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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
aux), clecuyer@univ-lyon1.fr
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(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 low water 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 ingested water (from statistics



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 between water 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 by measuring the oxygen isotope compositions of water
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 agate mortar.

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 slightly modified by
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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 are measured 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 Lyon with 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 Standard Mean Ocean Water (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-
ble mean 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



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.
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
3

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
tap water because we 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



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).
Table 1
Oxygen isotope compositions (& versus SMOW) of 1) tooth enamel of M1 and M2 teeth
atmospheric precipitation at 12 locations

Country Site Lat, Long, Alta d18OP d18OP mean v

Cameroon Douala 4.0, 9.8, 10 18.8
‘‘ ‘‘ 18.5
‘‘ ‘‘ 18.2 18.5

Algeria Algiers 36.7, 3.3, 25 17.5
‘‘ ‘‘ 16.7
‘‘ ‘‘ 17.6 17.3

Iran Kermanshah 34.3, 47.2, 1320 18.2
18.4 18.3
17.7c

17.6c

Greece Athens 37.9, 23.7, 28 16.9 16.9
France Le Tholyd 48.1, 6.7, 740 17.0

‘‘ ‘‘ 17.3
‘‘ ‘‘ 17.3
‘‘ ‘‘ 16.3
‘‘ ‘‘ 16.2
‘‘ ‘‘ 16.4 16.7

France Bordeaux 44.8, 0.7, 49 18.3 18.3
France St. Amand 46.7, 2.5, 162 17.3 17.3
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

Germany Flossenbürg 49.5, 12.5, 650 16.4 16.4
Canada Québec Cityd 46.7, –71.4, 110 14.1

‘‘ ‘‘ 15.0
‘‘ ‘‘ 15.3
‘‘ ‘‘ 14.4
‘‘ ‘‘ 15.3 14.8

Norway Oslo 59.9, 10.7, 10 15.1 15.1
Greenland Disko Bay 70.0, –52.0, 1 12.3

‘‘ ‘‘ 12.5
‘‘ ‘‘ 11.0 11.9

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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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.
of modern or historical (18th century Greenland) individuals, 2) tap water, and 3)

alueb SD (1s) d18OW measuredb d18OW estimatedb D&

0.3 �3.4 �3.2 �0.2

0.5 �6.1 �4.5 �1.6

0.2 �7.0 �7.3 0.3

�7.9 �6.2 �1.7

0.5 �8.5 �8.9 0.4
�8.1 �6.2 �1.9
�6.5 �7.3 0.8

0.4 �7.6 �8.0 0.4
�10.1 �9.4 �0.7

0.5 �11.0 �11.4 0.4
�10.5 �10.8 0.3

0.8 n.d. �17.3
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Fig. 2. a) Oxygen isotope fractionation equation computed by
tooth enamel (d18OP) and tap water (d18OW) from Table 1 (IAEA
Disko Bay, Greenland). The error bars correspond to the ext
�0.2& for d18OP and� 0.05& for d18OW (smaller than the symbo
of the equation shown in (a) with those previously published by
et al. (1984), and Levinson et al. (1987).
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 [ d18Otot L d18OW (1)

where:

18 18 18
d Otot [ d OW 3 MW D MF 3 ðfveg$½H2O�veg$d Oveg

D fcl½H2O�cld
18Ocl D fmf ½H2O�mf d18Omf Þ=Mtot; ð2Þ
and

Mtot [ MW D MF 3 fveg½H2O�veg D fcl½H2O�cl D fmf ½H2O�mf : (3)

MF and MW are the masses of daily ingested drinking water 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
5

(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:

18 18
d OW [ 1:73ð±0:21Þ3 d OP L 37:25ð±3:55Þ

ðn [ 12; R2 [ 0:87; p½H0 : R2 [ 0� [ 1 3 10L5Þ; ð4Þ

and

18 18
d OW [ 1:70ð±0:22Þ3 d OP L 39:28ð±3:68Þ

ðn [ 12; R2 [ 0:88; p½H0 : R2 [ 0� [ 7 3 10L6Þ ð5Þ

using modern human
precipitation data for
ernal reproducibility:
ls); and b) comparison
Longinelli (1984), Luz
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 d18OW at 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



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: R2¼ 0.

b Not used in the overall equation.
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):
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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
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).
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(d18Ocf) and of the final water (d18Ofw) are close to each other and
higher than the d18O of the initial water. The d18O of the water 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
y = 1.54 x ±0.09 - 33.72 ±1.51
R2 = 0.87

-25

-20

8 13 18 23

18 OP (‰ versus SMOW)

18
 O

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).



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
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 that was 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, drinking water 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/d18OW

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.
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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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, where most 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 the water 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 by weight (Table 4). Plants and meat
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
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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)).
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://
Table 6
d18OW predicted values for d18OW¼ 10, 15, and 20, illustrating the markedly-better predict
measured d18OP-values. Mean and 95% confidence intervals in brackets

d18OP

n 10

Longinelli (1984) 10 N.A.
Luz et al. (1984) 6 N.A.
Levinson et al. (1987) 14 �19.2 [�21.7; �16.7
Daux et al. (This Study) 12 N.A.

Total 42 �18.3 [�19.9; �16.

N.A.¼ not available.
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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
ion accuracy of the overall model over the four individual models on the full range of

15 20

�11.4 [�12.4; �10.4] �3.8 [�4.9; �2.7]
�9.5 [�11.8; �7.0] �3.5 [�7.0; 0.1]

] �9.5 [�11.1; �8.0] N.A.
�11.3 [�12.7; �9.8] N.A.

8] �10.6 [�11.3; �9.9] �2.9 [�4.1; �1.7]



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/d18OW) 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 a meat-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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