Printed in the USA. All rights reserved

Geochimica et Cosmochimica Acta, Vol. 68, No. 10, pp. 2245-2258, 2004
Pergamon Copyright © 2004 Elsevier Ltd
0016-7037/04 $30.06- .00

doi:10.1016/j.gca.2003.11.009

Diagenesis and the reconstruction of paleoenvironments. A method to restore original 20
values of carbonate and phosphate from fossil tooth enamel

ANTOINE ZAZz0,Y?* CHRISTOPHELECUYER®* SIMON M. F. SHEPPARD® PATRICIA GRANDJEAN,S and ANDRE MarioTTI#®

1Department of Geological Sciences, University of Saskatchewan, 114 Science Place, Saskatoon, SK S7N 5E2, Canada
2Dynamique de I'Evolution humaine, CNRS UPR 2147, 44 rue de I'’Amiral Mouchez, 75014 Paris, France
SLaboratoire “Paleenvironnements and Palgiospiee” CNRS UMR 5125, Batiment Gele, Campus de la Doua, Univefsiiéaude Bernard
Lyon, 69622 Villeurbanne, France
“4Institut Universitaire de France, 103 boulevard Saint-Michel, 75005 Paris, France
SLaboratoire de Sciences de la Terre, CNRS UMR 5570, Ecole NormalaiSuggede Lyon, 46 alke d'ltalie, 69364 Lyon Cedex 07, France
SLaboratoire de Biogachimie des Milieux Continentaux, UMR 7618 INRA-CNRS-IRD, IFR EGER 106, UniveRiéere et Marie Curie,
78850 Thivernal-Grignon, France

(Received July 15, 2003;accepted in revised form November 17, 2003)

Abstract—Intra-tooth §*0 variations within the carbonaté*®Oc) and phosphatest®0p) components of

tooth apatite were measured for Miocene and Pliocene hypsodont mammals from Afghanistan, Greece and
Chad in order to evaluate the resistance of enamel to diagenetic alteration. Application of water-apatite
interaction models suggest that the different kinetic behaviours of the phosphate-water and carbonate-water
systems can be used to detect subtle oxygen isotope disequilibria in fossil enamel when intra-individual
variations are considered. Selective alteration of the oxygen isotope composition from the carbonate compo-
nent of Afghan and Greek enamels suggests inorganic isotopic exchange processes. Microbially-induced
isotopic exchange for phosphate is demonstrated for the first time in enamel samples from Chad, in association
with extensive recrystallization. In Chadf-?0Op values were derived from partial isotopic exchange with fossil
groundwater during early diagenesis. Mass balance calculations using average carbonate content in enamel as
a proxy for recrystallization, and the lowe$tOp value of dentine as a proxy for the isotopic composition

of the diagenetic fluid, indicate that diagenesis can &&Dp by as much as 3%. in some enamel samples.

This diagenetic alteration is also responsible for a decrease in intra-individual variations of up to 1%o in
affected specimens. The effects of diagenesig$’8®p values of fossil enamel are not systematic, however,

and can only be estimated if sequentiftOp andé*®Oc analyses are performed on fossil enamel and dentine.
Reconstruction of large temporal- or spatial-scale paleoclimates bas&tff@p analyses from mammalian

teeth cannot be considered valid if enamel has been affected by bacterial activity or if the data cannot be
corrected for diagenetic effectsCopyright © 2004 Elsevier Ltd

1. INTRODUCTION 1967; LeGeros and LeGeros, 1984; Posner, 1987; Newesely,
1989; Ayliffe et al., 199% Since the oxygen in P-O bonds is
very resistant to inorganic isotope exchange with aqueous
fluids at surface temperatures (eBunton et al., 1961; Blake
etal., 1997; Leuyer et al., 1999 6*%0p values in fossil enamel
are often considered pristine.

The effects of early diagenesis on the isotopic compositions
of fossil enamel are not yet fully understood, especially in the
presence of soil micro-organisms. Inde@dzzo et al. (2004)
demonstrated experimentally that enamel crystallites could ex-

the crown as teeth emerge and tooth enamel is not remodeledperience oxygen isotope exchange with soil water in the pres-
once formed. As a result, successive growth increments of ence of bacteria and fungi. Moreover, the same authors showed

enamel record changes in the isotopic composition of water that the pretreatment protocol currently used to remove exog-
ingested by mammals during tooth mineralizatiémi¢ke and enous carbonateSQe-Tho_rp and van der_ Mgrwe, 1987; Koch
O'Neil, 1996; Kohn et al., 1998 et al., 1997 does not eliminate diagenetic signals.

Fossil mammalian hypsodont enamel is widely considered _TO resolve the me_chanlsm and mpact of d|a_genet|c alter-
the material of choice for paleoclimatic reconstructions using 2tion on the oxygen isotope composition of fossil enamel, we
stable oxygen isotope compositions of fossil bioapatite. Unlike Nave to establish whether the diagenetic process is controlled
bone. cement and dentine. enamel is considered to be moreinorganically or microbially. If inorganic reactions predominate

, , . ; e
resistant to diagenetic alteration because it has a lower organicduring diagenesis3*“Oc values are expected to be more af-

matter content and a higher degree of crystallinfyagitz, fect.ed thanS%BOp values. If micro-organismg are involved
during alteration processes, however, oxygen isotope exchange

may occur between reacting aqueous fluids and oxygen in both

* Author to whom correspondence should be addressed (antoine. Phosphate and carbonate apatite. To date, the only criteria
zazzo@usask.ca). available for identifying post mortem isotopic exchange be-

2245

Two interesting properties of biogenic apatites led resarchers
to investigate the use of intratoo@®0 variations in modern
tooth enamel as an indicator of both seasonality and short-term
climate change. Firstly, oxygen isotope compositions of car-
bonate §*?0c) and phosphate5t®Op) bioapatites are closely
related to that of ingested water in large mammatnginelli,
1984; Luz et al., 1984; Bryant and Froelich, 1995; Kohn, 1996
Secondly, in hypsodont mammals, enamel mineralization pro-
ceeds from the apex (upper part) to the cervix (lower part) of
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tween bioapatite and its burial environment are (1) comparison
of enamel 680 values with those of associated bone, cement,
or dentine (Ayliffe et a., 1994; Sharp et al., 2000) or (2)
comparison of coexisting 6*®0c and 6*%0p values from the
same sample (lacumin et a., 1996; Fricke et a., 1998; Sha-
hack-Gross et al., 1999). Neither approach yields information
about the alteration process. Enamel-dentine comparisons only
show if enamdl is less altered than dentine, but do not prove
that enamel is fully preserved, and plotting §*0c-8'Op pairs
of bulk enamel or dentine samples against an equilibrium line
detects isotopic disequilibria in the carbonate-phosphate sys-
tem, but cannot unambiguously determine which phase has
been altered. Additionally, neither approach offers a method to
correct for diagenetic effects.

This study represents the first attempt to describe and model
the effects of diagenesis on the oxygen isotope composition of
fossil enamel. We propose a set of mass balance equations to
quantify oxygen isotope offsets resulting from diagenetic alter-
ation in carbonate and phosphate apatite. These equations may
be applied successfully when combined with intratooth sam-
pling and 880 analyses of hypsodont teeth. Our method re-
veal s that the mechanism (microbially-mediated vs. inorganic)
and intensity of isotopic alteration of carbonate and phosphate
in apatite is highly variable as illustrated by Miocene and
Pliocene samples from Afghanistan, Greece and Chad. Finally,
we discuss how diagenetically derived modifications of isoto-
pic compositions may impact the validity of paleoenvironmen-
tal and paleobiological reconstructions.

2. MATERIAL AND METHODS
2.1. Modern Material

Seven enamel samples of modern wild African hippopotamuses
(Hippopotamus amphibius) were obtained from the European Muse-
ums of Tervuren (Belgium), Geneva (Switzerland) and Berlin (Ger-
many). They were used to build an internal §*¥Oc vs. §Op reference
equation for modern apatite. For each sample, 100 to 150 mg of enamel
were crushed in a mortar and pestle before homogeneization.

2.2. Fossil Material

Fossil teeth from Chad, Greece and Afghanistan were selected for
this study. Fossil material from central Chad consists of four teeth from
fossil equids (Hipparion sp.), which were found in three Pliocene levels
called Kossom Bougoudi, Kollé and Koro Toro (Brunet et al., 1995,
1998; Brunet and MPFT, 2000). They are ~5.0t0 5.5, 5.0, and 3to 3.5
Ma old, respectively, and spaced ~20 km apart. The youngest one
(Koro Toro) yielded the first hominid remains west of the Rift Valley
(Brunet et a., 1995). The region (Djurab Erg) is now a desert, but
paleontological and isotopic evidence indicate that it was intermediate
between mosaic forest-savannah environment (Brunet et a., 1997,
1998; Brunet and MPFT, 2000) and open savannah (Zazzo et al., 2000;
Geraads et al., 2001) during the Pliocene. Fossils from Chad are dark
in color, and are generally found at the surface or in subsurface
sandstone deposits, sometimes partly covered with aFe or Mn oxidized
crust. Fossil material from Afghanistan consists of three bovid third
molars (Tragoportax sp.), which were collected at the Upper Miocene
locality of Molayan. The molars are yellowish and were removed from
well-preserved mandibles that were highly concentrated in sandy-
clayey deposits of fluvial origin (Sen, 1998, 2001). Data obtained from
these Afghan bovid teeth were published in Zazzo et al. (2002).
Another Tragoportax sp. third molar was also selected at the Upper
Miocene locdlity of Ravin des Zouaves in Greece.

A sequence of 7 to 14 enamel samples for each tooth was drilled from
the top to the bottom of the crown, following the growth axis of the tooth,
with each sample spanning the entire enamel thickness. One to three

samples of dentine were also selected in the upper, median and lower parts
of each tooth. Because enamel and dentine mineralizations proceed from
the apex to the cervix of the crown, down-tooth sequential sampling and
isotope analyses of hypsodont teeth provide a record of environmental
changes that occurred during tooth growth. This sampling methodology is
frequently used for enamel to reconstruct past short-term seasona changes
in diet or climate (Fricke et ., 1998; Gadbury et a., 2000; Balasse et d.,
2002). However, recent studies demonstrated that this sampling protocol is
not adapted to the geometry of mineralization and is responsible for time
averaging biases that underestimates the amplitude and timing of seasona
variations recorded within a tooth (Fisher and Fox, 1998; Baasse 2002;
Passey and Cerling 2002). Since the goal of this study was not to restore
faithfully the environmental variations, but rather to quantify the postmor-
tem modifications of the origina isotopic record, we followed the usua
sampling protocol.

2.3. Analytical Procedures

Carbonate apatite powders were treated with a 2 to 3% sodium
hypochlorite solution for 4 h to remove organic matter then rinsed three
times with distilled water. Each sample was then split for carbonate and
phosphate oxygen isotope analyses. before oxygen isotope analysis of
the carbonate phase, samples were treated with a 1 mol/L acetic
acid-acetate buffer for 24 h to remove exogenous carbonates (Boche-
rens et a., 1996), rinsed eight times with distilled water, centrifuged,
and dried at 50°C overnight. About 10 mg of each enamel or dentine
powder was then reacted with ~1 mL of anhydrous phosphoric acid for
5 h at 50°C under vacuum to extract CO, gas. Oxygen isotope ratios of
CO, were measured on a Sira 9 mass spectrometer at the Laboratoire
de Biogeochimie Isotopique (UPMC, Paris VI) with an analytical
precision of *=0.2%., determined from replications on a bioapatite
internal standard. The carbonate content of each sample was deter-
mined by coulometry during acid digestion with an analytical precision
of =0.1 wt.%. About 30 mg of enamel were necessary to isolate
biogenic phosphate as Ag;PO, crystals following the procedure of
Crowson et a. (1991) modified by Lécuyer et al. (1993). Measurements
of *80/*80 ratios from Ag,PO, were performed with a VG Prism mass
spectrometer at the Ecole Normale Supérieure of Lyon, and with a
DeltaE mass spectrometer at the Laboratoire Paléoenvironnements and
Paléobiosphére (University of Lyon 1), using the method of Lécuyer et
al. (1998) modified after O’ Neil et al. (1994). |sotopic measurements
were normalized to the international standards NBS-18 and NBS-19.
Because the oxygen yield using the graphite method is only 25%, all data
obtained with this method have been corrected from a constant offset of
+0.5%o that was observed during the intercalibration of both methods (see
Lécuyer et d., 1998). We wish to emphasize that unlike the O'Nell et al.
(1994) “sensu stricto” method, the Lécuyer et a. (1998) method does not
require to apply ascaling factor to the data. Samples of NBS 120c (Florida
phosphate standard) were analyzed repestedly and gave an average 50
vaue of 21.7 *= 0.16%o. Results are expressed in “8" per mil units (%o)
relatively to SMOW, where 8 = ([Rgmpe/Reanaaral-1) X 1000, and Ris
the high-to-low mass isotope ratio.

3. RESULTS

The 8'80c and §'®0p values of modern hippopotamuses
show a good linear relationship (Fig. 1, Table 1). We used
reduced major axis rather than least square regressions because
this treatment is more appropriate when there are comparable
errors in x and y. Regressions were computed for modern
hippopotamuses (Egn. 1), and previously published results
(Egn. 2, Bryant et a., 1996; lacumin et al., 1996):

5%0p=0.974 - §°0c (+0.044)-9.117 (+1.346) (n=7) (1)
§%0p = 0.973 - $°0c (+0.014)-8.121(+0.363)
(n=59) (2)

The two equations have identical slopes but Egn. 1 has a
significantly lower intercept than Eqgn. 2. It is difficult to know
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Fig. 1. Oxygen isotope compositions of phosphate (8'0p) reported
as afunction of carbonate in apatite (6%0c) from modern hippopota-
mus tooth enamel. The solid line corresponds to the reduced major axis
regression through all of the samples analyzed in this study. The dashed
line shows a reduced major axis regression through results from the
compiled data of Bryant et a. (1996) and lacumin et al. (1996) obtained
from modern mammals.

if this 1%o shift results from differences between laboratory
isotopic calibrations, or from specific physiologic properties of
the hippopotamuses. Because the modern hippopotamus sam-
ples were prepared and run concurrently with our fossil sam-
ples, and because the slope of the equation that relates §*20p to
8%80c is the key parameter for the characterization of fossil
apatite alteration (see “Discussion”), we will refer to regression
line 1 for comparison with the fossil data. The average carbon-
ate content in hippopotamus enamel is 3.9 + 0.5 wt.%, iden-
tical to the carbonate content determined in previous studies
(e.g., Rink and Schwarcz, 1995; Koch et a., 1997).

Oxygen isotope results and carbonate content measurements
for fossil equids and bovids are given in Table 1. Fossil enamel
and dentine show significant variations in their 8®0c and
5'80p values. Oxygen isotope values in dentine are generally
lower than in enamel from the same tooth, except for teeth
TC24400 and TC23900 whose dentine samples have higher
8'80c val ues. Because these high §*%0c dentine samples do not
have similarly high 8¥0p values, the isotope signatures likely
reflect the precipitation of a secondary carbonate-bearing phase
(probably carbonate apatite) that was not eliminated during the
acetic acid pretreatment.

The slope of the equation that relates 8'0p to 8%Oc is close
to one in modern apatite; thus, unaltered enamel is expected to
have a similar isotopic range in both oxygen-bearing compo-
nents. This is not the case for fossil enamels. Pliocene equid
enamels from Chad exhibit isotopic ranges 0.5 to 0.8%. higher
in carbonate than in phosphate oxygen, whereas an opposite
trend is observed for Miocene bovids from Greece and Afghan-
istan. Average individual carbonate contents of Greek and
Afghan samples range from 3.4 to 4.6%, which matches the
range measured in modern hippopotamus enamel (3.2—4.6%,
Table 1) and other mammals (LeGeros and LeGeros, 1984,
Rink and Schwarcz, 1995; Koch et a., 1997). In contrast,
significant carbonate losses are noticed in the Chadian enamel

samples, which have average carbonate contents between 2.2
and 3.0%.

4. DISCUSSION

4.1. Model Development

Laboratory experiments have demonstrated that microbially-
mediated and inorganic exchange processes affect the oxygen
isotope composition of carbonate and phosphate in different
ways (Zazzo et al., 2004). In microbially-mediated reactions
the oxygen isotope ratio of phosphate is modified more than
that of carbonate; the opposite being observed during inorganic
isotope exchange. This can be the result of different kinetics of
isotopic exchange in the PO, -H,0 and CO,?~-H,0 systems
as hypothesized by lacumin et al. (1996), who observed that
5'80c-6"%0p couples measured in fossil apatites are often out
of equilibrium and plot either below or above the equilibrium
line. This can aso be the result of the dissolution of primary
apatite followed by the recrystallisation of secondary (diage-
netically altered) apatite as suggested by Kolodny et al. (1996)
amongst others. In this section, we present two models that
describe the effect of inorganic and microbial diagenesis on the
oxygen isotope compositions of fossil apatites.

4.1.1. Modeling Inorganic Diagenesis

The relative kinetics of isotopic exchange in the PO, -H,O
and CO,2-H,O systems are modeled within §*®0c-8'80p
space, adapted from the open system fluid-rock exchange
model developed by Gregory and Criss (1986). The kinetics of
isotopic exchange between phosphate and water or carbonate
and water are described by

S lSO(i — S 180(0

f= 1—exp—(kt) = m (3)

where f is the fraction of isotopic exchange between mineral
and fluid, 5'®0y, is the initial oxygen isotope composition at
t = 0, 80, is the composition measured at any time t,
8180(6) is the composition at equilibrium, and k is the rate
congtant of the reaction. Two equations similar to Eqn. 3 are
written, one for k,, the rate constant of the PO, -H,O system
and the other for k., the rate constant of the CO,* -H,O
system. For fluid buffered open systems, these two equations
can be rearranged in exponential form to eliminate t so that the
formulae become:

1-f, = (1-f,) )

where f; and f, are the fractions of isotopic exchange for the
CO,% -H,0 and the PO, -H,0O systems, respectively.

This kinetic model can be applied without having prior
knowledge of the mechanism of isotopic exchange. Inorganic
diagenesisis equivalent to k, << k.. Thismodel is applicable to
fossil hypsodont teeth because they contain both carbonate and
phosphate oxygen, and preserve short-term %0 variations
corresponding to environmental variability during the time of
tooth growth (Koch et al., 1989; Fricke and O’ Neil, 1996). I, |1,
and Il (Fig. 2) are the initial §*%0 values of either enamel or
dentine samples from a given hypsodont tooth plotted within a
5'80c—8"80p space. If the sample is completely reequilibrated
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Table 1. Carbonate contents and oxygen isotope compositions of carbonate and phosphate of modern hippopotamus enamel, fossil enamel and
dentine from Molayan (Afghanistan), Ravin des Zouaves (Greece) and Djurab (Chad).

Position/EDJ 5'80c 5180
N° sample Locality Tooth Tissue (mm) CO.> (%) (SMOW, %o) (SMOW, %o)
Modern African hippos (Hippopotamus amphibius)
HA500 Dem. Rep. of Congo ct Enamel — 3.9 33.6 233
HA700 Dem. Rep. of Congo Mt Enamel — 45 321 2.7
HA1000 Dem. Rep. of Congo M1 Enamel — 36 28.7 189
HA1500 Dem. Rep. of Congo p* Enamel — 37 29.3 19.4
HA2500 Congo Ps Enamel — 4.1 27.0 17.0
HA3100 Tanzania P° Enamel — 4.6 34.0 238
HA5400 Cameroon ct Enamel — 3.2 30.4 20.6
Miocene bovid (Tragoportax sp.) from Afghanistan (6.5-7.5 Ma)
Mol311-7 Molayan M3 Enamel 03-06 3.6 33.0 235
Mol311-5 Enamel 09-11 3.9 324 230
Mol311-3 Enamel 15-19 3.9 29.3 19.3
Mol311-1 Enamel 22-27 38 275 173
Mol311 Enamel Average 39
Mol708-10 Molayan M, Enamel 00-05 38 28.0 17.5
Mol708-9 Enamel 05-08 3.6 292 187
Mol708-4 Enamel 18-20 33 30.3 206
Mol708-1 Enamel 24-28 31 28.8 185
Mol 708 Enamel Average 34
Mol271-9 Molayan M, Enamel 00-03 4.3 29.8 20.1
Mol271-6 Enamel 07-09 4.0 30.8 219
Mol271-5 Enamel 09-11 4.3 318 234
Mol271-3 Enamel 14.5-16 4.0 325 236
Mol271-1 Enamel 19.5-23 4.0 304 20.4
Mol371 Enamel Average 4.1
Mol271-d3 Dentine Lower 35 24.8 —
Mol271-d2 Dentine Middle 3.2 258 —
Mol271-d1 Dentine Upper 2.8 26.2 155
Miocene bovid (Tragoportax sp.) from Greece (6.5-7.5 Ma)
Rz0O317-7 Ravin des Zouaves M; Enamel 00-03 4.0 30.8 224
Rz0317-6 Enamel 03-07 4.4 296 219
Rz0O317-5 Enamel 07-11 4.4 291 215
Rz0O317-4 Enamel 11-15 4.5 28.7 20.7
RZ0317-3 Enamel 15-19 5.0 271 189
RzZ0O317-2 Enamel 19-24 5.0 26.7 17.0
RzZ0317-1 Enamel 24-28 4.9 259 155
RzO317 Enamel Average 4.6
RZ0O317-d3 Dentine Lower 4.4 248 15.1
RZ0317-d2 Dentine Middle 41 246 —
RZ0O317-d1 Dentine Upper 4.0 244 —
Pliocene equid (Hipparion sp.) from Chad (5.5-3.5 Ma)
TC24600-1 Koro Toro P, Enamel 00-05 23 333 221
TC24600-3 Enamel 08-12 25 320 205
TC24600-5 Enamel 15-18 24 30.2 19.3
TC24600-7 Enamel 21-26 2.7 29.8 195
TC24600-9 Enamel 29-33 25 30.5 19.8
TC24600-11 Enamel 37-40 23 30.8 19.9
TC24600-14 Enamel 46-50 2.6 30.2 19.7
TC24600 Enamel Average 25
TC24600-d3 Dentine Lower 18 29.6 18.3
TC24600-d2 Dentine Middle 16 286 17.8
TC24600-d1 Dentine Higher 16 291 18.1
TC24400-1 Kollé M3 Enamel 00-04 20 279 191
TC24400-5 Enamel 17-22 19 28.7 19.7
TC24400-10 Enamel 38-40 2.2 292 19.7
TC24400-12 Enamel 45-50 24 273 18.6
TC24400 Enamel Average 22
TC24400-d3 Dentine Lower 20 285 19.0
TC24400-d2 Dentine Middle 18 316 177
TC24400-d1 Dentine Higher 16 331 17.7
TC23900-1 Kossom Bougoudi P2 Enamel 00-04 2.7 29.2 20.1
TC23900-4 Enamel 12-16 25 30.6 214
TC23900-6 Enamel 20-24 25 316 218
TC23900-9 Enamel 33-37 2.2 30.3 210
TC23900 Enamel Average 25
TC23900-d3 Dentine Lower 14 271 17.3
TC23900-d2 Dentine Middle 16 281 19.0
TC23900-d1 Dentine Higher 2.2 34.6 18.6
TC23400-1 Kossom Bougoudi M3 Enamel 00-06 2.6 325 20.7
TC23400-2 Enamel 06-11 29 33.6 217
TC23400-6 Enamel 26-30 3.2 333 214
TC23400-9 Enamel 41-45 3.0 331 215
TC23400 Enamel Average 3.0
TC23400-d3 Dentine Lower 13 286 18.0
TC23400-d2 Dentine Middle 16 29.0 18.1
TC23400-d1 Dentine Higher 17 28.0 19.0

Abbreviations: uppercase letters, upper teeth; lowercase letters, lower teeth; P, premolar; M, molars; C, canine. EDJ, enamel-dentine junction.
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Fig. 2. Numerical simulation of exchange trajectories in §*%0p—-8'20c space using the kinetic model assuming constant
(a-c) and decreasing (d-f) k/k; ratios. Along a single exchange-trajectory, samples that plot farthest from the initial point
I, 11, or 111 (open squares) have suffered the highest degree of alteration. The oxygen isotope composition of end-member
D (filled square) can be lower (a, d—f), higher (b) or within the range of | to 111 values (c). The numbers represent constant
f, values. Note that as the paths approach D with increasing rates of isotopic exchange (or recrystallization), the

intraindividual variability decreases.

with the diagenetic fluid, its composition will reach point D,
following the path shown by the individua curve for that
sample. Each set of curves represents the modeled exchange

trajectories while the straight lines are lines of constant f. and
fp values (Eqn._ _3; Gregory and CI’IS-S,_ 1986). The oxygen
isotope composition of a 100% re-equilibrated apatite can be
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lower (Figs. 2a and 2d-2f), higher (Fig. 2b) or within the range
(Fig. 2c) of unaltered apatite, depending on the oxygen isotope
composition of the interacting fluid. We emphasize that case-
studies presented in Figures 2a and 2d to 2f illustrate most
cases of diagenetically-altered bioapatites (bone, dentine) that
are generally depleted in *®0 compared to their initial isotopic
compositions (e.g., Sharp et al., 2000). The curves are drawn
for congtant (Figs. 2a-2c) and decreasing (Figs. 2d-2f) kK,
ratios through time, respectively. Decreasing k. values (as a
linear function of f) alow to account for the fact that the
specific surface area available for oxygen isotope exchange
between carbonate and water is likely to decrease during the
course of the diagenetic process as a result of decreasing
porosity and increasing crystal size. Although different tragjec-
tories can be generated, both case-scenarios lead to a similar
conclusion, namely that slopes (A) are always higher than unity
as a result of greater ateration of carbonate oxygen during
inorganic diagenetic processes.

4.1.2. Modeling Microbial Diagenesis

Because P-O bonds are very resistant to breakage at low
temperatures, especially in the solid-state, it is usually assumed
that selective ateration of the oxygen isotope composition of
biogenic phosphate requires first the dissolution of primary
apatite followed by the microbially-mediated reprecipitation of
a secondary apatite (Kolodny et al., 1996). Application of a
kinetic model is less well suited to describe microbia diagen-
esis because oxygen isotope equilibrium between dissolved
phosphate ions and water is rapidly promoted by microbial
activity (Blake et a., 1997), and one can assume that both the
CO,%~-H,0 and the PO, -H,,0 systems reach oxygen isotope
equilibrium instantaneously (k, ~ k. >> 0). Instead, microbi-
aly-mediated diagenesis is best modeled using simple mass-
balance equations. If one assumes that the temperature and
isotopic composition of the diagenetic fluid are constant during
the exchange process, and that dissolved carbonate and phos-
phate reach equilibrium with the water, then one can consider
that a partly recrystallised apatite sample is composed of a
mixture of two end-members (1) the unexchanged fraction with
its initial 6*80 value, and (2) the completely exchanged frac-
tion. This can be expressed as follows:

Ci - X - 8%0g4 + C, - (1-X) - 820,
o ©)
Sy

o lgOf =

where §*80; and 880; are the oxygen isotope compositions of
enamel before and after alteration, X and §*°O,, are the pro-
portion and the oxygen isotope composition of secondary apa-
tite at equilibrium with the diagenetic agueous fluids, and C,,
C,, and Cg 4 are the concentrations of oxygen in the biogenic
apatite, the secondary apatite and the fossil, respectively. Two
equations similar to Eqn. 5 can be written, one for 80p, and
the other for §*80c. This model can readily account for the fact
that primary and secondary apatites may have different CO,*/
PO, ratios. This ratio is controlled mainly by the amount of
carbonate in apatite since [CO,2~] << [PO,3]. The curvesin
Figure 3a are drawn for different extents of recrystallisation (X
values) considering a lower CO,% /PO,3" ratio in secondary
apatite than in biogenic apatite, in the range observed for
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Fig. 3. Numerical simulation of exchange trajectories in §*0p-
8'80c space using the mass-balance model. The numbers represent the
extent of recrystallization (X). The curves in (&) are drawn assuming
that the secondary apatite contain four times less carbonate than the
primary apatite. In (b) CO,> /PO, ratios are similar in primary and
secondary apatites and exchange trajectories slide along the equilib-
rium line, as indicated by the arrows. Note that as the paths approach
D with increasing rates of recrystallization, the intraindividual variabil-
ity decreases.

natural and experimental carbonate fluorapatites (Jahnke,
1984). In the case of similar CO,?~/PO,*>" ratios for the
primary and secondary apatites, the §20c—5'%0p couples will
slide along the equilibrium line (Fig. 3b). Therefore, slopes (A)
can be equal or lower than unity depending on the carbonate
content of the secondary apatite. Slopes lower than unity imply
that there was a higher rate of isotopic exchange for phosphate
oxygen than for carbonate oxygen, which we interpret as the
result of microbially-mediated reactions. Slopes equal to unity
can be used as evidence for the preservation of both §#0c and
5'80p values only if recrystallisation did not occurred.
According to our models, sequential analyses in fossil hyp-
sodont teeth have the potential (1) to discriminate between
inorganic and microbially-mediated diagenetic alteration, and
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Fig. 4. Intratooth oxygen isotope compositions of phosphate (6*®0p) reported as a function of the oxygen isotope
composition of carbonate (6*%0c) in late Miocene bovid (Tragoportax sp.) from Molayan, Afghanistan (a—c) and Ravin des
Zouaves, Greece (d) (dentine: filled squares; enamel: open squares). Slopes (A) higher than unity are calculated for each
tooth enamel. Water-apatite interaction under inorganic conditions appears to be the dominant process during the diagenesis
of fossil enamel, whereas low §*®0p values of dentines indicate diagenesis under microbial conditions.

(2) to provide constraints on the oxygen i sotope composition of
the diagenetic end-member.

4.2. Application to Fossil Teeth
4.2.1. Inorganic and Microbial Diagenesis

Bovid enamel from the Miocene sites of Molayan (Afghan-
istan) and Ravin des Zouaves (Greece) show A values that are
systematically higher than unity (Fig. 4). Slopes and intercepts
differ significantly (t test, p < 0.001) from that calculated from
modern enamel. These results indicate that the fossil enamels
underwent diagenetic changes that were driven by inorganic
processes. Greek and Afghan data sets plot across the PO,®™ -
CO,*" reference ling, with the lowest value below and the
highest value above the line, which corresponds to the theoret-
ical case-study described in Figure 2c. According to our model,
the point at which the data trend crosses the equilibrium lineis
the inferred value of the diagenetic end-member. This result
suggests that the §*®0c value of a 100% re-equilibrated apatite
is within the range 26 to 27%o. in Ravin des Zouaves and 30 to
31%o in Molayan. Dentine samples give the best estimate for
the completely diagenetically modified bioapatite with §*¥0c
values between 24 and 26%., and §*®0p values between 15 and
16%0 in both sites. The Greek data set is in good agreement
with the predictions of the model, indicating that enamel and
dentine in apatite interacted with the same diagenetic aqueous

fluid. On the contrary, the §*®0c and 8'®Op values found in
Afghan dentine are ~4%o. lower than the diagenetic end-mem-
ber inferred from the enamel data trends. This result raises the
possihility of multi-stage alteration for Afghan teeth, i.e., early
(rapid) stage of microbia and inorganic diagenesis with 8O-
depleted water (relative to SMOW) in dentine; and later inor-
ganic (slow) oxygen isotope exchange between carbonate in
enamel apatite and a different (**O-enriched) water.

Equid enamel from the Pliocene sites of Chad show A values
that are systematically lower than unity (Fig. 5). All intercepts
and al dlopes but one (TC23400) differ significantly (p
< 0.001) from that measured in modern enamel. This result
indicates that for at least three specimens, enamel diagenesis
took place under microbial mediation and that phosphate oxy-
gen underwent isotopic exchange with aqueous fluids. The
5'80p values are lower in dentine than in enamel, and probably
reflect more extensive interaction between dentine and water
during the early stage of microbia diagenesis. The dentine
samples from teeth TC24600 and TC23400 plot close to the
reference line, and are considered as best estimates of samples
that isotopically reequilibrated with the diagenetic agueous
fluids. Carbonate in apatite is *O-enriched relative to the
expected equilibrium value in some dentine samplesthat plot to
the right of the reference line, indicating that the dentine may
have recorded a second diagenetic event that selectively mod-
ified the oxygen isotope compositions of carbonate in apatite.
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Fig. 5. Intratooth oxygen isotope compositions of phosphate (6*20p) reported as a function of the oxygen isotope
composition of carbonate (6*20c) in Pliocene equids (Hipparion sp.) from Djurab, Chad (dentine: filled squares; enamel:
open sguares). Slopes (A) lower than unity are calculated for each tooth enamel. Water-apatite interaction under microbial
mediation appears to be the dominant process during the diagenesis of fossil enamel and dentine.

Until the early 1990s, §*®0p values of fossil material were
generally accepted as primary values (Kolodny and Luz, 1991;
Barrick and Showers, 1994, 1995; Barrick et al., 1996). How-
ever, the study of Shemesh (1990) on sedimentary apatites,
which described changes in 6*®0p associated with recrystalli-
zation, led severa authors to examine the evidence for isotopic
exchange between fossil bone or dentine and its surrounding
fluids during early diagenesis (e.g., Ayliffe et al., 1994; Sharp
et a., 2000). As far as we know, this is the first time that
isotopic exchange between phosphate and water is clearly
demonstrated in fossil enamel.

4.3. Correction of Diagenetic Effects Recorded in Fossil
Enamel

4.3.1. ldentification of the Mechanisms of Diagenetic
Alteration

The occurrence of two populations of slopesfor fossil bovids
and equids suggests that enamel oxygen isotope compositions
were modified by two different diagenetic processes. Small-
sized bone crystallites are sensitive to recrystallization and are
consequently highly susceptible to postmortem exchange. In-
creases in the average size of apatite crystallites can be moni-
tored with X-ray diffractometry or infrared spectroscopy
(Tuross et al., 1989; Ayliffe et al., 1994; Michel et a., 1995;

Person et al., 1995) and can be quantified by the crystallinity
index (Cl index). Recrystallization is generally well correlated
to chemical changes like increasing fluoride contents or de-
creasing carbonate contents, which improve the stability of the
apatite crystals (Shemesh, 1990; Kohn et al., 1999; Balter,
2001). Fluoride and carbonate contents have, therefore, been
used asindirect indicators of apatite recrystallization (Shemesh,
1990) and bone/enamel diagenesis (Bryant et al., 1994).

In our Greek and Afghan samples, for which only inorganic
isotope exchange is thought to have occurred, there is no
significant relationship between A, which is a proxy for the
extent of isotopic exchange in the carbonate fraction, and the
average carbonate content [CO,2"] of the enamel (r2
= 0.30 ; Fig. 6). Moreover, [CO,27] is very similar to that
measured in modern enamel. There is no clear evidence of
recrystallization in these fossils. I sotopic alteration of carbonate
without recrystallization suggests that the alteration is occur-
ring via exchange of oxygen between the fluid and the solid
bioapatite probably by diffusion (see section 4.1.1). This sce-
nario accounts for the fact that carbonate isotope alteration is
never pervasive in enamel, but is commonly extensive in the
more porous bone and dentine, which are only a few unit cells
thick, and have nearly al the carbonate ions available for
exchange.

In Chad, isotopic exchange between phosphate and water
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Fig. 6. Relationship between the average carbonate content and the
slope (A) measured in enamel of Hipparion sp. (Chad) and of Trago-
portax sp. (Afghanistan). Average values and standard deviations are
indicated for each tooth. The grey area defines the slope and range of
measured carbonate contents in modern enamel. Slopes lower than
unity are correlated to the carbonate content in fossil equid from Chad,
whereas no apparent correlation is observed between slopes higher than
unity and carbonate contents in Afghan and Greek bovid enamels.

was clearly linked to enamel recrystallization. The extent of
8'80p resetting, approximated by A values, is related to the
carbonate content. Reduced major axis regression yields the
following empirical relationship:

[CO37]=2.68 - A( = 0.15) + 0.52 ( = 0.12)(r?= 0.99)
(6)

For unaltered enamel (A = 1), [CO,®"] = 3.2%, which
corresponds to the lowest value measured amongst modern
(non altered) hippopotamuses. Solving Egn. 6 for A = 0
gives the carbonate content of the secondary mineralized
apatite corresponding to the oxygen isotope compositions of
phosphate totally reequilibrated with the reacting water. This
apatite has essentially no carbonate, as hypothesized in our
dissolution-reprecipitation model (see section 4.1.2). Zazzo
(2001) has shown that in several fossil enamel and dentine
samples from Chad, the decrease in carbonate is paired to an
increase in fluoride content. It is, therefore, likely that the
secondary apatite is a carbonate fluorapatite, the more stable
end-member of the apatite family. This result is in keeping
with those obtained by Shemesh (1990) and Soudry and
Nathan (2000) in phosphorites, and enforces the assumption
made by Kolodny et al. (1996) that “practically all apatitic
fossils consist of carbonate-fluor apatite as the major mineral
phase in contrast to the biologic apatite” and that diagenesis
“occurs by dissolution-reprecipitation.” Moreover, our re-
sults indicate that this replacement is probably microbially-
mediated.

The relative proportion of secondary apatite (X) can be
estimated by using the following equation:

([COZ ][ COZ e - 100
- [CO% T )

X

where [CO,?7], is the carbonate content of modern enamel and
[CO4? ] mes IS the measured carbonate content of fossil enamel.
It is relatively difficult to assign a value for [CO,%"]; because
of the wide range of carbonate content observed in modern

mammal enamel. Solving Eqgn. 6 for A = 1 gives [CO:* |,
= 3.2%, similar to average human enamel carbonate content
(Driessens and Verbeeck, 1990). Applying Eqgn. 7 to fossil
equids indicates that CFA could constitute 5.6 + 0.2% to 31.6
+ 1.4% of the whole fossil enamel (Table 2). However, the
value of 3.2% for modern enamel should be considered as a
threshold for detecting recrystallization. A more pessimistic
scenario, using the average hippopotamus carbonate content
indicates that CFA could constitute from 22.6 = 0.7% to 43.8
+ 2.0% of the fossil enamels (Table 2).

4.3.2. Correcting for Inorganic Diagenesis

During inorganic oxygen isotope exchange at surface tem-
peratures, only the carbonate oxygen will exchange with oxy-
gen from ambient water because of very slow kinetics between
phosphate oxygen and water at Earth surface temperature
(Lécuyer et d., 1999; Zazzo et al., 2004). In Afghan and Greek
fossil enamels, the average carbonate content did not change
(and would have decreased in case of fluorapatite addition)
indicating that secondary precipitation of diagenetic apatite did
not occur. Oxygen isotope compositions of phosphate can,
therefore, be considered close to pristine reflections of the
i sotopic composition of the mammal body water. Restoration of
original §*80c values can be performed for each enamel sample
by introducing the §*0p value of each sample into the car-
bonate-phosphate equation determined for modern mammals.
Corrected 8*80c values are 0.7%o lower to 2.3%o. higher than
the measured values, and the intratooth range is 0.9 to 2.1%o
higher after correction (Table 2).

4.3.3. Correcting for Microbial Diagenesis

In the case of enamel diagenesis operating under microbial
mediation, the correction requires a step by step protocol be-
cause both §*80c and §*80p values may be altered. Low slopes
show that phosphate oxygen isotopes were more extensively
exchanged than those from carbonate in apatite. The extent of
isotopic ateration is positively correlated to the amount of
secondary apatite precipitated in fossil enamel, as expressed in
Eqgn. 5. Egn. 5 can be rearranged to isolate §*¥0p;:

-X - 8%0p,, + 50Op

80p = 1% ®)

5"80p; is measured and X can be estimated using Egn. 7. The
only parameter that remains undetermined so far is 8180peq.
Because enamel and dentine from the same tooth share the
same diagenetic history, and because dentine is more exten-
sively exchanged than enamel, §*80 values in dentine can
serve as a proxy of the §*80 value of secondary apatite that
recrystallized in equilibrium with the diagenetic fluid. §®0p
values are preferred to 8*%0c values because the diagenetic
overprint of the phosphate component is obtained during
early diagenesis through bacterial degradation of organic
matter. In contrast, carbonate oxygen may be sensitive to
inorganic isotope exchange with another aqueous fluid via a
late diagenetic event.

For the Chad samples, low §*80p values of dentine indi-
cate that the diagenetic fluid is *®0-depleted compared to
mammalian body water that is in equilibrium with biologic
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Table 2. Calculated secondary apatite content (X, to X5) and initial 20 values (680 qyaeq) iN fOSSI| enamel assuming different initial carbonate
contents [CO,>7];. Measured and calculated §*80 values are indicated for the carbonate fraction (Afghanistan, Greece) and phosphate fraction (Chad),
respectively. Corrections in Greek and Afghan enamel are estimated using the carbonate-phosphate equation of Shemesh (1988), assuming that
phosphate 8*80 values are unaltered; corrections in Chad enamel are estimated using Eqn. 8, assuming that dentine values are 100% re-equilibrated
with the diagenetic aqueous fluid. The result of error propagation calculations (+ 1o) are indicated for X and §*%0p, values.

X, (%) X, (%) X3 (%) 80 measured 880 calculated
N° LBI [COZ; = 3.2% [CO,*]; = 3.5% [CO%]; = 3.9% (SMOW %) (SMOW %o)

Molayan, Afghanistan Carbonate fraction
Mol311 0 0 0
Mol311-1 2715 271
Mol311-3 29.3 29.2
Mol311-5 324 33.0
Mol311-7 33.0 335
Mol 708 0 0 0
Mol 708-1 28.8 284
Mol 708-4 30.3 30.5
Mol 708-9 29.2 28.6
Mol 708-10 28.0 27.3
Mol271 0 0 0
Mol271-1 304 30.3
Mol271-3 325 33.6
Mol271-5 318 334
Mol271-6 30.8 31.8
Mol271-9 29.8 30.0

Ravin des Zouaves, Greece
RzZ0O317-1 259 25.3
Rz0317-2 26.7 26.8
RzZ0O317-3 271 28.7
Rz0O317-4 28.7 30.7
RzZ0O317-5 29.1 314
Rz0317-6 29.6 319
Rz0O317-7 30.8 324
Rz0317 0 0 0

Djurab, Chad Phosphate fraction

[COs%T]; = 3.2% [CO,%]; = 3.5% [CO.Z]; = 3.9%

TC24600 219+ 09 286+ 1.1 369+14
TC24600-1 221 233+ 1.0 238+ 1.0 245+ 11
TC24600-3 205 21.3 =09 216 +0.9 220x10
TC24600-5 19.3 19.7 = 0.9 199+ 0.9 20.1+0.9
TC24600-7 195 20.0 = 0.9 202+ 0.9 205+ 1.0
TC24600-9 19.8 204 = 0.9 206 = 0.9 209+ 1.0
TC24600-11 199 205+ 0.9 20.7 = 0.9 21.1+09
TC24600-14 19.7 20.2 = 0.9 205+ 0.9 20.8 = 0.9
TC24400 316+ 14 37417 438+ 20
TC24400-1 19.1 198 + 1.0 199+11 202+12
TC24400-5 19.7 20.6 = 1.0 209+ 11 213+ 12
TC24400-10 19.7 20.6 = 1.0 209+ 11 21.3+12
TC24400-12 18.6 190 £ 1.0 191+11 193+1.2
TC23900 216 = 0.9 283+ 11 366+ 14
TC23900-1 20.1 209 = 1.0 213+ 09 21.7+0.8
TC23900-4 21.4 225+ 1.0 231+10 23.7+0.9
TC23900-6 21.8 230 =* 1.0 23.7x10 243+ 0.9
TC23900-9 21.0 220+ 1.0 226+ 1.0 23.1+08
TC23400 56+ 0.2 137+ 05 226 =07
TC23400-1 20.7 209 = 0.8 21.1+08 215+ 0.7
TC23400-2 21.7 219+ 0.8 223+ 09 228+ 0.7
TC23400-6 21.4 216 = 0.8 219+0.8 224 +0.8
TC23400-9 215 21.7 = 0.8 221+08 225+ 0.8

apatites. The range of apatite §*®0p values expected to form
at isotopic equilibrium with environmental water from sub-
Saharan Africa (8'°Op,,) can be calculated. We used the
phosphate-water fractionation equation of Shemesh et al.
(1988) along with the mean annual temperature and oxygen
i sotope compositions of meteoric waters measured in Sudan,
Mali, Chad and Nigeria by the IAEA/WMO (2001). Mean
5'80p values indicate that a 100% reequilibrated apatite

should lie between 15 and 17%. in these sub-Saharan coun-
tries. These values are slightly lower than those measured in
our dentine samples. Three reasons can be invoked to ex-
plain this result: (1) it is inappropriate to use mean temper-
ature and meteoric water 60 value to characterize the
diagenetic fluid; (2) climatic conditions in Chad were dif-
ferent during the Pliocene; (3) the reequilibration of dentine
with diagenetic fluids was incomplete. Alteration might only
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Table 2) are not plotted on this figure.

occur during wet conditions, when temperature is generally
lower, or in evaporated soil waters that have undergone
180-enrichment compared to mean annual precipitation.
Also, climatic changes have probably affected northern
Chad since the Pliocene. But these parameters are difficult to
estimate precisely. On the other hand, the observation of
0.5%0 to 1.7%o intraindividual &§'®Op variations in fossil
dentine suggests that this tissue did not completely re-
equilibrate with the diagenetic fluid. Because the 680 of
mammalian body water is sufficiently enriched over local
precipitation, alteration generally leads to lower §*80p val-
ues, so the lowest dentine §*80p value measured in each
tooth should be considered as the best estimate of §'®Op,,.

Correction formulae have to take into account this uncer-
tainty. If we adapt Eqn. 5 to enamel (e) and dentine (d)
phosphate, and considering C, = C,, , we obtain

9)
dentine:8"0pp; = Xp - 80Py, + (1-Xp) - 8%0pp; (10)

If Eqn. 10 is solved over therange X; = Oto 1, and §'®0Opy;
> 5'®0p,, partial isotopic exchange with the aqueous fluid is
shown to produce §"®0p,; values that remain higher than
Slsopeq values. Figure 7 presents the correction of Chad
enamel 6*80p values as a function of the extent of isotopic
reequilibration of dentine with the diagenetic fluid. §'°Opy,

enamel:8"°0pg; = X - 80Py, + (1-Xg) - 6™0pg;

values associated with X values are calculated by combining
Egn. 9 and 10. In contrast to bones that grow and are reworked
throughout the lifespan of an animal, enamel and dentine min-
eralizations take place early and relatively quickly, during
approximately the same stage of ontogeny. Enamel and dentine
of individual specimens are, therefore, expected to have similar
mean isotopic compositions and we can assume that §'%0p,;
= 5'®0py,. Hence, '°0p, isafunction of X, X, §'®0p, and
8'®0py; such that

818OpD,f : (1_XE)_8180pE,f - (1-Xp)

5%0pg =
Peg Xe - (1-Xp)—Xp - (1-Xe)

(11

In the Chad samples, a §'°Op,, value of 15%. is computed
when 53 to 68% of dentine is isotopically exchanged with the
diagenetic aqueous fluid (Fig. 7). The correction is variable
within a tooth and is highest for samples with high §'80p
values. If the lowest dentine 5'®Op value reflects §'°Opy,
value, and assuming [CO,2"]; = 3.5%, corrected §*®0p values
in enamel are 0.5 to 1.8%. higher than measured values. If
dentineis partly re-equilibrated, these corrections may, locally,
be as high as 3%. (Fig. 7). After correction, intratooth ranges
increase by 0.1 to 1.2%. (Table 2).

There is no uncertainty in cases of inorganic alteration
because 6*0p values in enamel remain pristine. But when
microbial alteration of fossil enamel isindicated, corrections
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require accurate knowledge of (1) alteration intensity (X
values), and (2) the oxygen isotope composition of water
that reacted with the apatites. Calculations using the princi-
ples of error propagation indicate relatively high uncer-
tainty, even when a value is assigned to [CO4?7]; (0.7—
1.2%o, 1o, Table 2). In addition, and because the §'2Op
value of fossil dentine may only reflect partial re-equilibra-
tion with reacting water, corrections using 8*0p values of
fossil dentine as a proxy for §'®Op,, must be considered as
low estimates. Y et, because it is difficult to assign avalue to
[CO,%7];, amethod allowing quantitatively precise estimate
of the CFA content in fossil apatites remains to be found.
Further studies will have to investigate whether microbial
diagenesis of enamel is common at Earth surface conditions.
Also, a better understanding of the kinetics and extent of
oxygen isotope reequilibration in fossil enamel and dentine
will be necessary to improve the quality of the corrections,
and consequently, paleoenvironmental reconstructions.

5. CONCLUSIONS

This study provides the first evidence that the oxygen isotope
composition of fossil enamel can be either inorganically or
microbially-altered depending on the burial conditions. Modi-
fications of the pristine oxygen isotope compositions of car-
bonate and phosphate in apatite can be identified in hypsodont
enamel through atreatment of data in a §**0c—880p space. In
cases of inorganic ateration, no recrystallization is observed
and only oxygen isotope compositions of carbonate in apatite
are modified. In contrast, microbially-induced ateration is as-
sociated with extensive recrystallization of enamel apatite viaa
loss of carbonate, and isotopic exchange is observed in both
carbonate and phosphate oxygen. Our results on Chadian fos-
sils also suggest that the reliability of fossil enamel §'%Op
values can be easily tested via the measure of enamel carbonate
content.

The main goal of climate reconstitutions is to detect and
quantify both annual and seasonal oxygen isotope changes
recorded in fossil apatites. Major climatic changes are char-
acterized by mean air temperature variations of only a few
degrees and are recorded in fossil apatites by 820 variations
that rarely exceed 2%o.. For example, during the Pleistocene,
the shift from glacial to interglacial climate was recorded in
proboscidean tusks from England, by a1 to 2%. differencein
their §'80p values (Ayliffe et al., 1992). Patterns of seasonal
variations in temperature or precipitation are sometimes
more helpful for understanding the distribution of faunal
communities on Earth. For example, sequential sampling
and 80 analyses of North American fossil otoliths re-
vealed that the Eocene-Oligocene transition was character-
ized by an increased seasonality while mean annual temper-
atures remained unchanged (lvany et al., 2000).

Itisessential to correct for postmortem oxygen isotope shifts
recorded in diagenetic apatites to estimate accurately mean
annual and seasonal temperature variation. Our study of Mio-
cene-Pliocene fossils reveals that 60 changes due to diagen-
esismay locally exceed 2%.. These limited isotopic changes are
difficult to detect through a comparison of §**0c—8'80p bulk
sample values, and sequential sampling has also shown that
diagenesis can smooth out patterns of intraindividual oxygen

isotope variations in the enamel carbonate and phosphate. As a
result, the amplitudes of annual and seasonal climatic changes
may be underestimated if diagenesisis not carefully diagnosed.
Finally, it may be possible to correct for the isotopic effects
resulting from a diagenetic ateration of biogenic apatites in
some data sets, thus improving the quality of continental cli-
matic reconstructions.
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