concluded, on the basis of available data
obtained so far, that “in any case the differences in isotopic fraction-
ation between inorganic and biogenic carbonates are very small,
lending strong support to the interpretation that both sets of data
represent a close approach to isotopic equilibrium between carbonate
and water”. However, as emphasized by Tremaine et al. (2011), equi-
librium isotope fractionation factors between carbonate and water
are not precisely known. In the framework of this study, it must be
noted that even for aragonite and calcite that grew in warm waters
(T≥23 °C) under climate with weak seasonal variations (Equatorial,
Tropical, Eastern Mediterranean), fractionation factors slightly differ
from those inferred from inorganic carbonates slowly precipitated
in dilute aqueous solutions (Kim and O'Neil, 1997; Kim et al.,
2007b). Indeed, above the threshold temperature value close to
23 °C, Δ18Oaragonite–water and Δ18Ocalcite–water values are about 1‰
higher than those determined by Kim et al. (2007b) and Kim and
O'Neil (1997), respectively. The equation determined by Zhou and
Zheng (2003) predicts aragonite–water fractionation values that are
in full disagreement with those derived from natural samples, inor-
ganic precipitates or theoretical calculations. It is noteworthy that
the isotopic offset may reach 3.5‰, which corresponds to an unrealis-
tic temperature difference close to 15 °C.

As discussed above, there is no statistical difference between the oxy-
gen isotope compositions of aragonite and calcite layers formed by the
studied molluscs. Moreover, significant isotopic offsets close to 1‰,
which means an error of 4 °C in the temperature estimate, are identified
between the Δ18Oaragonite–calcite values for molluscs and those inferred
from laboratory experiments. These combined results suggest that the ox-
ygen isotope compositions of both biogenic calcium carbonate poly-
morphs precipitate close to but not in oxygen isotope equilibrium with
the extrapallial fluid, itself known to have δ18O values similar to those
of ambient marine waters (Lécuyer et al., 2004). It is therefore empha-
sized that empirical oxygen isotope fractionation equations that were
established on the basis of modern mollusc shells and ambient waters
should be preferred for the calculation of aquatic paleotemperatures
based on the δ18O values of fossil molluscs.

5. Concluding remarks

Carbon and oxygen isotope fractionations between calcite and
aragonite were investigated by analyzing shells of worldwide marine
gastropods and bivalves that contain both carbonate polymorphs oc-
curring as distinct layers. The most striking results are the following:

- Oxygen isotope compositions of shell calcium carbonate do not re-
flect the mean annual temperature of seawater, but rather most
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Fig. 7. Oxygen isotope fractionation (Δ18Omineral–water) between aragonite–water (A) and
calcite–water (B) as a function of the mean sea surface temperature of the fourth warmest
months. Data from the studied molluscs are compared to isotopic fractionation equations
published in the literature. (a): Plain bold line: mollusc data from Grossman and Ku
(1986); dashed line: experimental data from inorganic aragonite (Kim et al., 2007b). (b):
Plain bold line: mollusc data from Anderson and Arthur (1983); dashed line: experimental
data from inorganic calcite (Kim and O'Neil, 1997). Errors bars on the y‐axis represent the
maximum variation in the sea surface temperature of the fourth warmest months. Error
bars on the x‐axis represent the standard deviations (1σ) associated with the isotopic frac-
tionation values. The linear regressions (dashed lines) are drawn along with associated
bootstrapped 95% confidence interval belts (dotted lines). A: t=−6.50 (±1.02)Δ+19.54
(±1.02); R2=0.93. B: t=−6.24 (±0.71)Δ+17.25 (±0.95); R2=0.96.

99C. Lécuyer et al. / Chemical Geology 332–333 (2012) 92–101

192



likely that of the warm season. Only the δ18O values of tropical and
equatorial mollusc species constitute good proxies of the mean
water temperature.

- Biogenic aragonite is 13C‐enriched by 0.95±0.81‰ relative to
co-existing biogenic calcite. Direction and magnitude of the carbon
isotope fractionation are compatible with those already determined
by using low‐temperature experimental approaches. However, a
lower magnitude in the isotopic fractionation as well as an associat-
ed higher standard deviation are observed in comparison to the
expected values known for mechanism of precipitation at isotopic
equilibrium.

- Biogenic aragonite is 18O‐enriched by 0.37±0.65‰ relative to
co-existing biogenic calcite. Most of the observed difference be-
tween the oxygen isotope compositions of biogenic aragonite and
calcite is assigned to the difference (≈0.4‰) in the acid fraction-
ation factors during the acid digestion of both polymorphs at 90 °C.

- Our results support a precipitation of both aragonite and calcite close
to, but not in oxygen isotope equilibrium with the extrapallial fluid
secreted by the mantle in the mollusc. Instead of experimentally or
theoretically-determined isotope fractionation equations, those de-
termined with data from modern molluscs should be privileged for
estimating more accurately marine paleotemperatures deduced
from the oxygen isotope compositions of fossil mollusc shells.
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a b s t r a c t

A semi-automatic, on-line method was developed to determine the d13C and d18O values of coexisting cal-
cite and dolomite. An isotopic mass balance is used to calculate the compositions of dolomite after having
measured that of calcite and of the ‘‘bulk’’ sample. The limit of validity of this method is established by
performing isotopic measurements of artificial mixtures made of precisely weighted and isotopically-
characterised dolomite and calcite. The accuracy and repeatability of the calculation of dolomite d13C
and d18O are statistically determined with a Monte-Carlo procedure of error propagation. Stable isotope
ratios are determined by using an automated MultiPrep™ system on-line with an isotope-ratio mass-
spectrometer (IRMS). The reaction time and the temperature of reaction were optimised by comparing
the results with the isotopic composition of known mixtures. The best results were obtained by phospho-
ric acid digestion after 20 min at 40 �C for calcite and 45 min at 90 �C for dolomite. This procedure allows
an accurate determination of the isotopic ratios from small samples (300 lg). Application of this protocol
to natural mixtures of calcite and dolomite requires the accurate determination of the relative abundance
of calcite and dolomite by combining Mélières manocalcimetry (MMC) and X-ray diffractometry (XRD).

� 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Most sedimentary carbonate rocks have a complex diagenetic
history which results in the formation of various assemblages of
carbonate minerals (Bathurst, 1983). A common way of investigat-
ing the geochemical processes that produced those mineral assem-
blages is to measure the isotopic composition of carbonates for
identifying the C sources (e.g. oceanic dissolved inorganic C, organic
matter, CH4) and for estimating the salinity and temperature of
aqueous fluids that prevailed in the diagenetic environments (Fritz
and Smith, 1970; Dworkin et al., 2005).

Measuring the isotopic composition of distinct carbonate phases
(aragonite, calcite, dolomite) occurring in natural mixtures is not
straightforward because the different phases cannot be physically
separated in most cases, even though it must be noted that para-
magnetic dolomite grains can be separated from calcite with a
Frantz Isodynamic Separator (e.g. Sheppard and Schwarcz, 1970).
Thus, the differential reactivity of CaCO3 (aragonite and calcite)
and CaMg(CO3)2 (dolomite) during acid digestion is used to selec-
tively extract the CO2 released by the two phases and to track the

evolution of its isotopic composition. For example, for a given grain
size and crystallinity, dolomite reacts more slowly than calcite
(Epstein et al., 1964). Thus, the CO2 produced after 20 min (Clayton
et al., 1968), or 2 h (Al-Aasm et al., 1990) of reaction with phospho-
ric acid at 25 �C is considered to carry the isotopic signature of cal-
cite. The isotopic signature of dolomite can be obtained by two
alternative methods. Following the first reaction step during which
the CO2 produced is considered to come from calcite, the acid diges-
tion is continued for 24 h to remove the remaining calcite while dis-
carding the produced CO2. Then, the remaining carbonate is further
reacted with the same acid for 24 h at 50 �C; the CO2 derived from
this reaction step is then considered to carry the isotopic signature
of dolomite (Al-Aasm et al., 1990). In a second procedure, the car-
bonate mixture is reacted with 1 N acetic acid for 20 min at 25 �C
to remove calcite and the isotopic composition of dolomite is ob-
tained from the CO2 produced during a further treatment of 4 days
with phosphoric acid at 25 �C (Pierre and Rouchy, 1990).

In this study, a semi-automatic method is presented to deter-
mine the C and O isotope compositions of sedimentary mixtures
of calcite and dolomite. For some mixtures, it allows more repeat-
able and accurate measurements of small samples (300 lg required
for the isotopic analyses) compared with the aforementioned
conventional off-line methods. Following the determination of the
relative proportions of calcite and dolomite by combining conven-
tional Mélières ManoCalcimetry (MMC) and X-ray Diffractometry
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(XRD), the isotopic composition of calcite is measured with a Mul-
tiPrep™ automated system on-line with an IsoPrime™ isotope-ra-
tio mass-spectrometer (IRMS). The isotopic composition of
dolomite is then deduced from mass balance calculations after
measuring the isotopic composition of the ‘‘bulk’’ sample (cal-
cite + dolomite) with the MultiPrep™ system. A wide range of mag-
matic or metamorphic carbonate rocks (e.g. carbonatites, marbles)
may contain mixed calcite and dolomite minerals and, as such, the
potential utility of this new method may be extended beyond the
research field of sedimentary geochemistry.

2. Material and methods

2.1. Calcite and dolomite end-members and standard mixtures

Time and temperature of reaction are parameters that need to
be optimised in order to (1) minimize the contribution of dolomite
when selectively digesting calcite and (2) achieve complete reac-
tion when digesting the ‘‘bulk’’ sample. Optimisation of the above
parameters was carried out by determining the isotopic composi-
tion of mixtures of well characterised calcite and dolomite
‘‘end-members’’ (Table 1), and by comparing the results with the
theoretical isotopic compositions of the mixtures that were de-
duced from the isotopic compositions of the end-members and
their mixing proportions (Table 2 and Section 3.1).

The choice of the end-members was based on their crystallo-
graphic properties and isotopic compositions (Table 1). The calcite
end-member is from a 100% pure marble obtained from the Carrara
Quarry (Italy). The dolomite end-member (98.9% dolomite, 1.1
wt.% silicates) was sampled in the vicinity of the Wadi Um Gheig
on the Red Sea coast of Egypt (Aref, 1997). The sampling area is
in the vicinity of ZnS and PbS deposits of hydrothermal origin (El
Shazly, 1957). Associated with these hydrothermal deposits are
diagenetic carbonates, such as the dolomite sample used for the
dolomite end-member of the standard series, that formed via
microbial transformation of evaporitic gypsum deposits of Mio-
cene age (Aref, 1997). The degree of crystallinity can be qualita-
tively assessed based on the shape of X-ray diffraction peaks
(Fig. 1). Very small crystallites are more imperfect than large ones,
resulting in a broadening of the peaks as the crystallite size gets
smaller. Crystallinity can affect the phosphoric reaction rate such
that an increase in crystallinity, i.e. a decrease in surface area, re-
sults in a decrease in the rate of reaction. Thus, in the experiments,
sensitive detection of cross-contamination results from the use of
highly crystalline slower reacting calcite and a faster reacting
poorly crystallised dolomite. The sensitivity to cross contamination
increases with the difference in isotopic composition of the calcite
and dolomite. In this case, D13C = 9.9‰ and D18O = 3.0‰ (Table 1).
Conversely, the accuracy of the method decreases as isotopic com-
positions of calcite and dolomite approach one another. However,
it can be easily tested by comparing the bulk rock analysis with
the analysis of one phase.

The chemical composition of the dolomite end member was
determined by X-ray Fluorescence. These data fit well with the
XRD analyses (Table 1) in that only traces of elements typical of

silicate minerals were detected (SiO2 = 0.35 mol%, K2O = 0.04 mol%,
Al2O3 and Na2O were below the detection limit). Given the trace
amounts of Si present, the great majority of Ca (CaO = 49.69 mol%)
and Mg (MgO = 49.26 mol%) can be safely ascribed to dolomite.
Because the sum of the stoichiometric coefficients for divalent
cations should add up to 1 in dolomite, a very small amount of cat-
ion substitution is possible in the end member dolomite. The XRF
analyses detected traces of Mn (MnO = 0.49 mol%) and Fe2O3

(0.16 mol%), suggesting that very small amounts of these elements
may be present in the dolomite lattice. In summary, the dolomite
end member has a chemical formula very close to that of stoichi-
ometric dolomite [Ca, Mg(CO3)2].

The calcite and dolomite end-members were ground with an
agate mortar and sieved between 50 lm and 100 lm. It is worth
noting here that the real value of grinding and mixing is to physi-
cally free calcite from dolomite as much as possible. Sample
homogenisation was performed by using a mini ‘V-shape’ mixer
designed for powder–powder mixtures. Seven mixtures of the
two end-members were prepared in variable proportions (Table
2). By mixing precisely weighed amounts of each end-member, it
was possible to obtain an accurate determination of the carbonate
content (±0.08%) for each mixture. The calcite and dolomite end-
members together with the seven mixtures will be referred to
hereafter as the ‘‘standard series’’.

2.2. Carbonate content and mineralogical composition

The carbonate content of the standard series was measured
twice on 100 mg of powder using a Mélières manocalcimeter
(MMC) apparatus derived from the carbonate bomb technique first
described by Müller and Gastner (1971). The total carbonate con-
tent (in weight percent) was calculated from the volume of CO2

evolved from the reaction of 100 mg of finely crushed sediment
with 8 N HCl. The MMC apparatus was calibrated at 100% so that
1 mMol of CO2 corresponded to 100 mg of calcite or aragonite.
For dolomite, because of its different molecular weight, 100 mg
did not correspond to 1 mMol of CO2 and the values were corrected

Table 1
Calcite and dolomite end-members used for standard mixtures.

End-member Composition
(% mass)

Grain size
(lm)

Crystallography d18O
(‰ PDB)

d13C
(‰ PDB)

Origin

Calcite 100% CaCO3 50–100 Marble (very well crystallised) �1.8 ± 0.1 2.0 ± 0.1 Italy (Carrara Quarry)

Dolomite 98.9% [Ca, Mg(CO3)2] 50–100 Diagenetic carbonate (poorly crystallised) �4.8 ± 0.1 �7.9 ± 0.1 Egypt (wastes of Uhm Geigh ZnS mine)
1.1% of silicates

Table 2
Mineralogical and chemical compositions of the standard series.

Cal/Dol MMCth MMCdet. DMMC XRDth. cal XRDdet. cal DXRD

100/0 100.0 100.0 0 100 100 0
95/5 99.9 – – 95.0 – –
90/10 99.9 98.5 1.4 89.4 88.3 1.1
75/25 99.7 99.2 0.5 76.6 76.2 0.4
50/50 99.5 98.2 1.3 52.1 50.3 1.8
25/75 99.2 97.8 1.4 26.6 26.5 0.1
10/90 99.0 98.5 0.5 10.9 10.3 0.6
5/95 99.0 – – 5.0 – –
0/100 98.9 98.9 0 0 0 0

Cal/Dol = proportions of calcite and dolomite in the mixture; MMCth = weighted
carbonate content (±0.08%) corrected from dolomite purity and used as reference;
MMCdet = carbonate content determined by MMC and corrected for temperature
and pressure; DMMC = difference between MMCth and MMCdet; XRDth cal = calcite
content determined by weighing and corrected from dolomite purity; XRDdet

cal = calcite content determined by MMC and XRD; DXRD = difference between
XRDth cal and XRDdet cal.
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(% dolomite = MMC/1.0855) to estimate the real weight percent-
ages. The ‘‘bulk’’ mineralogy was determined by X-ray diffractom-
etry using a Siemens D-500 instrument (Ni filtered CuKa radiation)
scanning 2–64� (2h) at a rate of 0.02� 2h/s. About 600 mg of pow-
dered sample was compacted in a plastic holder (2.4 cm in diame-
ter and 2 mm in thickness) using a frosted glass. Attention was
paid to the flatness of the sample surface in order to avoid pre-
ferred orientation. The MacDiff program by Rainer Petschik (serv-
ermac.geologie.unifrankfurt.de/Rainer.html) was used to quantify
the relative proportions of calcite and dolomite in carbonate mix-
tures from X-ray diffractograms using the peak area method. The
relative intensities were corrected using correction factors (I/Icor)
from the PDF2 data base of the International Centre for Diffraction
Data. Standard forms used are 05–0586 for calcite and 73–2324 for
dolomite. Bish and Reynolds (1989) advised grinding samples to
below 20 lm to optimise the repeatability of the analyses, while
Walters et al. (1972) proposed an optimal size range between 5
and 44 lm. In the experiments, however, reproducible results were
obtained using dolomite and calcite end-members sieved between
50 lm and 100 lm as well as below 20 lm. The carbonate content
measured by MMC was then used to calculate absolute concentra-
tions of calcite and dolomite in the sample from the relative con-
centrations obtained by XRD.

2.3. Isotopic measurements

Carbon and O isotope measurements were carried out with a
MultiPrep™ automated system on-line with a Dual-Inlet
Isoprime™ isotope ratio mass spectrometer at the Laboratoire
Paléoenvironnements & Paléobiosphère (Université Lyon 1). The
principle of this fully automated device is to react the carbonate
phases with anhydrous H3PO4 at constant temperature to generate
CO2 according to the following acid–base reaction:

MeCO3 þ 2H3PO4 ! CO2 þMe2þ þ 2H2PO
�
4 þH2O

where Me is an alkaline earth or a divalent transition metal cation.
One hundred wt.% H3PO4 was prepared in the standard way

(Coplen et al., 1983). Before each batch of analyses, an aliquot of
5–6 mL of H3PO4 was outgassed for at least 24 h on a vacuum line.
Each sample was ground to ca. 200 lm. The sample aliquot (typi-
cally 200–300 lg) was placed at the bottom of a V shape vial sealed
with a rubber septum. The sample vials are then placed in a tem-
perature regulated sample tray heated at 90 �C. From this stage
all subsequent sample preparation is done automatically. The Mul-
tiPrep system is equipped with a double hole needle which allows
the acid to be delivered to the vial and also to extract the CO2

which has been generated during the reaction. First, the vial was

2-theta-scale (Kα Cu radiation)

2-theta-scale (Kα Cu radiation)

(A)

(B)

Fig. 1. Diffractograms of calcite (A) and dolomite (B) end-members. Vertical bars represent relative peak heights reported in standard diffractograms of calcite and dolomite.
Peaks indicated by their d-values are the ones chosen in this work to determine calcite and dolomite concentrations.
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evacuated through the external needle connected to the MultiPrep
vacuum system. Phosphoric acid was admitted to the vial through
the inner needle using the acid pump. At this stage, the reaction
starts, generating CO2. During the 20 min reaction, the needle re-
mained inside the valve. An external cold finger was maintained
at �165 �C, constantly collecting the extracted CO2. Once the reac-
tion was completed, the external cold finger was heated to �70 �C
to release the CO2 without releasing water. The sample of CO2 was
automatically managed by the mass spectrometer inlet system
according to its volume, and isotopically analyzed. Carrara marble
was isotopically calibrated against NBS19 and NBS18.

Results are expressed in the usual d notation in ‰ relative to
V-PDB (Vienna–Pee Dee Belemnite) standard for both d13C and
d18O. The analytical uncertainty associated with the measurements
of calcite and dolomite end-members was close to 0.1‰ for d18O
and d13C. During the course of acid digestion, the O isotope compo-
sition of reacting calcite in the carbonated mixtures was obtained
by monitoring the evolution of the d18O value of the CO2, which
was corrected from the acid fractionation factor deduced from
the isotopic composition of NBS-19 (d18O = �2.2‰). The acid frac-
tionation factor is also dependent on both mineralogy (Sharma and
Clayton, 1965; Rosenbaum and Sheppard, 1986) and temperature
(Swart et al., 1991). For instance, the O isotope composition of
CO2 released during H3PO4 digestion of calcite at 90 �C is 8.14‰
heavier than that of calcite, whereas the composition of CO2

derived from dolomite is 8.95‰ heavier than that of dolomite
(Böttcher, 1996; Das Sharma et al., 2002). The CO2-calcite fraction-
ation factor for the CO2 released at 40 �C during the first 20 min
was used and the residual amount of CO2, deduced from mass bal-
ance calculation after the bulk analysis, was corrected from the
fractionation factor between CO2 and dolomite.

2.4. Acetic acid digestion of carbonated mixtures

The acetic acid digestion method of Pierre and Rouchy (1990)
was modified for use with the MultiPrep™ system. The small
amounts of sample required minimisation of loss during neutrali-
sation and washing. Each calcite–dolomite mixture was thus re-
acted for 20 min with 1 N acetic acid according to the method of
Pierre and Rouchy (1990), followed by washing and filtration. After
drying at 60 �C, isotopic compositions were measured using the
same procedure applied to ‘‘bulk’’ samples (see Section 3.2.2).

3. Results and discussion

3.1. Determination of mineral proportions based on XRD and MMC
data

The carbonate content of the standard series deduced from the
weights of calcite and dolomite is indicated in Table 2 (column
MMCth). Values lower than 100% for samples containing dolomite
are due to the presence of 1.1 wt.% silicates in the dolomite end-
member. Duplicate measurements of the carbonate content of
the standard series were performed with the manocalcimeter (col-
umn MMCdet in Table 2); repeatability was better than 1 wt.%. The
MMC measurements systematically underestimated (1.4 wt.%
maximum) the carbonate content of mixtures prepared by accu-
rate weighing. This small bias possibly results from the long reac-
tion time needed for samples containing dolomite. The acid
digestion (8 N HCl) of carbonates is strongly exothermic, and a long
reaction time could result in cooling of the CO2 released.

XRD analyses of the standard series were duplicated. The
repeatability of the relative calcite–dolomite ratio was better than
1 wt.%. Compared to the standard diffractogram of calcite (form
05–0586), the diffractogram of the calcite end-member shows an

over-diffraction of the main peak of calcite (d = 3.035 Å) of about
50 wt.% relative to the other calcite peaks (Fig. 1A). Thus, a large
error (up to 14 wt.%) can occur if only the major peak of calcite is
used to determine the relative abundance of calcite and dolomite;
therefore, secondary peaks are also considered for the determina-
tion of the relative concentrations of calcite. The best results were
obtained using the three calcite peaks: d = 2.490 Å, 2.285 Å and
2.095 Å, and the three peaks of dolomite: d = 2.888 Å, 2.193 Å and
1.787 Å. Thus, XRD diffractograms of samples must be compared
to those available in standard forms in order to select the best
combination of peaks to be used as a function of the sample crystal-
linity. This is a source of potential error during the isotopic analysis
of whole-rock samples.

With this method, the difference between the relative abun-
dance of calcite and dolomite in the samples deduced from accu-
rate weighing (XRDth.cal) and that obtained by MMC and XRD
(XRDdet cal) is smaller than 2 wt.% (Table 2) and does not show
any relationship with the proportions of the end-members in the
mixture.

The error propagation of the determination of each carbonate
proportion by the combination of MMC and XRD is found to mainly
depend on the error of the estimated peak areas. This error shows
an inverse linear relationship with the peak area. The influence of
the carbonate content in the sample is found to have only an indi-
rect impact: when a sample has a low carbonate content, the peak
areas are smaller, and errors on the peak areas, higher.

3.2. MultiPrep™ determination of the isotopic composition of calcite
and dolomite in mixtures of both

3.2.1. Isotopic composition of calcite in calcite-dolomite mixtures
Phosphoric acid digestion tests were carried out on the calcite

end-member at 90 �C, 80 �C, 70 �C, 45 �C, 40 �C and 30 �C with reac-
tion times of 2, 3, 5, 10, 20, 25, 30 and 40 min (Fig. 2). Except for the
first extractions (2–3 min), the d13C and d18O of the CO2 produced
by the calcite remained virtually unchanged with reaction time at
any temperature. Some variations in d18O during initial stages of
reaction were noted by Fritz and Fontes (1966), Walters et al.
(1972) and Al-Aasm et al. (1990), but with virtually no systematic
variations in d13C values. Al-Aasm et al. (1990) proposed that an in-
crease in d18O values may be related to rapid reaction of fine calcite
crystallites adhering to grain surfaces. In the present case, the max-
imum isotopic fractionation occurs for short reaction times and
low temperatures. Reliable isotopic compositions of calcite are ob-
tained for a reaction time of 5 min at 90 �C, and at least 20 min at
40 �C (Fig. 2). Isotopic fractionation was larger for both C and O at
low temperatures for a same reaction time, and less of the calcite
was digested when the reaction temperature was lower. This par-
tial digestion could be mainly responsible for variations in isotopic
fractionation with temperature (Al-Aasm et al., 1990).

The duration and temperature of reaction were optimised in or-
der (1) to obtain a sufficiently high yield of calcite CO2, and (2) to
avoid large reaction times, which would have resulted in too much
dolomite being dissolved. A temperature was preferred which re-
sults in a relatively short reaction time that minimises the dolo-
mite contribution to the calcite signal. The optimal conditions
are 20 min of H3PO4 digestion at 40 �C. However, when the stan-
dard series is analysed using these conditions, it is noted that the
isotopic composition of the calcite CO2 shifts towards the value
of dolomite with increasing dolomite content in the mixture (Table
3, Fig. 3). This indicates that a small portion of the dolomite is
reacting during acid digestion. For the 95/5 dolomite/calcite mix-
ture, the C and O isotope compositions of calcite is then, respec-
tively, 4.1‰ and 1.5‰ lower than the theoretical compositions
computed from the isotopic composition of the end-members.
The evolution of differences between the measured d13C and d18O

260 M. Baudrand et al. / Applied Geochemistry 27 (2012) 257–265

198



values and those of the calcite end-member can be modelled as
exponential functions of the dolomite percentage in the mixture.
This model is used for the Monte-Carlo procedure of the error
propagation calculation on the d13C and d18O values of dolomite
(Section 3.2.3). The repeatability of the direct isotopic measure-
ments is better than 0.1‰.

In addition to the reaction conditions, the accuracy in the deter-
mination of the isotopic composition of calcite also depends on the

difference between the isotopic compositions of the two carbonate
pools. Here carbonates with d13C and d18O differences of 9.9‰ and
3.0‰, respectively, were used. A d13C difference large enough to be
compared to those documented so far in sedimentary carbonates
(Degens and Epstein, 1964; Fritz and Smith, 1970; Arenas et al.,
1999; Bellanca et al., 2001) was selected. Nevertheless, for carbon-
ate mixtures formed in diagenetic environments where anaerobic
oxidation of CH4 can result in a large fractionation of C isotopes
(up to 50‰), the uncertainty might be larger.

Reaction rates can also be influenced by both the chemistry and
grain size of the two carbonate pools. Whenever XRD analyses sug-
gest that the chemical composition deviates significantly from the
stoichiometric compositions of calcite and dolomite, the authors
suggest performing a chemical analysis of the carbonates and
adjusting the duration of the reaction to account for the effect of
chemical composition on reaction rates. According to Böttcher
(1996), the same reaction time is required for the complete
H3PO4 digestion of a pure calcite and of a synthetic manganoan cal-
cite (Ca0.75Mn0.25CO3), but the reaction time needed for rhodochro-
site is fourfold longer. Calcite and rhodochrosite having the same
crystallographic space group (Trigonal–Hexagonal scalanohedral),
it may be possible that Mn substitution has an influence on
H3PO4 digestion rate if a large proportion is substituted. For substi-
tution by other elements, the problem can become very complex
because of crystallographic changes between two substitution
end-members (with or without intermediate mineral) like the cal-
cite–dolomite–magnesite partial solid solution. It is thus recom-
mended to test the reaction time needed for H3PO4 digestion of
any non-stoichiometric carbonate if its chemical and crystallo-
graphic properties are significantly altered. It is also advisable to
use a powder sieved between 50 lm and 100 lm because grain
size has an important impact on reaction rates (e.g. Fritz and
Fontes, 1966; Clayton et al., 1968; Walters et al., 1972). For coarser
powders, incomplete acid digestion could result in isotopic frac-
tionation, whereas in the case of finer powders the rate of dolomite
reaction would be higher, leading to a potential significant isotopic
contamination of the co-existing calcite.

3.2.2. ‘‘Bulk’’ isotopic composition of calcite–dolomite mixtures
As dolomite reacts slower than calcite, the reaction temperature

was set at 90 �C in order to achieve the complete acid digestion of
calcite–dolomite mixtures as fast as possible. Expected isotopic
compositions are calculated by using a mass balance equation
combining carbonate contents and d18O and d13C values of end-
members. The best fit is obtained for a reaction time of 45 min
(Fig. 4) amongst a set of various reaction times (40, 45, 50 and
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Fig. 2. Plot of d13C values of CO2 (A) and d18O values of mineral (corrected for
temperature fractionation) (B) during partial digestion of standard calcite with
100% H3PO4 for different temperatures as a function of the reaction time.

Table 3
Differences between calcite isotopic signatures determined by the present method
(40 �C–20 min) and pure calcite end-member signature.

Cal/Dol Manual method This method

D13C M D18O M D13C MP D18O MP

100/0 0.0 0.0 0.0 0.0
95/5 0.0 0.2 0.0 0.0
90/10 0.0 0.1 0.0 0.0
75/25 0.2 0.4 0.1 0.1
50/50 0.2 �0.1 0.3 0.1
25/75 0.7 0.1 0.9 0.3
10/90 1.9 0.6 2.5 0.9
5/95 4.3 2.3 4.1 1.5
0/100 9.9a 3.0a 9.9a 3.0a

D13C M or D18O M = difference between reference calcite isotopic signature (indi-
cated for 100/0 mixture and d13C or d18O obtained with manual method (Al-Aasm
et al., 1990); D13C MP or D18O MP = difference between reference dolomite isotopic
signature and d13C or d18O obtained with this method.

a Not measured because protocol for calcite measurement does not allow dolo-
mite measurements.
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Fig. 3. Variation of the isotopic composition of calcite measured by the semi-
automatic method (MP) and by the manual method (M) described by Al-Aasm et al.
(1990) as a function of its concentration in calcite-dolomite mixtures. Reference
values are given in Table 1.
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55 min). The empirical linear regression of the d13C ‘‘bulk’’ as a
function of the dolomite content in the mixture obtained with this
procedure is not statistically different from the theoretical fit cal-
culated from end-member compositions and mixing proportions
(Fig. 4). In any case, the difference from expected compositions
(accuracy) is better than 0.1‰ and repeatability of measurements
better than 0.1‰.

3.2.3. Calculated isotopic composition of dolomite in calcite–dolomite
mixtures

Following the determination of the isotopic compositions of the
calcite end-member and of the ‘‘bulk’’ calcite–dolomite mixture,
the isotopic composition of the dolomite end-member can be cal-
culated using the following isotopic mass balances:

ðXcal � d13CcalÞ þ ðXdol � d13CdolÞ ¼ d13Cbulk

and

ðXcal � d18OcalÞ þ ðXdol � d18OdolÞ ¼ d18Obulk

with Xcal + Xdol = 1 and where d13Ccal, d13Cbulk, d18Ocal and d18Obulk

are the isotopic compositions of calcite and of the ‘‘bulk’’ carbonate
mixture, and Xcal and Xdol are the weight proportions of calcite and
dolomite in the mixtures determined from the MMC and XRD data.
It is emphasised that the use of these equations depends on know-
ing that neither of the d values for the two phases are identical or
close to that condition. If, for example, d13Cdol = d13Ccal then the
system is indeterminate. It is also noteworthy that the errors will
increase as the two d values approach one another.

The global accuracy and uncertainty (SD) of this procedure
results from the combined errors associated with (1) the measure-
ments of the relative abundance of calcite and dolomite by MMC
and XRD, (2) the determination of the isotopic compositions and
(3) the cross-contamination between calcite and dolomite during
selective acid digestion.

The accuracy of the d13Cdol, and d18Odol calculation mainly de-
pends on the content of dolomite in the mixture. The calculated
d13Cdol can be modelled as a logarithmical function of the dolomite
content (Fig. 5A). The accuracy of d18Odol calculation does not show
any relationship with the dolomite content (Fig. 5B) but this may
indicate that the difference between the two end-members d18O
is not important enough to have a detectable influence.

By using a Monte-Carlo procedure of error propagation (a para-
metric bootstrap resampling, using 106 iterations) it was possible
to integrate all errors and to quantify their respective influence
on the SD associated with d18Odol estimates. The SD-values calcu-
lated by this method (Fig. 6) are determined by combining: (1) a
uniformly-distributed accuracy-term (a ± 0.1‰ uniform random
noise) with a normally-distributed repeatability-term (a Gaussian
random noise with an assumed SD = 0.1‰) for both calcite and
‘‘bulk’’ isotopic compositions, (2) a normal 0.5% SD on the sample
carbonate proportion, and (3) a normal SD on the sample calcite
and dolomite proportion as measured from MMC and XRD peaks
surface determination. The calculation of error propagation reveals
that the driving parameter of the SD of the calculated d13Cdol and
d18Odol is the dolomite content of the mixture. Indeed, both prop-
agated SD on d13Cdol and d18Odol can be accurately modelled as a
negative power function of the logit (i.e. natural log of the odds)
of the dolomite content (=Log (pD/1 � pD) where pD 2 [0.05, 0.95]
is the dolomite content in the sample), leading to the following
empirical equations (Fig. 6; mean ±1 standard-deviation estimates
given for both regression parameters):

d13Cdol : SD ¼ ð14:161� 1:179Þ � ð5:0þ LogitðpDÞÞð�2:119�0:051Þ
;

R2 ¼ 0:997ðp ¼ 1:5� 10�7Þ

and

d18Odol : SD ¼ ð5:7� 0:536Þ � ð4:285þ LogitðpDÞÞð�1:981�0:0635Þ
;

R2 ¼ 0:995ðp ¼ 1:7� 10�6Þ

where the additive offset-constants (5.0 and 3.95, corresponding to
pD-values of 0.67% and 1.89%, respectively) have been determined

y = -0.0979x + 2.1302
R2 = 0.99

y = -0.0989x + 2.025
R2 = 1
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empirically in order to maximize the achieved correlation between
the two variables, and the p-values test the null hypothesis of no
power-relation between Logit(pD) and SD.

The maximum computed SD (3.1‰ and 3.04‰ for d13Cdol and
d18Odol, respectively) is obtained for a dolomite content of 5 wt.%.
Although the model is able to predict the SD for smaller contents
of dolomite, it is considered that 5 wt.% is the lower limit of appli-
cability of this error model since the most reliable XRD detection
limit was fixed at 5 wt.% (Bish and Reynolds, 1989). One parameter
to mention is the comparison between operator’s time needed for
both automated and offline methods for carbonate isotopic analy-
ses. For offline techniques it is estimated that, from weighing the
sample to determining the isotopic ratios, 10 unknown samples
can be analysed within 6 days with 3 days of 10–12 h for operator
1 to prepare the samples and 1 day for operator 2 to perform the
mass spectrometer measurements in manual dual-inlet mode. As
far as the semi-automated method is concerned, XRD determina-
tion has first to be considered which allows the analyses of 24 sam-
ples per day fully automated with less than 1 h per day of
operator’s time. Then for carbonate isotopic analyses performed
with the MultiPrep system, 72 unknown samples can be analysed
within 6 days with 1 h per day of one operator’s time.

3.3. Comparison with the acetic acid method (AA) and the manual
method (M)

3.3.1. Comparison of calcite isotopic signatures (manual method vs.
this method)

Samples from the standard series were reacted off-line for 2 h at
25 �C following the method described in Al-Aasm et al. (1990), and
the CO2 derived from this reaction was considered to carry the cal-

cite isotopic signature (Section 1). The d13Ccal and d18Ocal measured
with this method were compared with the ‘‘calcite’’ isotopic
signatures measured on the same mixtures with the new semi-
automatic method (40 �C–20 min). As shown in Fig. 3, the determi-
nation of the C and O isotopic compositions of calcite with the new
procedure is slightly more accurate than that obtained with the
manual method. Moreover, the MultiPrep™ system is much faster
as it allows preparing and analysing approximately 40 samples in
3 days, while the conventional off-line methods require approxi-
mately the same time for 10 times less samples.

3.3.2. Comparison of dolomite isotopic signatures (acetic acid method
and manual method vs. this method)

The samples from the standard series described in the former
section were further reacted (24 h at 50 �C after discarding the
CO2 released during 24 h at 25 �C) to obtain the ‘‘dolomite’’ 13C
and 18O signatures which were compared with the calculated
d13C and d18O values obtained with the present method. Despite
the large SD values deduced from statistic Monte-Carlo error
propagation calculation (Fig. 6), the present method yields a signif-
icantly better accuracy than the manual method for samples with
low contents of dolomite (Fig. 7, Table 4). Moreover, a poor
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repeatability in the d13C and d18O values of dolomite is noted with
the manual method. This should be assigned to the step by step
extraction procedure which operates out of equilibrium: indeed
the first two steps of CO2 sampling of the manual method are rea-
lised out of equilibrium for dolomite and an important kinetic frac-
tionation occurs with partial digestion of a carbonate (as shown by
Al-Aasm et al. (1990) and in Section 3.2.1).

The standard series was also treated with 1 N acetic acid for
20 min according to a protocol modified from Pierre and Rouchy
(1990), Rouchy et al. (1998) and Pierre et al. (2000) (Section 2.3).
As shown in Fig. 7 and Table 4, the determination of the C and O
isotopic compositions of dolomite estimated with the present pro-
cedure is far more accurate than that obtained with acetic acid
treatment for mixtures containing less than 50% dolomite (e.g.
for a mixture with 10% of dolomite, the difference between com-
puted d13Cdol and the d13Cdol expected for the end-member, is equal
to 2 ± 2‰ with the present method vs. 9.7 ± 0.1‰ with the acetic
acid method). This result must be compared to the standard devi-
ation close to ±3‰ that was computed in Section 3.2.3 for a dolo-
mite content of 5 wt.%. For mixtures with more than 50% of
dolomite, both methods give comparable results.

The major advantage of the presented on-line method is to per-
form large series of small samples (300 lg) with a relative rapidity
of the overall isotope determination (65 min). Themain steps of the
method are summarised in Fig. 8. However, it must be kept in mind
that this method is mostly efficient for bi-modal samples with con-
trasting isotopic compositions and that contain at least 5 wt.% of
dolomite. The off-line method allows the isotopic analysis of com-

plexmineralogicalmatrices without limitation in sample size, how-
ever, this is a tedious and time-consuming technique (taking into
account the maintenance of a vacuum system for the extraction
and purification of gases) for analyzing large sample series.

4. Concluding remarks

The present method may allow an accurate estimation of the
individual C and O isotopic compositions of calcite and dolomite
present in natural mixtures of carbonates. The method relies heav-
ily on the accurate quantification of the amounts of calcite and
dolomite using X-ray diffraction. Even though the quantification
procedure described in this study is adequate for artificial mix-
tures, a more reliable method (e.g. Rietveld refinement procedure;
Mumme et al., 1996) might be preferred in some cases. It should
also be kept in mind that many natural dolomites or dolomitised
limestones are characterised by lm-scale intergrowths, therefore,
sample crushing to produce particles which size is down to
100 lm cannot be used because it will result in composite aggre-
gates of calcite and dolomite, which are unlikely to react in the
same way as the artificial mixtures studied here. It is noteworthy
that the reaction rate between dolomite and H3PO4 depends not
only on grain size but also on the stoichiometry of the dolomite
(Yui and Gong, 2003). The proposed method also shows limitations
for the determination of the isotopic signature of dolomite in sam-
ples containing less than 5 wt.% dolomite. Appropriate analytical
conditions need to be determined for specific groups of dolomites,
the efficiency of the method is, therefore, well suited for the anal-
ysis of large sample series. It is emphasised that all isotopic mea-
surements can be carried out using on-line methods which
require smaller amounts of rock (300 lg of CaCO3 vs. at least
100 mg) and short time analysis (65 min of reaction by sample
vs. at least 4 days) compared with previously published off-line
methods. It is considered that the present protocol can be applied
to any natural sample pending some adjustments of analytical
parameters to reach optimal results that depend on both physical
and chemical properties of the studied rocks.

Acknowledgements

The authors thank J. Hoefs, S. Crowley, K. Huntington, B.E.
Taylor and an anonymous reviewer for their constructive reviews
that deeply improve the scientific quality of this study. This work
was funded by the French National Research Agency (ANR) through
the MICROCARB research project (Grant to GA) and by the Institut
Universitaire de France (Grant to CL).

References

Al-Aasm, I.S., Taylor, B.E., South, B., 1990. Stable isotope analysis of multiple
carbonates samples using selective acid extraction. Chem. Geol. 80, 119–125.

Table 4
Dolomite isotopic signatures determined by the acetic acid method (Pierre and Rouchy, 1990), by the manual method (Al-Aasm et al., 1990) and by this semi-automatic method,
and differences with pure dolomite end-member signature.

Cal/Dol Manual method Acetic acid method This method

D13C M D18O M D13C AA D18O AA D13C MP D18O MP

100/0 – – – – – –
95/5 �2.2 ± 0.5 �2.4 ± 0.1 �2.1 ± 0.1 �3.3 ± 0.1 �5.6 ± 3.1 �4.7 ± 3.0
90/10 �4.2 ± 0.8 �3.6 ± 0.5 0.6 ± 0.1 �2.3 ± 0.1 �6.1 ± 1.6 �4.5 ± 1.4
75/25 �5.2 ± 0.2 �3.7 ± 0.2 �2.1 ± 0.1 �3.0 ± 0.1 �6.4 ± 0.8 �4.0 ± 0.6
50/50 �7.2 ± 0.6 �4.1 ± 0.2 �6.5 ± 0.1 �4.2 ± 0.1 �7.3 ± 0.5 �4.7 ± 0.3
25/75 �7.8 ± 0.1 �4.5 ± 0.1 �8.5 ± 0.1 �4.7 ± 0.1 �7.5 ± 0.4 �4.4 ± 0.2
10/90 �8.2 ± 0.1 �4.2 ± 0.1 �8.4 ± 0.1 �4.8 ± 0.1 �7.2 ± 0.2 �4.3 ± 0.1
5/95 �8.0 ± 0.1 �4.1 ± 0.1 �8.9 ± 0.1 �5.3 ± 0.1 �7.4 ± 0.2 �4.6 ± 0.1
0/100 �7.9 ± 0.1 �4.8 ± 0.1 �8.9 ± 0.1 �5.4 ± 0.1 �7.9 ± 0.1 �4.8 ± 0.1

Mixture of Powdered
Calcite and Dolomite

XRD
Carbon and Oxygen

Isotope Ratios

δ13C and δ18O
Calcite Analysis
40°C – 20 min

wt% Calcite
wt% Dolomite

Isotopic Mass Balance
Calculation of Dolomite

δ13C and δ18O

δ13C and δ18O
Bulk Analysis
90°C – 45 min

Fig. 8. Flow-chart summarising the step-by-step overview of the method to
analyze calcite–dolomite mixtures in sediments.

264 M. Baudrand et al. / Applied Geochemistry 27 (2012) 257–265

202



Aref, M.A.M., 1997. Evaporitic sedimentation and genesis of elemental sulphur at
Um Reigha area, Red Sea Coast, Egypt. Egypt. J. Geol. 41/2A, 119–143.

Arenas, C., Alonso Zarza, A.M., Pardo, G., 1999. Dedolomitization and other early
diagenetic processes in Miocene lacustrine deposits, Ebro Basin (Spain). Sed.
Geol. 125, 23–45.

Bathurst, R.G.C., 1983. Carbonate sediments and their diagenesis. Developments in
Sedimentology, vol. 12. Elsevier, New York, 660 pp.

Bellanca, A., Caruso, A., Ferruzza, G., Neri, R., Rouchy, J.M., Sprovieri, M., Blanc-
Valleron, M.M., 2001. Transition from marine to hypersaline conditions in the
Messinian Tripoli Formation from the marginal areas of the central Sicilian
Basin. Sed. Geol. 140, 87–105.

Bish, D.L., Reynolds Jr., R.C., 1989. Sample preparation for X-Ray diffraction. In: Bish,
D.L., Post, J.E., (Eds.), Modern Powder Diffraction. Rev. Min. Soc. Am. 20, 73–99.

Böttcher, M.E., 1996. 18O/16O and 13C/12C fractionation during the reaction of
carbonates with phosphoric acid: effects of cationic substitution and reaction
temperature. Isot. Environ. Health Stud. 32, 299–305.

Clayton, R.N., Jones, B.F., Berner, R.A., 1968. Isotope studies of dolomite formation
under sedimentary conditions. Geochim. Cosmochim. Acta 32, 415–432.

Coplen, T.B., Kendall, C., Hoplle, J., 1983. Comparison of stable isotope reference
samples. Nature 302, 236–238.

Das Sharma, S., Patil, D.J., Gopalan, K., 2002. Temperature dependence of oxygen
isotope fractionation of CO2 from magnesite-phosphoric acid reaction.
Geochim. Cosmochim. Acta 66, 589–593.

Degens, E.T., Epstein, S., 1964. Oxygen and carbon isotope ratios in coexisting
calcites and dolomites from recent and ancient sediments. Geochim.
Cosmochim. Acta 28, 23–44.

Dworkin, S.I., Nordt, L., Atchley, S., 2005. Determining terrestrial paleotemperatures
using the oxygen isotopic composition of pedogenic carbonate. Earth Planet. Sci.
Lett. 237, 56–68.

El Shazly, E.M., 1957. Classification of Egyptian mineral deposits. Egypt. J. Geol. 1, 1–
20.

Epstein, S., Graf, D.L., Degens, E.T., 1964. Oxygen isotope studies on the origin of
dolomites. In: Graig, H., Miller, S.L., Wasserburg, G.J. (Eds.), Isotopic and Cosmic
Chemistry. North Holland Publishing Co., Amsterdam, pp. 169–180.

Fritz, P., Fontes, J.C., 1966. Fractionnement isotopique pendant l’attaque acide des
carbonates naturels – Rôle de la granulométrie. C.R. Acad. Sci. Paris 263, 1345–
1348.

Fritz, P., Smith, D.G.W., 1970. The isotopic composition of secondary dolomites.
Geochim. Cosmochim. Acta 34, 1161–1173.

Müller, G., Gastner, M., 1971. The ‘‘Karbonat-Bombe’’, a simple device for the
determination of the carbonate content in sediments, soils and other materials.
Neues. Jahrb. Mineral. Monatsh. 10, 466–469.

Mumme, W.G., Tsambourakis, G., Madsen, I.C., Hill, R.J., 1996. Improved petrological
modal analyses from X-ray powder diffraction data by use of the Rietveld
method; Part II, Selected sedimentary rocks. J. Sed. Res. 66, 132–138.

Pierre, C., Rouchy, J.M., 1990. Sedimentary and diagenetic evolution of Messinian
evaporites in the Tyrrhenian sea (ODP Leg 107, sites 652, 653 and 654):
petrographic, mineralogical, and stable isotope records. In: Kastens K.A., Mascle
J. (Eds.), Proc. Ocean Drill. Prog. Sci. Res. 107, 187–210.

Pierre, C., Rouchy, J.M., Gaudichet, A., 2000. Diagenesis in the gas hydrate sediments
of the Blake Ridge: mineralogy and stable isotope compositions of the carbonate
and sulfide minerals. In: Paull C.K., Matsumoto R., Wallace P.J. (Eds.), Proc.
Ocean Drill. Prog. Sci. Res. 164, 139–146.

Rosenbaum, J., Sheppard, S., 1986. An isotopic study of siderites, dolomites and
ankerites at high temperatures. Geochim. Cosmochim. Acta 50, 1147–1150.

Rouchy, J.M., Taberner, C., Blanc-Valleron, M.M., Sprovieri, R., Russel, M., Pierre, C.,
Di Stefano, E., Pueyo, J.J., Caruso, A., Dinarès-Turell, J., Gomis-Coll, E., Wolff, G.A.,
Cespuglio, G., Ditchfield, P., Pestrea, S., Combourieu-Nebout, N., Santisteban, C.,
Grimalt, J.O., 1998. Sedimentary and diagenetic markers of the restriction in a
marine basin: the Lorca Basin (SE Spain) during Messinian. Sed. Geol. 121, 23–
55.

Sharma, T., Clayton, R.N., 1965. Measurement of 18O/16O ratios of total oxygen from
carbonates. Geochim. Cosmochim. Acta 29, 1347–1353.

Sheppard, S.M.F., Schwarcz, H.P., 1970. Fractionation of carbon and oxygen isotopes
and magnesium between coexisting calcite and dolomite in metamorphic rocks.
Contrib. Mineral. Petrol. 26, 161–198.

Swart, J.K., Burns, S.J., Leder, J.J., 1991. Fractionation of the stable isotopes of oxygen
and carbon in carbon dioxide during the reaction of calcite with phosphoric acid
as a function of temperature and technique. Chem. Geol. 86, 89–96.

Walters, L.J., Claypool, G.E., Choquette, P., 1972. Reaction rates and 18O variation for
carbonate-phosphoric acid preparation method. Geochim. Cosmochim. Acta 36,
129–140.

Yui, T.-F., Gong, S.-Y., 2003. Stoichiometry effect on stable isotope analysis of
dolomite. Chem. Geol. 201, 359–368.

M. Baudrand et al. / Applied Geochemistry 27 (2012) 257–265 265

203



204



Carbon and oxygen isotope variability among foraminifera and ostracod 1 

carbonated shells 2 

 3 

 4 

 5 

François Fourela,*, François Martineaua, Christophe Lécuyera,#, Emoke Tóth b, 6 

Agnes Görögb, Gilles Escarguela and Keith Hallc 7 

 8 

 9 

 10 

a
 Laboratoire CNRS UMR 5125 "Paléoenvironnements & Paléobiosphère", Université 11 

Lyon 1, Campus de la Doua, F-69622 Villeurbanne, France. 12 

b
 Department of Paleontology, University of Budapest, PO box 120, H-1518, Budapest, 13 

Hungary. 14 

c
 Hall Analytical, Millbrook business centre, Floats Road Manchester, M23 9YG, United 15 

Kingdom. 16 

# also at Institut Universitaire de France 17 

* corresponding author: francois.fourel@univ-lyon1.fr 18 

 19 

 20 

 21 

Keywords: stable isotope, foraminifera, ostracod, heterogeneity, single shell analysis 22 

 23 

 24 

205

PUBLICATION 4.6



 2

Abstract – This study investigates the effect of biological and environmental inter-individual 25 

variability on the meaning of 18O and 13C values acquired on small carbonated shells. First 26 

we present data obtained with a MultiPrep automated carbonate system on small sample sizes 27 

of a homogeneous carbonate material: Carrara marble. This demonstrates the capacities of the 28 

analytical system to reliably run small amounts of carbonates even down to 10 g. Then we 29 

present two data sets obtained on real fossil samples of various size (sensu number of 30 

individual organisms) calibrated against the NBS19 carbonate standard. Both datasets 31 

evidence a clear trend of between-biological sample standard deviation increase for both 18O 32 

and 13C measurements when the number of pooled specimens per sample decreases. 33 

According to the results obtained from a systematic study of a geologically homogeneous 34 

sample of coeval fossil Elphidium foraminifera, we estimate that there is 95% of chances to 35 

reach between-biological sample standard deviation values higher than 1.02‰ ( 18O) and 36 

1.45‰ 13C) based on single-cell measurements. Such values are one order of magnitude 37 

higher than the instrumental standard deviations associated with these stable isotope ratios. 38 

Conversely, a minimum of 35 ( 18O) and 44 ( 13C) pooled specimens of Elphidium appears 39 

necessary to reach a between-sample standard deviation  0.25‰ with a probability of 95%. 40 

Such biological intrinsic and irreducible variability between coeval individuals, and thus 41 

samples, clearly questions the interest for single-cell analyses, especially for 42 

paleoceanographic or paleoclimatic reconstruction purposes where secular oxygen and carbon 43 

isotope variations typically range between 0.5 and 1.5‰. 44 

 45 

  46 
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1 – Introduction 47 

 48 

Stable oxygen isotope measurements of carbonated fossil shells were the pioneering 49 

studies for determining the temperatures of past seawater (Urey, 1947; McRea, 1950; Epstein 50 

et al., 1953). Many carbonate–secreting marine organisms are confined to marine platform 51 

settings. Such environments are highly influenced by continental runoff and coastal oceanic 52 

currents ultimately affecting, e.g., the depth gradients of temperature and salinity, and 53 

photocline and nutricline depths. Coccoliths constitute a large fraction of the oceanic 54 

nannoplankton since the Early Jurassic but their very small size (a few m) still makes 55 

difficult the isotopic analysis of fossils at the species, or at least genus level (but see, e.g., 56 

Stoll and Ziveri, 2002; Stoll and Shimizu, 2009; Fink et al., 2010). Foraminifera are also 57 

unicellular organisms which size classically ranges from 40 m up to ~1 mm; they appeared 58 

during the early Paleozoic but benthic and planktonic forms invaded the deep and surface 59 

oceans since the Cretaceous (Roth, 1989). The carbon and oxygen isotope compositions of 60 

their shells have been widely used to reconstruct marine paleoproductivity and 61 

paleotemperatures. For example, Shackleton (1967; 1986), Shackleton and Opdyke (1973) 62 

and Shackleton et al. (1983) revealed the existence of a first–order long–term cooling of 63 

Earth's surface since the Paleocene as well as the periodicity of the Quaternary 64 

glacial-interglacial stages. Huber et al. (1995; 2002), Schmidt and Mysak (1996) and Jenkyns 65 

et al. (2004) showed that the Cretaceous oceans about 100 My ago were much warmer than 66 

today, especially at high latitudes in the absence of permanent polar ice caps. The occurrence 67 

of foraminifera above and below the thermocline as well as from low to high latitudes led 68 

many researchers to use their stable isotope compositions combined to Mg/Ca ratios as 69 

proxies for both thermal structure of the oceans and volume of freshwater ice stored on the 70 

continents (e.g. Billups and Schrag, 2003; Lea et al., 2006 ). 71 
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In the past two decades, increase in the sensitivity of dual-inlet isotope ratio mass 72 

spectrometers and their coupling to automated on–line preparation devices allowed the 73 

analysis of very small amounts of calcium carbonate, down to the 5–10 g level. This 74 

instrumental improvement opened the field of analysis of single carbonate-secreting 75 

unicellular organisms such as foraminifera with weights ranging from a few tenths to 76 

hundreds micrograms for most of them. Consequently, many workers established carbon and 77 

oxygen isotopic seawater curves based on such single shell analysis techniques (e.g. Kelly et 78 

al., 1996; Price et al., 1998; Zachos et al., 2007). Nevertheless, inter-individual isotopic 79 

variability for both C and O has already been documented (Shuxi and Shackleton, 1990; 80 

Billups and Spero, 1995; Saraswati, 2004) and cannot be reduced only to analytical and 81 

instrumental accuracy. However, no convincing demonstration was made so far for 82 

identifying the environmental (temperature, 
18

O of water, productivity and 
13

O of DIC) and 83 

biological (physiology and phylogeny) drivers responsible for such isotopic differences 84 

between analyzed specimens. The knowledge of the amplitude of the inter-individual oxygen 85 

isotope variability is critical considering that most short- and long-term changes in the mean 86 

annual or seasonal temperature of surface waters did not exceed 5°C against up to 15°C for 87 

deep waters during the Phanerozoic (e.g. Shackleton, 1986; Zachos et al., 2001; 2003; Pucéat 88 

et al., 2003; Joachimski et al., 2009). Indeed, the slope of the oxygen isotope fractionation 89 

equation between calcium carbonate and water is slightly higher than 4, hence corresponding 90 

to the temperature amplitude recorded by 1‰ change in the 
18

O value of any aquatic 91 

carbonated shell. On the other hand, short-term changes in productivity as well as long-term 92 

variations in oxidation or burial of sedimentary organic matter typically produce variations of 93 

±3‰ in the carbon isotope composition of seawater (Schidlowski, 1987). 94 

Consequently, the aim of this study is to explore the amplitude of both carbon and 95 

oxygen isotopic variability as a function of sample size (i.e., number of individual shells 96 
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pooled in a sample). Selected targets were benthic foraminifera (Elphidium and Ammonia) 97 

and ostracods (Aurila) since they have been extensively used for paleoenvironmental 98 

reconstructions of aquatic environments (Holmes, 1996; Bauch et al., 2004). 99 

 100 

2 – Material and methods 101 

102 

2.1 Sample origin 103 

 104 

 The studied fossil samples are derived from Sarmatian (Middle Miocene, 12.8-11.5 105 

Ma) deposits of three boreholes (Perbál-5, Mány-17 and Mány-22) in the Zsámbék Basin, 106 

Hungary that is located in the central part of the Pannonian Basin (Fig. 1 and 2). The lithology 107 

of the Sarmatian deposits is heterogeneous: clays, clay marls, calcareous marls, sandstones 108 

and limestones. The Sarmatian sequences are underlain by Badenian strata and overlain by 109 

Pannonian or Pleistocene sediments. 110 

 For the analyses, very well preserved calcitic shells of foraminifera (Elphidium 111 

aculeatum, E. macellum and Ammonia beccarii) and ostracods (Aurila mehesi and A. notata) 112 

were selected (Fig. 3; see Görög (1992) and Tóth (2008) for detailed systematic descriptions 113 

of the studied species). The fossil shells are derived from 102 layers of the boreholes (Fig. 2).  114 

 115 

2.2 Sample treatment 116 

117 

 For each core sample and both C and O investigations, about 100 g of air-dried 118 

sediment was soaked in a dilute solution of hydrogen peroxide and then washed over a 119 

column of sieves of diminishing mesh sizes to extract the carbonated shells (foraminifera and 120 

ostracods). Then the shells were cleaned three times with deionized water in a ultrasonic bath 121 
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to remove the sedimentary matrix, and finally hand-picked under a stereomicroscope. In all 122 

samples, the calcitic shells of foraminifera and ostracods preserved their original crystal 123 

structure as it was proved by X-ray diffraction data (Tóth et al., 2010), therefore precluding 124 

any diagenetic alteration of the pristine carbon and oxygen isotope compositions of the 125 

studied fossils. 126 

 127 

2.3 Isotope ratio measurement 128 

129 

Carbon and oxygen isotope ratio measurements have been performed with a MultiPrep 130 

system on line with a dual Inlet IsoPrime™ Isotope Ratio Mass Spectrometer (IRMS). The 131 

principle of the fully automated device is to react the calcium carbonates with anhydrous 132 

phosphoric acid at 90°C to generate CO2 according to the following acid–base reaction: 133 

CaCO3 + H3PO4  CaHPO4 + CO2 + H2O. 134 

Each sample is carefully ground into a powder with grain sizes around 200 m. Then 135 

the sample aliquot (typically 200-300 g) is placed at the bottom of a V shape vial which is 136 

then sealed with a rubber septum. The sample vials are then placed in a temperature regulated 137 

sample tray heated at 90°C. From this stage all the sample preparation is done automatically. 138 

The MultiPrep system is equipped with a double hole needle which allows the acid to be 139 

delivered in the vial and also to extract the CO2 which has been generated during the reaction. 140 

First the vial is evacuated through the external needle connected to the MultiPrep vacuum 141 

system. Then phosphoric acid is admitted in the vial through the inner needle using the acid 142 

pump. At this stage the reaction starts and CO2 is generated. The reaction time is 20 min and 143 

during all this time the needle remains inside the valve. The external cold finger is maintained 144 

at -165°C and the valve arrangement allows the CO2 generated from the reaction to be 145 

constantly extracted and trapped in the external cold finger. Once the reaction is completed 146 
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the external cold finger is heated at -70°C to release the CO2 without releasing water. The 147 

CO2 pressure is read with a transducer located on the sample side of the IRMS Dual Inlet and 148 

from this pressure reading the sample analysis strategy is decided. If the sample is big enough 149 

it will be loaded in the dual inlet sample bellow and analyzed. If the sample is too small, it 150 

will be trapped in the Dual Inlet cold finger and analyzed. 151 

 152 

3 – Results153 

154 

3.1 – Background instrumental uncertainty 155 

 156 

Determination of the instrumental noise is a prerequisite to any quantification of the 157 

carbon and oxygen isotopic variability between biological samples as a function of the 158 

number of analyzed individuals per sample. Therefore three sets of measurements have been 159 

performed on the international standard NBS–19 and an internal standard (Carrara Marble). 160 

Both were routinely measured on a daily basis over 2 months. Instrumental standard 161 

deviations associated with 
18

O and 
13

C measurements of “large” aliquots (~300 g) of both 162 

NBS–19 and Carrara marble are of 0.062‰ and 0.022‰ (NBS–19, n=49) (Table 1; Figure 4), 163 

and of 0.069‰ and 0.036‰ (Carrara marble, n=30) (Table 2; Figure 5), respectively. These 164 

comparable results allow concluding that both calcium carbonate matrices have the same 165 

degree of isotopic homogeneity, and that the Carrara marble can be consequently used instead 166 

of NBS–19 in order to evaluate the standard deviations associated with measurements of 167 

natural samples of varying size. 168 

Consequently, 
18

O and 
13

C standard deviations corresponding to the background 169 

instrumental noise have been further estimated for a series of Carrara marble aliquots of 170 

varying weight from 10 to 380 g; the 29 performed measurements reveal that average 171 
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instrumental standard deviations associated with 
18

O and 
13

C are of 0.133‰ and 0.057‰, 172 

respectively (Table 3; Figure 6). It is worth noting here that the average instrumental standard 173 

deviations estimated for aliquots ranging from 10 to 60 g (0.155‰ for 
18

O, and 0.067‰ for 174 

13
C) were larger than those obtained for aliquots ranging from 110 to 380 g (0.093‰ for 175 

18
O and 0.035‰ for 

13
C), illustrating the expected increase in instrumental uncertainty with 176 

decreasing quantity of analyzed material (Figure 6). 177 

 178 

3.2 Inter-individual biological variability 179 

 180 

Taking into account this background instrumental uncertainty, the following 181 

hypothesis was tested with natural microfossil samples of foraminifera (Elphidium; n=51 and 182 

Ammonia; n=16) and ostracods (Aurila; n=34): for a given sample weight, the between-183 

biological sample isotopic variability should be independent on the number of individuals 184 

pooled in each analyzed sample. Table 4 and Figure 7 show that between-biological sample 185 

standard deviations related to 
18

O and 
13

C average empirical values increase up to 0.7‰ 186 

(
18

O) and 0.85‰ (
13

C) with the number of individuals decreasing most values being larger 187 

than the background instrumental standard deviations. Data were non-linearly least–square 188 

fitted with a power law, assuming that the standard deviation tends towards infinite values 189 

when the number of individuals per sample tends towards zero, whilst it should tend towards 190 

the background instrumental noise, i.e. the standard deviation defined by either large samples 191 

of NBS–19 or Carrara marble, when the number of individuals per sample becomes very 192 

large. 193 

The quality of the fit being so weak when considering all three genera from various 194 

sample levels simultaneously (due to inter-sample and between-taxon isotopic differences), 195 

this approach was restricted to a taxonomically homogeneous pool of Elphidium foraminifera 196 
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extracted from the same, Elphidium-rich sample level from the Mány-17 borehole (Fig. 2), 197 

from which sub–samples composed of 5, 10, 20, 30 and 40 individual shells (corresponding to 198 

samples from 50 to 900 g) were generated by randomly picking–up the fossils under a 199 

stereomicroscope. Single-cell samples were not considered here due to their very small 200 

weight (average individual shell weight: 16.5  3.8 g), involving relatively high associated 201 

instrumental uncertainty when compared to the 5 to 40-cell samples, and thus biasing upward 202 

the estimate of inter-biological sample variability effects. For each sub–sample size, four 203 

distinct sub-samples have been made, allowing the computation of a between-biological 204 

sample standard deviation (Table 5). Figure 8 shows that this standard deviation increases 205 

with the number of individuals decreasing according to the following power laws (including 206 

an additive constant which corresponds to the background instrumental standard deviation – a 207 

value reached asymptotically when analyzing an “infinite” pool of individuals): 208 

 209 

SD of 
18

O = 0.133 + 34.268.N-2.485, R2 = 0.83 (p = 8.9.10-2) 210 

SD of 
13

C = 0.057 + 2.748.N-0.829, R2 = 0.92 (p = 9.8.10-3) 211 

 212 

Where N is the number of individuals in the sample. According to the prediction 213 

confidence interval belts associated to these equations, there is a probability of 95% (lower 214 

bound of the 90% C.I. belt) to obtain between-biological sample standard deviations higher 215 

than 1.02‰ and 1.45‰ for different 18O and 13C measurements of single specimens of 216 

Elphidium, respectively. Such predicted inter-individual variability is about one order of 217 

magnitude higher than the background instrumental uncertainty, indicating that a significant 218 

amount of variability of eco-physiological origin is added when considering biological 219 

organisms such as foraminifera. 220 

 221 
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4- Discussion 222 

223 

Isotopic studies of carbonated skeletons cannot escape the question of a possible 224 

diagenetic alteration that may potentially modify their pristine compositions. Selected 225 

foraminifera and ostracod samples from the Miocene deposits of Hungary have been already 226 

evaluated for their state of preservation as attested by the quality of their ultrastructure imaged 227 

by SEM techniques (Tóth et al., 2010). However, no definitive criterion is available in order 228 

to discard unambiguously alteration processes responsible for sizable changes in the post-229 

depositional compositions of carbonated fossils. Nevertheless, on the basis of mass balance 230 

considerations, one can expect two isotopic patterns of water–mineral interactions that could 231 

operate within sedimentary deposits. The first one is the production of homogenized isotopic 232 

compositions of fossils in response to large volumes of aqueous fluids interacting with the 233 

hosting sediment; the second one, driven by low water–mineral ratios, should produce 234 

isotopic heterogeneities without any relation to the sample size (i.e., number of sampled 235 

individuals). These two scenari do not match the observed distribution of isotopic 236 

compositions in studied foraminifera and ostracod shells. 237 

Carbon and oxygen isotope compositions of the studied carbonated fossil shells show 238 

unambiguously that empirical between-biological sample variability associated with 18O and 239 

13C largely exceeds the background instrumental uncertainty and clearly relates to inter-240 

individual variability (Fig. 7 and 8). This result clearly impacts interpretation of variations in 241 

both 18O and 13C values of marine carbonated microfossils as indicators of changing in 242 

ambient seawater temperature and productivity. 243 

Indeed, in order to be able to detect subtle variations in seawater temperature based on 244 

18O values, a minimum of 35 pooled specimens of Elphidium is necessary to reach a 245 

between-sample standard deviation  0.25‰ with a probability of 95%, corresponding to an 246 
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estimated temperature uncertainty  ±2°C at a 95% confidence level (Fig. 8). The analysis of 247 

less than 3 pooled individual shells returns standard deviation values  0.25‰ in more than 248 

95% of the sample cases, a value exceeding 1‰ (corresponding to an actual seawater 249 

estimated temperature uncertainty of ±8°C at a 95% confidence level) when a single specimen 250 

of Elphidium is analyzed. In such cases of large uncertainty, the detection of thermal events 251 

such as changes in oceanic circulation or climatic events recorded by surface waters (whose 252 

amplitudes rarely exceed 5°C as documented since the Mesozoic; Shackleton, 1986; Norris 253 

and Röhl, 1999; Lécuyer et al., 2003; Pucéat et al., 2003; Joachimski et al., 2009) obviously 254 

becomes problematic, if not impossible. The oxygen isotope composition of benthic 255 

foraminifera such as Elphidium has been also extensively used as a proxy of variations in the 256 

18O of seawater as a consequence of changes in the continental ice volume. Once again, this 257 

threshold of ~1‰ associated with the analysis of a single foraminifera shell constitutes a 258 

“biological isotopic noise” in the same order of magnitude as the variation in the 18O of the 259 

oceans resulting from ice cap growth during a glacial stage or a complete melting of existing 260 

ice caps during a greenhouse interlude (Shackleton and Kennett, 1975; Billups and Schrag, 261 

2003; Pekar and DeConto, 2006. 262 

Concerning carbon isotope measurements, a minimum of 15 and 44 elphidium 263 

individuals is required in order to reach between-sample standard deviations  0.5‰ and 264 

 0.25‰, respectively (Fig. 8). The carbon isotope analysis of a single specimen generates a 265 

standard deviation  1.45‰ in 95% of the sample cases; such threshold is comparable to 266 

secular changes in the 13C values recorded in the marine carbonate deposits which are 267 

interpreted either as variations in the primary production at time scales of about 50,000 yr, or 268 

variations in the burial or oxidation rates of sedimentary organic matter at time scales of about 269 

1 Myr (e.g. Magaritz et al., 1992; Kump and Arthur, 1999). However, this between-sample 270 

standard deviation predicted for a single specimen analysis in a homogeneous taxonomical 271 

215



 12

and environmental/climatic context is significantly lower than some spectacular carbon 272 

isotope excursions recorded in sediments and which were interpreted as related to extreme 273 

events such as food chain rupture, volcanic paroxysm and large methane release by clathrates 274 

(e.g. Röhl et al., 2000; Pálfy et al., 2001; Hesselbo et al., 2002). 275 

Contrasting the two relations inferred for 18O and 13C, it is worth noting that the 276 

average observed values of inter-biological sample standard deviation in the 5-40 specimens 277 

and 50-900 g sample weight ranges are slightly higher for 13C than for 18O measurements. 278 

Actually, based on the instrumental standard deviations as evidenced above, one should 279 

expect the reverse situation if such inter-biological sample standard deviations were the 280 

consequence of an analytical fractionation due to the instrument (the average instrumental 281 

error is ~2.3 times larger for 18O than for 13C based on 29 Carrara marble aliquots). Indeed, 282 

such result clearly points to the fact that the inter-biological sample variability evidenced here 283 

does originate in an inter-individual natural heterogeneity (i.e., biological variability) rather 284 

than in an instrumental fractionation spurious analytical effect. 285 

Inter-individual 18O and 13C variations as evidenced here between specimens from 286 

the same foraminifera genus and fossil level are most likely resulting from eco-physiological 287 

intrinsic differences in metabolism (e.g., individual position within the autotrophy-288 

heterotrophy gradient) and environmental conditions (e.g., depth–related changes in 289 

temperature and luminosity, and composition of dissolved inorganic carbon). In addition, such 290 

irreducible biological variability could be strongly, but artefactually enhanced by cryptic 291 

biological speciation events as increasingly evidenced in marine, planktic as well as benthic 292 

organisms (Knowlton, 1993; de Vargas et al., 1999, 2004; Irigoien et al., 2004; Chen and 293 

Hare, 2008; Darling and Wade, 2008). An efficient way to further exploring such possibility 294 

should be to independently perform the kind of analysis leading to Figure 8 on distinct 295 

morphological species showing contrasted cryptic diversity contexts (the higher the cryptic 296 
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diversity, the steeper the decreasing slope of the number of individuals vs. between-sample 297 

standard deviation relation should be). The ongoing effort in developing morphometrical 298 

recognition models of cryptic species (e.g., Morard et al. 2009) should allow solving this 299 

problem in the future. 300 

301 

5- Conclusion 302 

303 

We have demonstrated in this paper that recent automated systems designed for the 304 

analyses of 13C and 18O from carbonate samples are capable of measuring reliably small 305 

quantities of pure calcite down to 5-10 g with instrumental standard deviations close to 306 

0.1‰. Such analytical accuracy opens up possibilities for the analysis of small microfossils 307 

like foraminifera, especially for paleoclimate reconstruction purposes. Nevertheless, data 308 

generated from small numbers of specimens (e.g., carbonated shells from single-cell 309 

organisms) have to be considered with great caution. Indeed, our results show a general trend 310 

to increase the between-biological sample standard deviation for both 13C and 18O 311 

measurements when decreasing the number of specimen analysed. Based on a systematic 312 

study performed on a homogeneous pool of Elphidium foraminifera, we estimate that there is 313 

a probability of 95% to obtain between-biological sample standard deviations higher than 314 

1.02‰ and 1.45‰ for 18O and 13C measurements of various single shells, respectively. 315 

Such biological intrinsic and irreducible variability observed between coeval samples 316 

clearly questions the interest for single-cell analyses. For instance, paleotemperature estimates 317 

should not be done on single foraminifera 18O measurements. 318 

319 
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Tables:453 

454 

Table 1: Carbon and oxygen isotope compositions of NBS19 aliquots over a period of six 455 

months. Sample weights vary from 280 to 390 g. N.a.: not applicable (in case where only 456 

one measurement was performed).  457 

 458 

Table 2: Carbon and oxygen isotope compositions of Carrara marble aliquots over a period of 459 

six months. Sample weights vary from 100 to 350 g. 460 

 461 

Table 3: Carbon and oxygen isotope compositions of Carrara marble aliquots which sample 462 

sizes range from 10 to 380 g. 463 

 464 

Table 4: Carbon and oxygen isotope compositions of Sarmatian foraminifera (Elphidium, 465 

Ammonia) and ostracod (Aurila) samples. Standard deviations were calculated from two 466 

replicates of each sample. 467 

 468 

Table 5: Variations in carbon and oxygen isotope compositions of randomly generated sub–469 

samples of Sarmatian Elphidium macellum from a homogeneous pool of Elphidium 470 

foraminifera extracted from the level 118.9 – 119.1m (samples M17-10 to M17-14) of Mány-471 

17 borehole, Hungary. 472 

473 
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Figures:474 

475 

Figure 1: Geographical location of the studied fossils that were sampled from the Sarmatian 476 

(Middle Miocene, 12.8-11.5 Ma) deposits of three boreholes (Perbál-5, Mány-17 and Mány-477 

22) in the Zsámbék Basin, Hungary. 478 

 479 

Figure 2: Lithostratigraphic Sarmatian successions in the three boreholes and location of 480 

foraminifera and ostracod samples. 481 

 482 

Figure 3: Foraminifera and ostracod species selecteded for stable carbon and oxygen isotope 483 

measurements. Scale bar=100 m 484 

(a) Ammonia beccarii (Linné). Dorsal side. Mány-22 borehole, depth 45-52.5 m. 485 

(b) Ammonia beccarii (Linné). Ventral side. . Mány-22 borehole, depth 45-52.5 m. 486 

(c) Elphidium aculeatum (d'Orbigny). Side view. Mány-17 borehole, depth 152.8-153 m. 487 

(d) Elphidium macellum (Fichtel & Moll). Side view. Mány-22 borehole, depth 170-173 m. 488 

(e) Elphidium macellum (Fichtel & Moll). Apertural view. Mány-22 borehole, depth 170-173 489 

m. 490 

(f) Aurila mehesi (Zalányi). RV. Mány-17 borehole, depth 168.7-171.2 m. 491 

(g) Aurila mehesi (Zalányi). LV. Mány-17 borehole, depth 168.7-171.2 m. 492 

(h) Aurila notata (Reuss). RV. Mány-22 borehole, depth 45-52.5 m. 493 

(i) Aurila notata (Reuss). LV. Mány-22 borehole, depth 45-52.5 m. 494 

 495 

Figure 4: Evolution of 13C and 18O values of NBS 19 reference calcite over a period of six 496 

months. Sample sizes vary from 280 to 390 g. 497 

 498 
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Figure 5: Evolution of 13C and 18O values of Carrara marble over a period of six months. 499 

Sample sizes vary from 100 to 350 g. 500 

501 
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Figure 6: Variations in 13C and 18O values as a function of sample weights (10 to 380 g) of 502 

Carrara marble. 503 

 504 

Figure 7: Variations in standard deviations of carbon and oxygen isotope measurements as a 505 

function of the number of individuals considering all three genera of foraminifera and 506 

ostracods from various levels in Sarmatian boreholes of Hungary (Fig. 2). 507 

 508 

Figure 8: Variations in standard deviations of carbon and oxygen isotope measurements as a 509 

function of the number of individuals from the same pool of Elphidium foraminifera from the 510 

Mány-17 borehole (Fig. 2). 511 
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4.3/ Analyse des phosphates
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Figure 4.5 : Diverses techniques publiées pour l’analyse des rapports 18O/16O par analyse 

élémentaire en ligne en flux continu avec un IRMS. a) Werner et al 1996 54 utilisent un four en 

quartz à base de glassy carbon chauffé à 1080°C en présence de nickel ; b) Farquhar et al. 

1997 55 utilisent un four en quartz tapissé d’une feuille de nickel rempli de graphite nickelé à 

1050°C; c) Koziet 1997 56 utilise un four en glassy carbon rempli de poudre de carbone à 

1300°C; d) Kornexl et al. 1999 57 utilisent un four en glassy carbon rempli de glassy carbon 

avec un niveau de graphite nickelé fonctionnant à 1400°C. 
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Mass
Spectrometer

Figure 4.7 : Shéma de principe du fonctionnement du système Pyrocube en mode pyrolyse. 
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Figure 4.8 Comparaison de l’allure des traces de masse 28 des pics chromatographiques de 

CO entre un système utilisant une colonne chromatographique en a) et le système purge and 

trap du Pyrocube. c) représente l’allure du pic chromatographique enregistré sur le TCD du

pyrocube simultanément à la trace du b). 
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Mason, B., Moore, C.B., “Principles of Geochemistry”, 4th Ed., 1982, Wiley, London
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Figure 4.9: Report des données 18OSMOW de différents constituants terrestres d’après B.

Mason et al. 64, afin d’illustrer l’intérêt à utiliser dans le futur l’Ag3PO4 comme matériel de 

référence.  
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High-precision determination of 18O/16O ratios of silver
phosphate by EA-pyrolysis-IRMS continuous flow
technique
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Aurélien Bernard,1 Valérie Daux,2‡ Gilles Escarguel1 and John Morrison3
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A high-precision, and rapid on-line method for oxygen isotope analysis of silver phosphate is presented.
The technique uses high-temperature elemental analyzer (EA)-pyrolysis interfaced in continuous flow (CF)
mode to an isotopic ratio mass spectrometer (IRMS). Calibration curves were generated by synthesizing
silver phosphate with a 13‰ spread in d18O values. Calibration materials were obtained by reacting
dissolved potassium dihydrogen phosphate (KH2PO4) with water samples of various oxygen isotope
compositions at 373 K. Validity of the method was tested by comparing the on-line results with those
obtained by classical off-line sample preparation and dual inlet isotope measurement. In addition, silver
phosphate precipitates were prepared from a collection of biogenic apatites with known d18O values
ranging from 12.8 to 29.9‰ (V–SMOW). Reproducibility of ±0.2‰ was obtained by the EA-Py-CF-IRMS
method for sample sizes in the range 400–500 μg. Both natural and synthetic samples are remarkably
well correlated with conventional 18O/16O determinations. Silver phosphate is a very stable material and
easy to degas and, thus, could be considered as a good candidate to become a reference material for the
determination of 18O/16O ratios of phosphate by high-temperature pyrolysis. Copyright © 2006 John Wiley
& Sons, Ltd.

KEYWORDS: phosphate; oxygen isotope; pyrolysis; continuous flow; biogenic apatite

INTRODUCTION

The oxygen isotope analysis of silver phosphate precip-
itated from biogenic phosphates opens up a large spec-
trum of paleoenvironmental applications1 – 3 where elemental
analyzer-pyrolysis-continuous flow-isotope ratio mass spec-
trometry techniques (EA-Py-CF-IRMS) play an important
role4,5 owing to their precision, speed of measurement and
sensitivity. For example, intra-tooth micro sampling of conti-
nental hypsodont (continuous growth) vertebrates provides
isotopic data used to calculate tooth growth rate, past sea-
sonality and mean air temperatures.6 Calibration curves and
an adequate choice of reference material are required in
order to compare EA-Py-CF-IRMS data with that obtained
by conventional offline techniques such as the use of either

ŁCorrespondence to: Christophe Lécuyer, Laboratoire CNRS UMR
5125, ‘Paléoenvironnements & Paléobiosphère’, Université Claude
Bernard Lyon 1, Campus de la Doua, F-69622 Villeurbanne, France.
E-mail: clecuyer@univ-lyon1.fr
†Also at Institut Universitaire de France, 103 Boulevard
Saint-Michel, 75005 Paris, France.
‡Also at Université Paris 6, 4 place Jussieu, 75252 Paris Cedex 05,
France.

fluorination,7,8 or graphite reduction9,10 of silver phosphate.
To date, for EA-Py-CF-IRMS techniques, calibration curves
have been generated by analyzing internal laboratory stan-
dards from various oxygen-bearing compounds (e.g. sucrose,
silver nitrate, barium sulfate, potassium dihydrogen phos-
phate) presenting various degrees of chemical stability with
time and which exhibit a large spread in υ18O values as shown
by Morrison11 and Kornexl et al.12 To produce the most accu-
rate 18O-phosphate calibration curves, we propose a method
based on easily synthesized silver phosphate samples gener-
ated from water samples with different υ18O values to avoid
matrix effects and deterioration of the reference material
with time.

EXPERIMENTAL

Analytical techniques
Synthesis of silver phosphate internal standards
Eleven samples of dissolved potassium dihydrogen phos-
phate (KH2PO4) were prepared to promote oxygen isotope
exchange using double deionized water samples (DDWs) of
various oxygen isotope compositions (Table 1). In each run,

Copyright © 2006 John Wiley & Sons, Ltd.
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Table 1. Oxygen isotope compositions of water samples that reacted with KH2PO4 to produce silver phosphate that were analyzed
both by conventional offline and EA-Py-CF-IRMS techniques. Yields correspond to chemical recoveries during the precipitation of
silver phosphate from dissolved KH2PO4. SD D Standard Deviation

Sample Yield (wt%)
υ18O �H2O�

AquaPrep SD
υ18O �PO4�

Offline method SD 1�

υ18O �PO4�

Online method SD 1�

P1 95.8 �29.44 0.01 3.23 0.07 4.80 0.24
P2 89.9 �25.06 0.01 3.36 0.03 5.01 0.17
P3 92.4 �17.97 0.02 5.95 0.07 7.04 0.17
P4 93.2 �14.37 0.02 8.27 0.17 9.36 0.31
P5 91.7 �10.41 0.02 8.91 0.02 10.31 0.18
P6 93.5 �4.73 0.03 10.85 0.11 12.08 0.14
P7 93.5 �1.66 0.02 12.51 0.06 13.58 0.26
P8 94.3 0.42 0.01 13.53 0.05 14.56 0.13
P9 95.8 2.49 0.04 14.55 0.12 15.05 0.28
P10 93.6 5.29 0.03 15.77 0.11 16.45 0.27
P11 96.2 8.07 0.01 15.84 0.04 17.12 0.12

Table 2. Oxygen isotope compositions of silver phosphates obtained from biogenic apatites that were analyzed both by
conventional off-line and EA-Py-CF-IRMS techniques. SD D Standard Deviation

Sample Material Reference υ18O �PO4� offline SD1� υ18O �PO4� online SD 1�

TH003 Turtle plate Amiot et al.16 12.80 0.16 13.59 0.20
TH007b Crocodile tooth Unpublished 13.05 0.17 13.54 0.15
MA2 Human tooth Daux et al.15 15.24 0.11 16.25 0.25
ES4 Lingulid shell Lécuyer et al.10 15.93 0.19 15.91 0.08
TU005 Crocodile tooth Amiot et al.16 16.40 0.14 17.49 0.15
DOM4 Human tooth Daux et al.15 17.10 0.12 17.82 0.17
L1D Fish tooth Lécuyer et al.17 18.00 0.15 19.09 0.17
AST53 Fish tooth Lécuyer et al.17 18.70 0.08 19.35 0.29
D36 Fish tooth Lécuyer et al.17 18.90 0.13 19.84 0.11
TH006 Dinosaur tooth Amiot et al.16 20.20 0.17 20.61 0.27
93362 Fish tooth Lécuyer et al.17 20.30 0.15 20.75 0.09
D35 Fish tooth Lécuyer et al.17 21.30 0.10 21.44 0.23
TC13400E Bovidae tooth Unpublished 23.90 0.14 24.02 0.38
REP8 Snake vertebrae Lécuyer et al.18 29.85 0.05 28.99 0.19

50 mg of KH2PO4 was dissolved in 35 ml of deionized water.
The resulting solutions had a concentration of 1000 mgl�1

(10.6 mM l�1) of phosphate ions with a pH of 5 at ambient
temperature; H2PO4

� was the dominant phosphate species.
The solutions were transferred into Ace Glass Pyrex tubes
sealed with a threaded Teflon plug. These reaction tubes
were placed in an oven for 7 days at 373 K. This protocol
ensured sizable oxygen isotope exchange between dissolved
phosphate and water according to Lécuyer et al.13 Each sam-
ple of dissolved phosphate was quantitatively precipitated
as silver phosphate.14 Chemical recoveries ranged from 90 to
96 wt% (Table 1).

Synthesis of silver phosphate from natural apatites
Fourteen samples of modern or fossil biogenic apatites were
selected for their large published range of υ18O values,15 – 19

except samples TH007b and TC13400E, (Table 2). The
oxygen isotope compositions of these marine invertebrates
(lingulids) and terrestrial or aquatic vertebrates (fish, reptiles,
mammals) bound the isotopic range of biogenic apatites,
which reflects variations in body or ambient temperature

and oxygen isotope composition of ingested water and
food. Silver phosphate was synthesized from all these
samples according to a protocol adapted from the original
method published by Crowson et al14 and slightly modified
by Lécuyer et al.7 After dissolution of 15 to 30 mg of
powdered apatite in 2 M HF at 25 °C for 24 h, the CaF2 that
precipitated was separated from the solution, which included
the phosphate, by centrifugation. The CaF2 precipitate was
rinsed three times using DDW and the rinse water was
added to the solution which was neutralized with a 2 M

KOH solution. Cleaned Amberjet strong anion exchange
resin (2 ml) was added to the neutralized solution in
polypropylene tubes. The tubes were placed on a shaker table
for 12 h to promote the ion exchange process. Excess solution
was discarded and the resin was washed five times with
DDW to remove the traces of ionic contaminants. To elute
the phosphate ions quantitatively from the resin, 25–30 ml
of 0.5 M NH4NO3 was added to bring the pH of the solution
to 7.5–8.5, and the tubes were gently shaken for about 5 h.
Silver phosphate was precipitated from the eluted solution.
Following the method of Firsching,20 the solution was placed
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in a 250-ml Erlenmeyer flask and about 1 ml of concentrated
NH4OH was added to raise the pH to 9–10. Fifteen milliliters
of ammoniacal AgNO3 solution was added to the flask.
Upon heating this solution to 70 °C in a thermostatic bath,
millimeter-sized yellow crystals of Ag3PO4 precipitated. The
crystals of silver phosphate were collected on a Millipore
filter, washed three times with DDW and air-dried at 50 °C.

Preparation of synthetic silver phosphate working
standards
Water samples with υ18O values varying from �29.4‰ to
C8.1‰ (Table 1) were reacted with KH2PO4 with an initial
υ18O value of 11.7 š 0.2‰. After 1 week of reaction at 373 K,
we obtained a pool of eleven samples of about 145 mg of
silver phosphate. Each sample was analyzed three times
according to the off-line method described above providing
a υ18O value range from 3.2‰ to 16.1‰ (Table 1).

Water samples used to generate synthetic silver phos-
phates were calibrated for υ18O values using an automated
CO2 equilibration technique developed by Horita et al.21

Aliquots of 200 μl of water were automatically equilibrated
with CO2 and analyzed using a MultiPrep system on-line
with a GVI IsoPrime dual inlet IRMS. Reproducibility was
typically š0.03‰ (Table 1).

d18O of silver phosphate
Data obtained with conventional techniques
The first set of oxygen isotope data was obtained by the
following conventional off-line method. Aliquots of 8 mg
of silver phosphate along with 0.5 mg of pure graphite
were weighed into tin reaction capsules and loaded into
quartz tubes and degassed for 30 min at 80 °C in vacuum.
Silver phosphate was reduced to carbon dioxide at a
temperature of 1100 °C following the protocol of Lécuyer
et al.10 adapted from O’Neil et al.9 The CO2 produced
during this reaction was directly trapped in liquid nitrogen
avoiding any kind of isotopic reaction with quartz at high
temperature. The oxygen isotope ratio of the gas was
measured with a VG Prism II mass spectrometer in dual
inlet mode. The isotopic data represent averages of triplicate
analyses and are presented with respect to the V–SMOW
scale (Tables 1 and 2). The average standard deviation
equals 0.11 š 0.05‰ when combining both analyses of
silver phosphates from synthetic and natural phosphates
(Table 3). Silver phosphate precipitated from standard
NBS120c (natural Miocene phosphorite from Florida) gave
an average υ18O value of 21.70 š 0.10 (n D 16). Calibration
of the ‘graphite method’ described above has been made
with oxygen isotope measurements using fluorination. As
this technique ensures a total conversion of apatite oxygen
to carbon dioxide, any bias resulting from the so-called
‘scale compression factor’ (Vennemann et al.)8 has been
corrected by using two standards of distinct oxygen isotope
composition. For NBS120c, we obtained a comparable mean
υ18O value of 21.70 š 0.14‰ (n D 21). To bracket the isotopic
range documented in this study, we analyzed the ‘Durango
apatite’ which gave a mean υ18O value of C9.45‰ (n D 3)
by off-line pyrolysis against a value of C9.6‰ obtained by
fluorination using BrF5 reagent (C. France-Lanord, personnal
communication).

Table 3. Correlation (unbiased R2) between υ18O mean values
and standard deviations (SD), and mean expected υ18O SD.
For both ‘synthetic’ and ‘natural’ data sets, and off-line and
online techniques, estimated υ18O SD appear to be
uncorrelated to their associated υ18O mean values
(significance level ˛ > 0.05 in all four cases after a Holm’s
correction of the individual p-values for limiting the overall
experimental error rate)22. This relation remains insignificant
after grouping the ‘synthetic’ and ‘natural’ data sets into a
‘total’ dataset, thus allowing the estimate of the expected υ18O
SD-values for the two analytical techniques

Unbiased R2 (p-value)
[H0: R2 D 0; H1: R2 6D 0]

Expected
υ18O SD (μ š 1�)

Synthetic – off-line
method

0.031 (p D 0.60) 0.077 š 0.045

Synthetic – on-line
method

9.9 ð 10�4 (p D 0.93) 0.206 š 0.067

Natural – off-line
method

0.396 (p D 0.016) 0.133 š 0.038

Natural – on-line
method

0.107 (p D 0.25) 0.195 š 0.083

Total – off-line
method

0.0699 (p D 0.21) 0.108 š 0.049

Total – on-line
method

0.0055 (p D 0.73) 0.200 š 0.075

Data obtained with EA-Py-CF-IRMS technique
A second set of oxygen isotope data was obtained by
averaging five measurements of aliquots of 400–500 μg of
the same silver phosphate samples mixed with 500 mg of
nickelized carbon and reduced to CO by high-temperature
EA-pyrolysis using a EuroVector EuroEA3028-HT system
interfaced in continuous flow (CF) mode to an IRMS (GVI
IsoPrime). The samples were placed in silver foil capsules
and loaded into the autosampler of the high-temperature
elemental analyzer. Pyrolysis was performed at 1270 °C. The
ceramic reaction tube was packed with glassy carbon in the
presence of nickelized graphite to generate CO gas. CO from
the sample was then transferred by He flow into the mass
spectrometer. Reference CO was introduced through the
IsoPrime dual inlet system. The υ18O value of NBS120c was
arbitrarily fixed at 21.7‰ for correction of instrumental mass
fractionation during the CO isotopic analysis. The average
standard deviation equals 0.20 š 0.075‰ when combining
both analyses of silver phosphates from synthetic and natural
phosphates (Table 3). Aliquots of silver phosphates from
NBS120c were analyzed several times a day in order to
account for possible instrumental drift.

RESULT AND DISCUSSION

The measurement of oxygen isotopes by EA-Py-CF-IRMS
is where most of our efforts were concentrated in this
experiment. We started from the fundamental oxygen
pyrolysis works reported by Werner et al.,23 Farquhar et al.,24

Koziet,25 Bréas et al.,26 and Kornexl et al.12 and adapted them
to our samples. All the measurements were done with a
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Figure 1. Mass 28 chromatograms corresponding to two
Ag3PO4 samples prepared with a tin capsule (A) and with a
silver capsule (B).

Figure 2. Typical mass 28 chromatogram obtained from
Ag3PO4 sample with the optimized pyrolysis conditions. See
the text for more explanations.

standard EuroVector EuroEA3028-HT elemental analyzer.
On the basis of the results presented by Morrison,11 we
did not use a glassy carbon inner tube when pyrolyzing at
a temperature of 1270 °C. In fact, we found that using the
glassy carbon tube affected the shape of the chromatographic
CO peak and increased the frequency of tube cleaning to
remove the pyrolysis residues. We compared the results
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Figure 3. Linear relation between υ18OSMOW data obtained with
EA-Py-CF-IRMS for Ag3PO4 samples versus υ18OSMOW data
obtained with conventional offline techniques. (A) Synthetic
Ag3PO4 samples only (n D 11): unbiased R2 D 0.9987 [(99%
CI: [0.9947; 0.9998])], Least-Squares model:
υ18Oonline D �0.947 ð υ18Ooffline� C 1.689 (99% CI on the slope:
[0.885; 0.986], 99% CI on the intercept: [1.271; 2.241]); (B)
Both natural and synthetic Ag3PO4 samples (n D 25): unbiased
R2 D 0.9985 (99% CI: [0.9932; 0.9994]); Least-Squares model:
υ18Oon�line D �0.926 ð υ18Ooff�line� C 1.889 (99% CI on the
slope: [0.916; 0.968], 99% CI on the intercept: [1.132; 2.059]).
Dashed curves around the regression lines: 99% confidence
belts on the predicted values; all confidence intervals (CI)
estimated by a coupled parametric-nonparametric bootstrap
with 10 000 iterations.

using silver capsules instead of tin capsules and noticed
significant deterioration of chromatography while using tin
(Fig. 1). It was therefore decided to use silver capsules for
all the samples analyzed. Critically, we also noticed that
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reproducibility markedly improved by drying the samples
at 70 °C overnight before placing them in the EA carousel.
Following the discussion by Morison,11 it was found that
adding nickelized graphite to each silver capsule along with
the silver phosphate sample (50 : 50) improved the reaction
and lifetime of the reactor. Figure 2 shows an example
of a typical chromatogram demonstrating a well-resolved
and sharp CO peak. Throughout the experiments, we did
not notice any significant intersample memory effect. It is
recommended to replace the reactor tube after the analyses
of about 300 consecutive samples.

We investigated whether the resulting 13‰ range in iso-
topic compositions for the eleven ‘synthetic’ silver phosphate
samples could be used to intercalibrate the two analytical
methods via a least-squares linear regression approach. A
best fit line was computed between υ18OSMOW data obtained
with EA-Py-CF-IRMS for synthetic Ag3PO4 samples as the
dependent variable and υ18OSMOW data obtained with con-
ventional offline techniques as the independent variable
(R2 D 0.998; Fig. 3(A)). The quality of the fit demonstrates
that EA-Py-CF-IRMS is a suitable method for determining
precise (1� D 0.2 š 0.075‰) oxygen isotope compositions
for small samples (³400–500 μg) of silver phosphate. The
results obtained on synthetic phosphates were confirmed
by the measurements of silver phosphate obtained from the
collection of biogenic apatites which lie on the regression
line without deteriorating the quality of the fit with a R2 of
0.9983 (Fig. 3(B)). We have repeated the conventional υ18O
procedure for sample REP8 with 8 years in between the
two measurements and obtained two values at 29.85‰ and
29.79‰, which demonstrates that the silver phosphate is
stable for at least 8 years and thus would be an appropriate
reference material.

CONCLUSIONS

The two sets of data obtained in this study clearly
demonstrate that EA-Py-CF-IRMS can be reliably used for
the high-precision �1� D 0.2‰� determination of 18O/16O
ratios of phosphates. The protocol we have developed for
the synthesis of silver phosphates offers a unique solution
to the problem of generating working standards that are
adapted to the analysis of biogenic apatites. The EA-Py-
CF-IRMS setup we have used is significantly simpler than
those previously published.23 – 26 Pyrolysis performed below
1400 °C, without the need for a glassy carbon tube, makes
this technique cheaper. Silver phosphate is easy to degas
and maintains isotopic integrity for at least 8 years, which
demonstrates that it is a good candidate for a reference
material for the determination of 18O/16O ratios of phosphate
by EA-Py-CF-IRMS.
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18O/16O ratio measurements of inorganic and organic materials
by elemental analysis–pyrolysis–isotope ratio mass spectrometry
continuous‐flow techniques‡
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We have used a high‐precision, easy, low‐cost and rapid method of oxygen isotope analysis applied to various
O‐bearing matrices, organic and inorganic (sulfates, nitrates and phosphates), whose 18O/16O ratios had already
been measured. It was first successfully applied to 18O analyses of natural and synthetic phosphate samples. The
technique uses high‐temperature elemental analysis–pyrolysis (EA‐pyrolysis) interfaced in continuous‐flow mode
to an isotope ratio mass spectrometry (IRMS) system. Using the same pyrolysis method we have been able to
generate a single calibration curve for all those samples showing pyrolysis efficiencies independent of the type of
matrix pyrolysed. We have also investigated this matrix‐dependent pyrolysis issue using a newly developed
pyrolysis technique involving ’purge‐and‐trap’ chromatography. As previously stated, silver phosphate being a very
stable material, weakly hygroscopic and easily synthesized with predictable 18O/16O values, could be considered as a
good candidate to become a reference material for the determination of 18O/16O ratios by EA‐pyrolysis‐IRMS.
Copyright © 2011 John Wiley & Sons, Ltd.

Continuous‐flow pyrolysis techniques allow the determina-
tion of isotopic ratios for large series of small (a few
hundreds of micrograms) samples. These methods have
been applied to different types of organic or inorganic
material although there is a recurrent problem regarding the
adequate choice of pyrolysis technique as well as of the
reference material for the calibration of the measurements.[1]

One application in which a growing interest has recently
been demonstrated is the oxygen isotope analysis of silver
phosphate precipitated from biogenic phosphates, opening a
large spectrum of paleoenvironmental applications that
allow the reconstruction of variations in past seasonality,
marine paleotemperatures and mean air temperatures.[2–7]

Results obtained from Elemental Analyzer–Isotope Ratio
Mass Spectrometry (EA‐IRMS) techniques need to be
compared with those obtained by conventional offline

techniques, implying the use of either fluorination (Lécuyer
et al.[8] and Vennemann et al.[9]) or graphite reduction of
silver phosphate into CO2 (O’Neil et al.[10] and Lécuyer
et al.[11]). This comparison was described in Lécuyer et al.,[1]

where, in order to avoid matrix effects, the method
described was based only on silver phosphate samples.
Unlike 13C/12C, 15N/14N or 34S/32S EA‐IRMS determina-
tions where the protocols are well defined and very little
variations are observed between laboratories, 18O/16O
analyses present significant variations in the methods and
no real consensus has yet been found (Brand et al.[12]), each
group concentrating on its own application. In the early
days of EA‐pyrolysis, Koziet[13] focused on water and food
samples looking at the effect of pyrolysis temperature before
finally using 1300°C as the standard temperature.

Farquhar et al.[14] also looked at the oxygen pyrolysis of
organic material using 1060°C as the optimum pyrolysis
temperature while investigating the effect of CO‐N2 gas
chromatographic separation. This separation of CO and N2 is
a key parameter as well as a significant limitation of this
technique, as mentioned by Brand et al.[12] In the mass
spectrometer, N2 gas yields ions at m/z 28 and 29 whereas CO
occurs at m/z 28 and 30. N2 elutes first and must be totally
eluted before CO is measured otherwise the mass30/mass28
ratio is interfered with. Kornexl et al.[15] suggested an
alternative pyrolysis setup working at 1400°C and presented
data obtained from both organic and inorganic oxygen‐
bearing samples. Bréas et al.[16] described a modified
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technique applied to food samples, operating at 1100°C as
their optimized pyrolysis temperature. Saurer et al.[17]

described their own pyrolysis setup dedicated to cellulose
analysis and working at 1080°C. More recently, Revesz and
Böhlke[18] compared various offline and online techniques for
δ18O determinations applied to nitrate analyses. The aim of
this study was to develop a unified pyrolysis technique
which could be applied to different types of samples from
easily pyrolyzed organic matrices to more refractory samples
like silver phosphates. This would allow the use of silver
phosphate as a worldwide reference material for different
pyrolysis applications.
Calibration curves have been set up by analyzing internal

laboratory standards from various oxygen‐bearing com-
pounds (e.g. sucrose, silver nitrate, barium sulphate and
potassium dihydrogen phosphate) with various degrees of
chemical stability with time and which offer a range of
spreads in the δ18O values (Morrison[19]). One advantage of
such a method is that it avoids the so‐called ’matrix effect’,
allowing silver phosphate samples to be used as a reference
material. Silver phosphate is an extremely valuable refer-
ence material as it can be easily synthesized in any
laboratory worldwide and it shows virtually no deteriora-
tion with time.

EXPERIMENTAL

Offline conventional δ18O analyses

The synthesis of silver phosphate as internal standards as
well as from natural apatites is fully described in Lécuyer
et al.[1] EA‐pyrolysis‐IRMS data were compared with a set of
reference values that were obtained following a conventional
offline method. Aliquots of 8 mg of silver phosphate were
reduced to CO2 in the presence of 0.5 mg of graphite at a
temperature of 1100°C, following the protocol of Lécuyer
et al.[11] adapted from O’Neil et al.[10] The oxygen isotope ratio
of the gas was measured with a VG Prism II™ (IsoPrime Ltd.,
Cheadle Hulme, UK) isotope ratio mass spectrometer or an
IsoPrime™ (IsoPrime Ltd.) isotope ratio mass spectrometer in
dual‐inlet mode. The δ18O values reported have been
calculated on the SLAP‐SMOWscale following the procedures
reported in Brand et al.[12] The average standard deviation is
0.11 ± 0.05‰ considering the analyses of silver phosphates
from both synthetic and natural phosphates. Silver phosphate
precipitated from standard NBS120c (Miocene phosphorite
from Florida, USA) gave an average δ18O value of 21.70 ± 0.10
(n = 16).

Conventional EA‐pyrolysis‐IRMS

EA‐pyrolysis‐IRMS data for silver phosphates were ob-
tained by averaging five measurements of aliquots per
sample. Between 400 and 500 μg of silver phosphate
sample was mixed with 500 μg of nickelized carbon and
reduced to CO by high‐temperature EA‐Pyrolysis using a
EuroVector EuroEA3028‐HT system (EuroVector SpA,
Milan, Italy) interfaced to an IsoPrime isotope ratio mass
spectrometer working in continuous‐flow mode. The
sample was placed in a silver foil capsule then loaded
into the autosampler of the high‐temperature elemental
analyzer. Pyrolysis was performed at 1250°C. We used a

ceramic reaction tube directly packed with glassy carbon,
without any inner glassy carbon tube, in the presence of
nickelized graphite to generate CO gas. The CO from the
sample is then carried via a helium flow into the mass
spectrometer. A reference CO sample is introduced through
the reference gas injector system of themass spectrometer. As
mentioned above, the δ18O value of NBS120c is fixed at
21.7‰ for correction of instrumental mass fractionation
during the CO isotopic analysis. As was established by
Lécuyer et al.,[1] the average standard deviation equals
0.20 ± 0.075‰ when combining the analyses of silver
phosphates from both synthetic and natural phosphates.
Aliquots of silver phosphates from NBS120c are analyzed
every day, several times a day, in order to account for possible
instrumental drift.

In addition to the silver phosphate samples, various O‐
bearing chemical matrices were pyrolysed under the same
conditions and within the same analytical batches. The
selected samples were sucrose (5 aliquots of 150 μg),
saccarose (5 aliquots of 150 μg), vanillin (5 aliquots of
200 μg), barium sulfate (5 aliquots of 200 μg), and silver
nitrate (5 aliquots of 200 μg). Reference values for other
types of samples were provided by John Morrison (Nu
Instruments Ltd., Wrexham, UK) from online continuous
flow pyrolysis systems.

New ’purge‐and‐trap’ high‐temperature EA‐pyrolysis‐IRMS

The system used, called varioPYROcube, was recently
developed by Elementar GmbH (Hanau, Germany). This
system had already been used for the elemental and isotopic
analysis of organic compounds (Sieper et al.[20]), but it had
not yet been tested for the oxygen isotope analysis of
phosphate samples. The general set up is shown in Fig. 1,
consisting of a carbon‐based reactor filled with a layer of
glassy carbon chips and a layer of carbon black inside a
glassy carbon tube. To prevent damage to the glassy carbon
tube from contact with oxygen, this tube is placed inside a
ceramic tube which is heated to 1450°C. The gap between
the glassy carbon tube and the ceramics is flushed with
helium, which is not used as carrier gas, but instead sent to
vent. Due to diffusion of ambient air through the ceramics
at higher temperature, this gas could be contaminated with
oxygen and might lead to higher background in the mass
spectrometer. Another novel feature of the system described
by Sieper et al.[20] is the separation of the gaseous pyrolysis
products by the use of a temperature‐controlled ’purge‐and‐
trap’ chromatography device instead of a packed GC
column as in the previously described system. In that
configuration, during the pyrolysis step, the EA carrier gas
helium flow is set to ’straight’ mode. In that mode, N2 is not
trapped and flows into the system whereas CO is trapped
into a selective desorption column. Once the pyrolysis step
is finished, the helium flow is set to ’backflush’ mode,
allowing clean helium to flow through the desorption trap
to avoid any effect to the mass spectrometer from nitrogen‐
containing species which decompose very slowly. The CO
desorption unit is then heated up to 150°C and the trapped
CO is desorbed and enters the thermal conductivity detector
(TCD) where the signal is detected as a focused peak. The
rest of the system is similar to the previously described EA
setup.[20]
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DISCUSSION

Conventional EA‐pyrolysis‐IRMS

The optimization of the pyrolysis setup is fully described in
Lécuyer et al.[1] Despite analyzing samples with different
matrices, we did not modify the pyrolysis conditions and we
pyrolyzed all the samples within the same analytical batches.
All the measurements were carried out with a standard
EuroVector EuroEA3028‐HT elemental analyzer. As already

mentioned, there was no need for a glassy carbon tube inside
the ceramic tubeswhenpyrolysing at 1250°C. The sampleswere
also outgassed at 70°C overnight before placing them in the EA
carousel to avoid contamination by atmospheric water. Finally,
in order to improve both the reaction and the lifetime of the
reactor, nickelized graphitewas added inside the silver capsules
in a 1:1 proportionwith respect to the silver phosphate samples.

Based on this protocol, we investigated whether the large
range of isotopic compositions of various organic and inorganic
matrices could allow us to intercalibrate the two methods by a

Autosampler

Quartz wool

Ceramic tube

Open split

Mass
Spectrometer

CO desorption unit

Sample

CO

Glassy carbon 

He

Furnace 1450°C

Carbon black

Graphite felt

Graphite felt

Graphite felt

Furnace purge helium

Ash finger

Desorption heater 150°C

Desorption unit 
clean helium 
backflush

Support rod

Furnace purge vent

Vent

TCD

Figure 1. Oxygen pyrolysis setup for the ’purge‐and‐trap’ varioPYROcube
system derived from Sieper et al.[20] Pyrolysis temperature is set at 1450°C and
desorption temperature is set at 150°C. Gas separation is ensured by the
desorption unit. No GC packed column is used in this configuration.

Table 1. Oxygen isotope compositions of silver phosphates (EPO 1, EPO5, EPO11, NBS120C), sucrose (ANU Sucr), vanillin
(MV1), barium sulfate (BaSO4) and silver nitrate (AgNO3) that were analyzed in two runs by conventional EA–pyrolysis–IRMS
continuous flow techniques. ref. values = reference δ18O values for those samples. SD= standard deviation

RUN 1
Sample

δ18OVSMOW
measured SD N

δ18OVSMOW
ref. values

NBS120C 21.70 ‰ 0.19 ‰ 5 21.7 ‰
EPO1 5.03 ‰ 0.43 ‰ 3 3.2 ‰
EPO5 10.09 ‰ 0.17 ‰ 4 8.9 ‰
EPO11 16.67 ‰ 0.15 ‰ 3 15.8 ‰
ANU Sucr 34.73 ‰ 0.25 ‰ 3 36.4 ‰
MV1 10.83 ‰ 0.25 ‰ 3 9.5 ‰
BaSO4 12.41 ‰ 0.18 ‰ 4 12.0 ‰
AgNO3 18.93 ‰ 0.23 ‰ 3 19.6 ‰

RUN 2 δ18OVSMOW δ18OVSMOW
Sample measured SD N ref. values

NBS120C 21.70 ‰ 0.27 ‰ 6 21.7 ‰
EPO1 5.10 ‰ 0.41 ‰ 6 3.2 ‰
EPO5 10.86 ‰ 0.22 ‰ 6 8.9 ‰
EPO11 17.92 ‰ 0.15 ‰ 5 15.8 ‰
ANU Sucr 35.16 ‰ 0.44 ‰ 5 36.4 ‰
MV1 5
BaSO4 14.08 ‰ 0.65 ‰ 5 12.0 ‰
AgNO3 18.99 ‰ 0.30 ‰ 5 19.6 ‰

18O/16O ratio measurements of inorganic and organic materials
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linear regression of data. This experiment was performed twice
and the results of both runs are summarized in Table 1 and
Fig. 2. The quality of the best fit (R2 =0.9950) demonstrates that
high‐temperature EA–pyrolysis–IRMS should be a suitable
method for precisely determining (1σ=0.29±0.14‰) the
oxygen isotope compositions of relatively small samples
(≈ 400–500 μg) of silver phosphate and of sucrose (≈ 150 μg)
using the same calibration curve.

New ’purge‐and‐trap’ high‐temperature EA‐pyrolysis‐IRMS
setup

The instrumental setup was derived from that described by
Sieper et al.[20] We first investigated the treatment of the
background signal, and concluded that it was necessary to
use a blank subtraction subroutine in order to correct the
data. This was because in any conventional system using GC
column separation, any blank entering the system will be
taken into account as a constant background dealt with
during peak integration. Working with a ’purge‐and‐trap’

system means that the blank gas is trapped into the
desorption unit and released with the sample CO gas. It is
therefore necessary to subtract this signal from that of the
sample. Based on the experience of Sieper et al.,[20] we
investigated different pyrolysis temperatures as well as
different desorption temperatures to optimize the pyrolysis
conditions for silver phosphate samples The best results were
obtained by using a pyrolysis temperature of 1450°C and a
CO desorption temperature of 150°C. Using these optimized
conditions, we tested both reproducibility and accuracy for
the oxygen isotope ratios of silver phosphates generated from
biogenic apatites that we had already analyzed by conven-
tional offline methods (Table 2). The measured values using
the EA‐pyrolysis method are in good agreement with the
expected offline values, the average difference being 0.1‰.
Another parameter tested with this device was the silver
phosphate sample size. The accuracy of measurements is
preserved for a silver phosphate sample size higher than
300 μg (Table 3). Below that threshold it seems that the data
quality begins to deteriorate. Based on those preliminary

Figure 2. δ18OVSMOW values measured with conventional EA‐pyrolysis‐IRMS
method described in Lécuyer et al.[1] plotted against reference δ18OVSMOW values
for various organic and inorganic samples.

Table 2. Oxygen isotope compositions of silver phosphates obtained from biogenic apatites that were analyzed both by
conventional off–line and new ’purge‐and‐trap’ EA–pyrolysis–IRMS techniques. ref. values = reference δ18O values for those
samples. SD= standard deviation

Sample Name
‐

δ18OVSMOW
measured

SD
‐

N
‐

δ18OVSMOW
ref. values

NBS120c 21.70‰ 0.17‰ 5 21.7‰
CLR5 18.07‰ 0.41‰ 4 17.84‰
CLR6 18.02‰ 0.41‰ 3 18.05‰
CLR7 18.58‰ 0.33‰ 4 18.3‰
CL08 22.42‰ 0.27‰ 4 22.29‰
CL12 21.37‰ 0.43‰ 5 21.03‰
FC3 01 20.73‰ 0.16‰ 3 20.55‰
FC3 03 20.46‰ 0.24‰ 4 20.49‰
6‐75‐5 6.92‰ 0.25‰ 5 6.94‰
3‐75‐5 8.80‰ 0.28‰ 5 8.71‰
LI125‐0‐05 −9.48‰ 0.26‰ 5 −9.61‰
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results we carried out an experiment where we mixed
various matrices within the same batch using the same
calibrated material as in the experiment described above.

Sucrose, vanillin, BaSO4 and AgNO3 were then pyrolyzed
alongside our silver phosphate samples (Table 4; Fig. 3). Once
again, the quality of the best fit (R2 = 0.997) obtained between

Table 3. Oxygen isotope compositions of various amounts of silver phosphates obtained from NBS120c that were analyzed
with the new ’purge‐and‐trap’ EA–pyrolysis–IRMS techniques. Sample amounts vary from 100 to 700 μg. SD= standard
deviation. N=number of data points. AVERall = average calculated from all the analysed samples. AVER. 300‐700 = average
calculated with samples having masses between 300 and 700 μg

Sample weight
(μg)

δ18OVSMOW
measured SD N

100 21.20‰ 0.80‰ 7
300 21.87‰ 0.24‰ 8
500 21.89‰ 0.26‰ 7
700 21.80‰ 0.22‰ 8

AVERall SD N
21.70‰ 0.50‰ 30

AVER. 300‐700 SD N
21.85‰ 0.23‰ 23

Table 4. Oxygen isotope compositions (‰) of silver phosphates (EPO 1, EPO5, EPO11, NBS120C), sucrose (ANU Sucr),
vanillin (MV1), barium sulfate (BaSO4) and silver nitrate (AgNO3) that were analyzed by the new ’purge‐and‐trap’
EA–pyrolysis–IRMS techniques. ref. values = reference δ18O values for those samples. SD = standard deviation (‰)

Sample
δ18OVSMOW
measured SD N

δ18OVSMOW
ref. values

NBS120C 21.70 0.10‰ 5 21.70
SUCROSE 35.55 0.21 4 36.40
SACCHAROSE 27.96 0.04 5 27.90
VANILIN 9.01 0.22 4 9.50
BASO4 11.14 0.42 4 12.00
AGNO3 20.34 0.28 4 19.60
EPO2 3.29 0.24 4 3.36
EPO5 8.83 0.29 6 8.91
EPO11 15.79 0.23 6 15.84

Figure 3. δ18OVSMOW values measured with the new EA‐Pyrolysis‐IRMS method
using ’purge‐and‐trap’ technology plotted against reference δ18OVSMOW values
for various organic and inorganic samples.

18O/16O ratio measurements of inorganic and organic materials
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measured values and reference values (3‰< δ18O< 35‰)
emphasizes the performance of this pyrolysis method. The
reference values had been determined independently by other
methods or in different laboratories for those samples. A key
parameter is the slope of the regression line of 1.0036 that is
very close to unity; this is an advantage for this technique over
the conventional EA–pyrolysis–IRMS technique.

CONCLUSIONS

The data obtained through this study confirm that the EA–
pyrolysis methods have the potential to be reliably used for the
high‐precision (1σ=0.2‰) determination of 18O/16O ratios not
only of phosphates, but also various oxygen‐bearing organic
and inorganic compounds. The new procedure, using a ’purge‐
and‐trap’ varioPYROcube elemental analyzer, is able to gen-
erate robust data in terms of accuracy and precision, taking also
into account that the various caveats related to the chromato-
graphic separation of gases, as described by Farquhar et al.,[14]

are avoided. The lack of a universal calibration material has
been a major drawback to the development of the oxygen
pyrolysis technique. The protocol developed by Lécuyer et al.[1]

for the synthesis of silver phosphates offers a unique solution to
the generation of Ag3PO4 working standards in a large range of
isotopic compositions, which can be adapted to various
applications. Silver phosphate is very stable with time and
only weakly hygroscopic. It thus could be considered as a top
candidate as a reference material for the determination of
18O/16O ratios by high‐temperature pyrolysis.
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 4.4/ Analyses isotopiques du soufre 
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Figure 4.10 : D’après Wynn et al. 2008 67 : Représentation schématique du cycle du soufre 

illustrant la complexité des divers fractionnements isotopiques pouvant intervenir durant ce 

cycle. 
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Figure 4.11 : Schéma de principe du fonctionnement du système Pyrocube en mode 

combustion NCS. 
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Figure 4.12 Comparaison de l’allure des traces de masses 64, 66 des pics 

chromatographiques de SO2 entre un système utilisant une colonne chromatographique en a) 

et le système purge and trap du Pyrocube en b. c) représente l’allure du pic 

chromatographique enregistré sur le TCD du Pyrocube simultanément à la trace du b). 

L’échantillon analysé est un acide rubéanique référence de travail (Ac.Rub.1 C2H4N2S2) 

contenant à la fois N, C et S pour illustrer la qualité de la séparation entre les différents gaz 

N2, CO2 et SO2 pouvant être générés lors de la combustion.  
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Figure 4.13 : Phosphorites naturelles calibrées en 34SCDT dans cette étude. 
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Figure 4.14 : Matériaux de référence utilisés lors de notre étude. 
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Measurements of sulfur stable isotope ratios (34S/32S)

have suffered from technical difficulties in analysing low-S

materials reducing their use despite their undeniable

scientific interest. The measurement of 34S/32S ratios is a

powerful tool for deciphering problems such as deter-

mining the sources of environmental pollutants, to detect

adulteration, tracking the evolution of the redox state of

the oceans and quantifying the role of the bacterial

activity in sulfide minerals genesis. We have used a high-

precision method of sulfur isotope determination using a

new type of elemental analyser based on ‘purge and

trap’ technology. This new technique demonstrates the

high quality of 34S/32S measurements for samples with S

concentrations lower than 1% m/m. International cali-

brated references of diverse sulfur-bearing materials were

used to calibrate two low (< 1%)-S-bearing phosphorites

used as compositional reference material for future use as

isotopic references: BCR 32 and NBS 120c. d34SCDT
values of, respectively, 18.2‰ (1s = 0.3; n = 23) and

18.3‰ (1s = 0.4; n = 20) are proposed for these.

Calibration of both phosphorites with international refer-

ence materials led to calculation of a mean standard

error close to 0.4‰. The demonstration of a capability to

reliably measure S isotope ratios in low-S phosphate

minerals or rocks opens up new fields of palaeoenviron-

mental reconstructions.

Keywords: sulfur, isotope, continuous flow analysis, analytical

calibration, rock reference materials2 .

Les mesures des rapports isotopiques du soufre (34S/32S)

ont souffert de difficult�es techniques pour l’analyse des

mat�eriaux ayant de faibles concentrations en S r�eduisant

ainsi leur utilisation malgr�e leur ind�eniable int�erêt scien-

tifique. La mesure des rapports 34S/32S est un outil

performant pour r�esoudre des probl�emes tels que d�eter-

miner les sources de polluants environnementaux, pour

d�etecter certaines adult�erations, suivre les conditions

d’oxydo-r�eduction des oc�eans et quantifier le rôle de

l’activit�e bact�erienne dans la gen�ese des min�eraux

contenant du soufre. Nous avons utilis�e une m�ethode de

haute pr�ecision pour l’analyse des rapports isotopiques du

soufre en utilisant un nouveau type d’analyseur �el�emen-

taire bas�e sur la technique du « purge and trap ». Cette

nouvelle technique d�emontre la grande qualit�e des

mesures 34S/32S pour des �echantillons ayant des con-

centrations en S inf�erieures �a 1% m/m. Des r�ef�erences

internationales constitu�ees de divers mat�eriaux soufr�es ont
�et�e utilis�ees pour calibrer deux phosphorites contenant de

faibles teneurs en soufre (< 1%) consid�er�ees comme des

r�ef�erences compositionnelles afin de pouvoir les utiliser

comme r�ef�erences isotopiques : BCR 32 et NBS 120c. Des

valeurs isotopiques de respectivement 18.2‰ (1s = 0.3;

n = 23) et 18.3‰ (1s = 0.4; n = 20) sont ainsi propos�ees.

La calibration de ces deux phosphorites avec des mate-

riaux de r�ef�erence internationaux nous a permis de

calculer une erreur standardmoyenne proche de 0.4‰. La

d�emonstration de la possibilit�e de mesurer de mani�ere

fiable les rapports isotopiques du soufre dans des roches

ou min�eraux pauvres en soufre ouvre de nouveaux

champs d’investigation pour les reconstructions pal�eo-

environnementales.

Mots-clés : soufre, isotope, combustion, analyseur

�el�ementaire, palaeoenvironment3 .Received 04 Dec 13 – Accepted 06 Apr 14
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Preston and Owens (1985) have been the pioneers in

the stable isotope measurements of compounds in contin-

uous flow mode using an elemental analyser (EA) coupled to

an isotopic ratio mass spectrometer (IRMS). At that time, the

EA was configured in combustion mode, and only 13C/12C

ratios were measured although Preston and Owens (1985)

identified the future possibility of measuring other isotopic

ratios such as 15N/14N ratios with such a system using a

chromatographic packed column to separate the com-

pounds. Simultaneous analyses of both 13C/12C and
15N/14N were also made available (Fry et al. 1992) with

some limitations for the high C/N ratios. In the mid-1990s,

determinations of sulfur isotope ratios became available to

EA-IRMS users by analysing SO2 as a gas species (Giese-

mann et al. 1994) using a chromatographic separation of

the gases. In this study, we report the use of an EA system

recently made accessible to IRMS studies based on a

different principle that separates gases and is referenced as

a ‘purge and trap’ technology (Sieper et al. 2010, Fourel

et al. 2011).

A key factor is that purge and trap technology generates

high-quality SO2 chromatographic peaks even for samples

with low-S concentrations (< 1% m/m), which constitutes a

significant advance over the conventional packed GC

column-based chromatographic system and improves the

quality of the isotopic data calculated from chromatographic

peaks.

After preliminary work to demonstrate that the system

could generate robust d34SCDT data alongside d13CPDB and

d15NAIR determinations, we tested this capacity for high-

quality d34SCDT determinations to tackle new fields of

investigations that have proved analytically difficult up to

this point. There has been increased interest in the applica-

tion of stable isotopes to the understanding of phosphate

tissue metabolism in fossil vertebrates. The advance of

deriving silver phosphate from biogenic phosphate has

opened the possibility of applying oxygen isotopes to a

large spectrum of palaeoenvironmental applications includ-

ing, for example, the reconstruction of variations in past

seasonality, marine palaeotemperatures and mean air

temperatures (e.g., Fricke et al. 1995, 1998, Joachimski

et al. 2004, Sharma et al. 2004). Besides oxygen isotope

determinations of the phosphate radical itself, minor

amounts of carbonate occur naturally in the crystal lattice

of apatites (LeGeros 1981, LeGeros et al. 1996), and both

carbon and oxygen isotope ratios have been investigated

as valuable targets for palaeoclimatic reconstructions and

diet estimates of extinct vertebrates (e.g., Cerling and Harris

1999, Cerling et al. 2003, Ehleringer 2005, Zazzo et al.

2005).

Sulfur isotope compositions from phosphatic minerals

(e.g., hydroxyapatite) have not been used in the field of

palaeoenvironment reconstructions. The quality of the sulfur

isotope data obtained using the new purge and trap

technology led us to apply this technique to the natural

phosphorites BCR 32 and NBS 120c (Community Bureau of

Reference 1982, National Bureau of Standards 1988) with

the aim of determining sulfur isotopic ratios of the reference

materials even though both have S concentrations below

1% m/m (0.37 and 0.74% m/m of S for NBS 120c and

BCR 32, respectively). We show that without any prior wet

chemistry, the new technique presented here allows the

determination of high-precision d34SCDT values for large

aliquots (≈ 5–8 mg) of both BCR 32 and NBS 120c

phosphorites. These can now be further used as reference

materials for the determination of d34SCDT values of phos-

phatic minerals such as sedimentary, hydrothermal or

magmatic apatites.

Analytical techniques

New ‘purge and trap’ high-temperature
EA-pyrolysis-IRMS

The system used, called VarioPYROcube, was developed

by Elementar GmbH (Elementar Analysensysteme GmbH,

Hanau, Germany) and recently made available online with

IRMS instruments. This system has been investigated in

pyrolysis mode for elemental and oxygen isotopic determi-

nation in organic and inorganic compounds (Sieper et al.

2010, Fourel et al. 2011).

The general set-up is shown in Figure 1. As in most

conventional EA-IRMS systems, this one used helium as a

carrier gas and consisted of a combustion tube followed by

a reduction tube. The combustion tube was filled with

tungsten oxide to ensure full conversion of sulfur into SO2

gas and was heated to 1150 °C. Besides the tungsten

oxide, an oxygen injection system allowed the introduction of

an oxygen gas pulse with the sample injection. The volume

and timing of this oxygen injection was user defined and

could be optimised for different types of matrices. The

reduction tube was filled with copper pellets and held at

850 °C. A chemical water trap using a SICAPENTTM dryer

followed the reduction oven and each trap.

The original purge and trap system lies after the

PyroCube water trap. Nitrogen gas is not trapped and

goes straight through this unit. A CO2 trap operating at room

temperature in trapping mode can then be used to analyse
13C/12C ratios by heating to 110 °C to release trapped

CO2. Before the CO2 trap, a SO2 trap operates at room
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temperature in trapping mode and at 220 °C in release

mode to desorb the trapped SO2. All analytical gases pass

through a thermal conductivity detector (TCD) used to

determine N, C and S abundances. The EA system is

connected online via an open split device to an IsoPrime

IRMS system with a diluting system to allow high C/S ratio

samples. For the reference materials NBS 120c and BCR 32,

the CO2 peak is diluted to avoid any interference with the

SO2 peak. Alternatively, the CO2 and SO2 desorption traps

can be programmed at appropriate timings. This is another

advantage of the purge and trap system over conventional

packed GC column separation4 .

One key parameter for obtaining good quality data in

continuous flow isotopic determinations is the shape of the

peak of analyte gas generated by the continuous flow

preparation system entering the IRMS. This is true for all gas

species (Sacks et al. 2003), but it is even more critical for

SO2, which requires special care to improve peak symmetry

as well as to minimise peak tailing (Yun et al. 2005).

Dealing with chromatographic separation, nonsymmet-

rical peaks with large tailing are considered to be more

difficult to integrate. For concentration determinations using

thermal conductivity detectors (TCD) or Flame Ionisation

Detectors (FID), one chromatographic trace is integrated and

calculation algorithms have been developed to overcome

those difficulties. In the case of isotopic ratio determinations,

we face at least two or more isotopic chromatographic

traces integrated simultaneously; therefore, higher is the

degree of complexity and more critical is the quality of the

chromatographic peak.

In the case of CO, one advantage of the purge and trap

technology identified by Sieper et al. (2010) and Fourel

et al. (2011) was the possibility of generating narrow and

symmetrical peaks prior to gas introduction into the source of

the IRMS system 5. Generating symmetrical and narrow SO2

peaks with the PyroCube system was then carefully investi-

gated.

Results and Discussion

Peak quality and calculation of S concentrations

When EA and IRMS methods have been carefully

synchronised, the optimisation procedure for sample com-

bustion follows the same strategy as in conventional EA-IRMS

and can then deliver isotopic traces for SO2 gas species like

the one shown in Figure 2. It is important to point out here

the quality of the SO2 peak shape despite the low

concentration of S in the original matrix as reported for the
18O/16O analyses in pyrolysis mode (Fourel et al. 2011):

purge and trap systems generate chromatographic peaks

that are sharp, symmetrical, showing no tailing and are well

separated from one another.

Sulfur concentrations of 0.47% m/m (1s = 0.05) and

0.72% m/m (1s = 0.09) were calculated from TCD for NBS

120c and BCR 32 (Table 1), respectively, and compare well

Combustion oven
1150 °C

Support
rod
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Ash finger
Corundum
balls

WO3

Sample

He
Autosampler

Corundum balls
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Dryer
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DILUTER
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850 °C
Reduction oven

Support
rod

Silver
wool

Qz
wool

Copper

N2
CO2 SO2

Open split

IsoPrime

Cal. Gases
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Figure 1. Combustion set-up for the ‘purge and trap ’ varioPYROcube system. Combustion temperature was set at

1150 °C, reduction temperature was set at 850 °C, CO2 desorption temperature was set at 850 °C and desorption

temperature for SO2 was set at 220 °C. Gas separation was ensured by the desorption unit. No GC packed column

was used in this configuration.
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with those proposed (noncertified) for NBS 120c (0.37%)

and certified for BCR 32 (0.74%) using either gravimetry

after acid oxidant dissolution (average value obtained from

ten laboratories) or reduction to S2- and titration with

mercuric solution (measurements made in one laboratory). In

the framework of this study, it was emphasised that

elemental concentrations determined using the TCD traces

were preferred over the isotopic traces as is the usual

practice with EA-IRMS systems. Indeed, in the case of multi-

elemental analyses, at least one or more gas species have to

go through a diluting system prior to introduction into the

source of the IRMS system; therefore, the integrated isotopic

trace is modified compared to the total peak area

generated from the combustion step. This potential pitfall

can be overcome by using careful calibration procedures;

however, a direct integration of the TCD trace is a simple

and safe option.

Determination of d34SCDT values for NBS 120c
and BCR 32

The PyroCube coupled to an IsoPrime IRMSwas operated

to evaluate its potential in themeasurements of d34SCDT values

from natural sedimentary rocks used as two compositional

references, which are the BCR 32 (Moroccan phosphorite;

Community Bureau of Reference BCR certificate 1982) and

NBS120c (Florida phosphoriteNational Bureau of Standards

NBS certificate 1988). Both of them contain about 33% m/m

of P2O5. Like most phosphatic minerals (apatite) or rocks

(phosphorites), they contain low amounts of S (below 1%).

Thus, the use of large aliquots of samples is required for the

determination of 34S/32S ratios, being 5 mg and 8 mg for

BCR 32 and NBS 120c, respectively, and corresponding to

about 30 lg of S. This is compatible with the dynamic range

for 34S/32S analyses with this EA-IRMS configuration.

First, in order to evaluate the ability of such an apparatus

to reliably combust compounds for sulfur isotopic determi-

nations, samples bearing both organic and inorganic sulfur

were mixed within the same analytical run with different

sample masses. IAEA-S1 (silver sulfide Ag2S) and one of our

working reference materials Ac.Rub.1 (rubeanic acid

C2H4N2S2) were selected to test the quality of the combus-

tion yields. Sample amounts correspond to a 30–350 lg

range of S concentrations for which theoretical combustion

yields were calculated on the basis of their chemical

formulae. The data calculated from the TCD records led us

to calculate yields of 99.1% (1s = 1.7; n = 11) and 101.2%

(1s = 2.0; n = 15) for IAEA-S1 and Ac.Rub.1, respectively.

This test demonstrates the capacity of this apparatus to

combust quantitatively a diverse range of S-bearing samples

into SO2 and also revealed the linearity of such combustion

yields, which is an important parameter in the analysis of

samples with low concentrations.

Three batches of isotopic measurements were per-

formed using international reference materials to calculate
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Figure 2. Isotopic chromatogram measured with the

IRMS system showing the high quality of the SO2 peak

from an aliquot of 8 mg of NBS 120c as well as the

efficient peak separation that allowed clean 64

(32S16O2) and 66 (34S16O2) isotopic traces. It is

important to notice the efficient baseline separation

between the unwanted gas species such as N2 and

CO2.

Table 1.
Sulfur concentration determinations from TCD data for phosphorite materials NBS120c and BCR32 from
three analytical batches

Sample Mean S (%) s N

BCR 32 batch#1 0.74 0.06 10

BCR 32 batch#2 0.71 0.07 10

BCR 32 batch#3 0.71 0.13 10

NBS 120c batch#1 0.52 0.03 10

NBS 120c batch#2 0.41 0.02 10

NBS 120c batch#3 0.47 0.02 10

s, standard deviation; N, number of aliquots analysed.
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the d34SCDT of BCR 32 and NBS 120c. The reference

materials (Table 2) were selected in order to offer isotopic

values that bracket the expected values for the phosphorite

samples. These international reference materials are IAEA-S1

(silver sulfide Ag2S) with a d34SCDT of -0.3‰, IAEA-S2 (silver

sulfide Ag2S) with a d34SCDT of 22.7‰, IAEA-S3 (silver

sulfide Ag2S) with a d34SCDT of -32.3‰, IAEA-S4 (mineral

sulfur S) with a d34SCDT of 16.9‰, IAEA-SO5 (barium sulfate

BaSO4) with a d34SCDT of 0.5‰, IAEA-SO6 (barium sulfate

BaSO4) with a d34SCDT of -34.1‰ and NBS127 (barium

sulfate BaSO4) with a d34SCDT of 20.3‰ (IAEA TECDOC-

825 1995).

Sulfur isotopic data were obtained for three batches of

measurements for each phosphorite material (Table 2).

During the measurement of sulfur isotopic ratios as SO2, an

analytical bias may interfere with the measured ratios due to

the different isotopomers related to the existence of 16O, 17O

and 18O (Mayer and Krouse 2004). The systematic isotopic

measurements of reference-calibrated material along with

unknown samples are one method of calibration that is also

used to account for oxygen corrections when determining

sulfur isotopes as SO2 (Mayer and Krouse 2004). This

technique was used here to determine the d34SCDT values of

both BCR 32 and NBS 120c. Three regression lines were

Table 2.
d
34SCDT calibration for NBS 120c and BCR 32. Calibrated reference materials used were IAEA-S1, IAEA-S2,

IAES-S3, IAEA-S4, IAEA-SO5, IAEA-SO6 and NBS 127

Batch#1 RM d
34SAVE s N d

34SREF

NBS 127 18.8 0.3 4 20.3

IAEA-SO5 -0.2 0.1 5 0.5

IAEA-SO6 -34.2 0.2 5 -34.1

IAEA-S1 -1.2 0.1 4 -0.3

IAEA-S2 20 0.3 4 22.7

IAEA-S3 -32.5 0.1 5 -32.3

IAEA-S4 14.7 0.1 5 16.9

Batch#1 Sample d
34SAVE s N

BCR 32 18 0.2 7

NBS 120c 18.3 0.5 6

Batch#2 RM d
34SAVE s N d

34SREF

NBS 127 16.3 0.1 5 20.3

IAEA-SO5 -3 0.1 5 0.5

IAEA-SO6 -35.9 0.1 5 -34.1

IAEA-S1 -4 0.1 4 -0.3

IAEA-S2 17.3 0.2 5 22.7

IAEA-S3 -34.4 0.2 5 -32.3

IAEA-S4 12.1 0.1 5 16.9

Batch#2 Sample d
34SAVE s N

BCR 32 18.2 0.4 8

NBS 120c 18.3 0.2 8

Batch#3 RM d
34SAVE s N d

34SREF

NBS 127 18.8 0.3 4 20.3

IAEA-SO5 -0.2 0.1 5 0.5

IAEA-SO6 -34.2 0.2 5 -34.1

IAEA-S1 -1.2 0.1 4 -0.3

IAEA-S2 20 0.3 4 22.7

IAEA-S3 -32.5 0.1 5 -32.3

IAEA-S4 14.7 0.1 5 16.9

Batch#3 Sample d
34SAVE s N

BCR 32 18.2 0.3 8

NBS 120c 18.3 0.5 6

MEAN Sample d
34SAVE s N

BCR 32 18.2 0.3 23

NBS 120c 18.3 0.4 20

Weight (mg) is the average aliquot weight in milligrams.

s, standard deviation; N, number of aliquots analysed.
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computed between the certified values of the international

reference materials and the raw measurements correspond-

ing to the three successive batches of measurements (Fig-

ure 3). Using this calibration equation (Figure 3), we have

been able to propose a mean d34SCDT value of 18.2‰

(1s = 0.3; n = 23) for BCR 32 and a mean d34SCDT value of

18.3‰ (1s = 0.4; n = 20) forNBS 120c. In the range of sulfur

isotope ratios investigated in Figure 3, the three regression

lines corresponding to the three batches of measurements

allowed the calculation of a mean standard error (SE)

between 0.4 and 0.5‰ for values of n between 28 and 34.

Conclusions

The results we are reporting in this study illustrate the

capacities of the PyroCube system online with an IRMS

instrument to reliably measure d34SCDT values of phosphorite

rocks (BCR 32andNBS120c) with low-S concentrations (0.4–

0.7% m/m), although relatively large aliquots (5–8 mg) are

required to ensure satisfactory precision (SE = 0.4‰). We

propose BCR 32 and NBS 120c as potential isotopic

reference materials in the framework of any further studies of

the determination of sulfur isotope compositions of biogenic

apatites. Repeated measurements of both phosphorites and

calibration against international reference materials provide

the following d34SCDT values: 18.2‰ (1s = 0.3; n = 23) for

BCR 32 and 18.3‰ (1s = 0.4; n = 20) for NBS 120c. The

results of this study are the first step to open up a new field of

investigation using the scientific potential of sulfur isotope

compositions of biogenic apatites. For example, sulfur isotope

ratios of biogenic apatites, possibly in combination with

oxygen and strontium isotope ratios, could be used to help

deciphering the marine versus freshwater environments of

some extinct vertebrate species (e.g., turtles, crocodiles) for

which the living aquatic environment remains an open

question in the literature.
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« On ne fait jamais attention à ce qui a été fait ; on ne voit que ce qui reste à faire. »

Marie Curie 
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