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ABSTRACT

Yang Wang and Cerling, T.E., 1994. A model of fossil tooth and bone diagenesis: Implications for paleodiet reconstruction
from stable isotopes. Palaecogeogr., Palacoclimatol., Palaeoecol., 107: 281-289.

Diagenesis of structural carbonate in biogenic apatite in the postmortem environment is modeled as a process of water—bio-
mineral interaction. Both closed- and open-system model calculations suggest that §'*C of structural carbonate in biogenic
apatite is much more resistant to diagenetic modification than §'80. Apatite structural carbonate retains an original §'3C
signal in closed-system diagenesis. For open systems, 6'3C of biogenic apatite with very low porosity, such as tooth enamel,
can survive most diagenesis and retain a primary isotopic signature. On the other hand, 6'80 of structural carbonate in
biogenic apatite may not be a reliable indicator of the original isotopic ratios, except in a diagenetic system with low temperature
and very low water/biomineral ratio.

Application of the model to teeth, and carbonate cement in sediments from the Badlands, South Dakota, illustrates that
813C values of enamel samples preserve the original signal whereas §!3C values of dentine represent varying extents of
diagenesis. §'%0 values of fossil teeth may record an early or late part of their water—biomineral interaction history during
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diagenesis.

Introduction

Carbon isotope ratios in animal tissues are
related to the diet of the animals (DeNiro and
Epstein, 1978; Van der Merwe, 1982). '3C/*2C
ratios of bone collagen, which have been widely
used in archaeology to determine the diet of
Holocene humans and animals (Van der Merwe
and Vogel, 1978; DeNiro and Epstein, 1979; Van
der Merwe, 1982), are not applicable to older
samples due to the poor preservation of collagen
in the pre-Holocene record. Application of the
isotope technique to structural carbonate in bio-
genic apatite (Lee-Thorp and Van der Merwe,
1987) has been controversial (e.g., Schoeninger
and DeNiro, 1982; Sullivan and Krueger, 1981).
Diagenetic modification of the isotopic composi-
tion of structural carbonate in fossil apatite in the
postmortem environment has been the primary
concern. Fossil tissues, such as bones and teeth,
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are known to undergo some post-depositional
changes such as increased crystallinity and
exchange or adsorption of ions from their sur-
rounding deposits (Schoeninger and DeNiro, 1982;
Lambert et al., 1985; Nelson et al., 1986).
Radiocarbon dates obtained from whole bone are
considered unreliable as a result of isotopic
exchange (Sellstedt et al., 1966). For these
reasons, the mineral phase (hydroxyapatite:
Ca;o(PO,)¢(OH), with its trace amount of struc-
tural carbonate) of fossil tissues has usually been
considered an unsuitable material for dietary trac-
ing using stable carbon isotopes (Schoeninger and
DeNiro, 1982; Sellstedt et al., 1966). The extent of
alteration and its effect on the stable isotopic
signature of structural carbonate in biogenic apa-
tite, however, were poorly understood. A recent
study- using large numbers of African species of
known dietary habit and appropriate chemical
pretreatment to remove non-structural carbonates
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has demonstrated that expected browsing or graz-
ing isotopic signatures are maintained in structural
carbonate of biogenic apatite for at least 3 m.y.
(Lee-Thorp and Van der Merwe, 1987). Isotope
analyses -of Plio-Pleistocene herbivores from
Arizona (Wang et al., 1991) and Mio-Pliocene
herbivores from Pakistan (Quade et al., 1992;
Cerling et al., 1993) show that carbon isotope
ratios from fossil enamel apatite retain a biogenic
signal associated with consumption of C; or C,
vegetation in paleoenvironments.

In the present study, we model diagenetic alter-
ation of the carbon and oxygen isotope composi-
tions of structural carbonate in biogenic apatite.
We also present a case study of fossil calcified
tissues of Oligocene age from Badlands National
Park, South Dakota, and evaluate these data in
the light of our model.

Composition of calcified tissues: bone, enamel, and
dentine :

Enamel, dentine, and bone are all inorganic/
organic composites (Williams and Elliott, 1979).
The inorganic (mineral) component accounts
for about 69-97% by weight in these tissues.
Most of this is in the form of hydroxyapatite
(Ca,4(PO,)s(OH),) which contains a small amount
of “structural” carbonate substituting as carbonate
ion for phosphate and hydroxyl ions. The organic
component mostly is in the form of a fibrous
protein (collagen). Proportions and types of
organic or mineral component vary widely between
different tissues. Dental enamel is almost entirely
ih‘organic with >96 % by weight inorganic compo-
nent and <1% organic material and very low
porosity. Dentine has about 75% inorganic mate-
rial and organic collagen > 17%. Bone contains
65 to 70% inorganic component and 24-26%
organic component. Porosity increases from ~ 1%
to ~40% from enamel to dentine to bone
(Brudevold and Soremark, 1967; Trautz, 1967;_.
Rowles, 1967) and provides the pore space for
diagenetic fluid. In this study, we focus on struc-
tural carbonate in biogenic apatite and evaluate
its susceptability to isotopic alteration in postmor-
tem environments.
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Analytical methods

Fossil enamel and dentine samples were man-
vally separated*and ground into powder. The
pretreatment procedure of Lee-Thorp and Van der
Merwe (1987) was followed to remove non-
structural carbonate and to isolate structural car-
bonate for isotope analysis. CO, was produced by
reacting pretreated hydroxyapatite with 100%
phosphoric acid at 25°C, purified, and carbon and
oxygen isotopes determined on a mass spectrome-
ter (Lee-Thorp and Van der Merwe, 1987; Koch
et al.,, 1992). The fractionation factor for oxygen
in this reaction was assumed to be the same as
that for calcite at 25°C.

The isotope analyses of sedimentary carbonate
were performed on CO, prepared from the CaCO,
by treatment with 100% phosphoric acid at 25°C.
Prior to analysis the carbonate samples were
roasted for 1 hour under vacuum at 400-450°C to

. carbonize any organic matter present. The carbon

and oxygen isotopic ratios are reported in the
standard notation relative to PDB for both struc-
tural carbonate in bioapatite and carbonate. The
analytical precision is better than 0.2%o.

Diagenetic modification of stable isotopes of fossil
tooth and bone—theoretical considerations

A mass balance model is used here to evaluate
the possible extent of diagenetic modification of
stable isotopes in fossil teeth and bones. Mass
balance concepts have been widely used in isotope
geochemistry, particularly in high temperature
applications (e.g. Taylor, 1969, 1974; Bowman
et al., 1985a, b, 1987) and in diagenesis of carbon-
ate rocks (e.g. Banner and Hanson, 1990). Here
we apply the mass balance concept to the diagen-
esis of fossils to model variations of stable carbon
and oxygen isotopes of structural carbonate in
biogenic apatite in a diagenetic environment. The
purpose of our modeling is to better understand
the sensitivity of the isotopic composition of fossil
tissues to different postmortem environments and
to gain an insight into the nature and extent of
diagenesis of fossils.

Our model system is defined by a fixed volume
of a porous solid phase (tooth or bone hydroxyapa-
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tite with carbon present as structural.carbonate)
and a fluid phase (water) occupying all the avail-
able porosity. The equations are based on 'mass
balance relationships and carbon and oxygen iso-
topic fractionation factors. Diagenesis is modeled
as both closed- and open-system water-biomineral
interactions. Previous studies (Kolodny et al.,
1983; Shemesh et al., 1983, 1988) have shown that
the oxygen in phosphate (PO3}~) is much more
resistant to diagenetic alteration than the oxygen
in carbonate and chert, and is practically inert to
isotopic exchange with water in low temperature
inorganic chemical systems. Therefore, we assume
in our model that water does not exchange isotopi-
cally with oxygen in phosphate (PO3~) and only
with oxygen in the structural carbonate of
bioapatite.

For the closed-system scenario, the diagenetic

process is modeled by assuming that all the avail-
able porosity is filled with diagenetic fluid which
exchanges with the mineral phase and reaches
isotopic equilibrium with the mineral phase with-
out being displaced. For the open-system case, the
diagenetic process is simulated by passing succes-
sive increments of fluid into the available porosity
(Banner and Hanson, 1990). Assuming that a
thermodynamic drive for the appropriate mineral-
—water reaction exists, each fluid increment reacts
with the structural carbonate in biogenic apatite
until isotopic equilibrium is achieved and then is
displaced by the next increment of unreacted fluid.
The process is repeated through any number of
iterations and the progressive changes in the iso-
topic composition of the given volume of apatite
are calculated. ‘

Model equations are as follows (Banner and
Hanson, 1990):
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where C, and Cg, are the concentrations of
carbon and oxygen in the fluid—solid system; Cg, ;
and C;,; are concentrations of carbon and oxygen
in the fluid before interaction, and C;,; and Cgp,
are the concentrations of carbon and oxygen in
the solid before interaction. Fis the weight fraction
of fluid in this system for one iteration; P is
porosity in volume fraction; p; and p, are densities
of the fluid (1 g/cm?® for water) and solid (3.2

g/cm? for apatite), respectively; d,,,'*C.and 4,,'*0
are the carbon and oxygen isotopic compositions
in per mil in this fluid-solid system; §.2,C and
5;,‘; ;0 are carbon and oxygen isotopic compositions
in the fluid before interaction; 633 ,C and §,5,0 are
the carbon and oxygen isotopic composmons in
the solid (apatite) before interaction; d.2 C and
8.8 ;O are the carbon and oxygen isotopic com-

positions of a diagenetic fossil apatite during
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water—biomineral interaction; &¢,co,-nco, and
%¢aco,-H,0 are the temperature-dependent frac-
tionation factors of carbon and oxygen isotopes
between carbonate and water respectively, and
aa —p=(J4+1000)/(65+ 1000). The 6*3C and 50
of structural carbonate are referenced to PDB, and
580 of water is referenced to SMOW. The 520
(PDB) of structural carbonate is converted to 6120
(SMOW) during thodel calculation, and is con-
verted back to 680 (PDB)*at the end of the
calculation. ’ '

Presently, there are no experimental data avail-
able on fractionation between structural carbonate
in apatite and dissolved bicarbonate and water.
According to Nelson et al. (1986), the average
680 value of structural carbonate in apatite of
modern marine feeders is — 6%o(PDB). Assuming
a body temperature of 37°C for marine feeders
and using the fractionation factor between calcite
and water, the calculated §'80O value of their body
water is — 1.4%o (SMOW), which is close to the
6180 value of modern sea water. Considering that
5180 value of body water may be different from
drinking water (sea water for marine feeders)
depending on the total oxygen flux through the
body (Luz et al., 1984), the calculated 580 value
of their body water using calcite fractionation
factor for structural carbonate seems reasonable.
Also, Shemesh et al. (1988) analyzed isotopic com-
positions in both structural carbonate in phosphate
and in coexisting calcite for a number of phospho-
rite francolite. Their 6'3C and 620 values in
coexisting calcite and apatites show no evident
isotopic difference between the two coexisting
phases. Moreover, recent. study on mice (Tieszen
and Fagre, 1993) showed a 10.5%o carbon isotopic
fractionation between respired CO, and apatite.
This value is very close to the fractionation between
calcite and CO,, suggesting that the CO, incorpo-
rated as structural carbonate in apatite may follow
the physical fractionation-along the CO,—dissolved
CO,-HCOj;_-solid carbonate - pathways. We
assume, therefore, in. our model that structural
carbonate behaves isotopically identical to calcite
and that isotopic fractionation between water and
dissolved bicarbonate and carbonate of calcite is
similar to that between water and dissolved bicar-
bonate and structural carbonate of apatite.
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However future work is needed to more precisely
determine these fractionation factors for apatite.

Closed system behavior at different water-
biomineral ratios is given by a single iteration of
Egs. (2), (2), (3) and (3) for 8,,¢*C and 6,, %0
at varying F/(1—F) ratios which are assumed to
be determined by porosity (Eq. 4).

Calculation of the progressive changes in the
isotopic composition of structural carbonate in
biogenic apatite upon repeated additions of fluid
with the same initial composition which simulates
open-system water—biomineral interaction can be
determined by iterative calculations, using first
Eqgs. (2) and (2'), and then (3) and (3') in which
the C22,C and 8,0 of biogenic apatite in Egs.
(2) and (2') are derived from previous calculations
of 633 ,C and 5.8 ;O using Egs. (3) and (3').

The amount of water that has equilibrated with
a biogenic apatite is defined as the cumulative
water—biomineral mass ratio W/R=nx F/(1 —F),

~ where # is the number of iterations (or number of

replacement volumes), which is a measure of the
extent of diagenesis.

Model calculations of simultaneous §'3C and
880 variations of structural carbonate in biogenic
apatite during water—biomineral interaction
should allow us to evaluate: (a) if 6*3C value of
structural carbonate in biogenic apatite is more
vulnerable than §!20 value to diagenetic modifica-
tion or vice versa; (b) the sensitivity of the §!3C
and 680 values of structural carbonate in biogenic
apatite to different variables or conditions in diage-
netic systems; (c) the nature of the diagenetic
processes involved; and (d) the extent of the diagen-
esis. Geochemical data for a suite of samples that
has undergone a range of diagenesis can then be
compared with theoretically calculated isotopic
variations in order to determine whether closed-
or open-system water-biomineral interaction is a
viable process to explain the data. If so, it should
be possible to place constraints on the chemical
and isotopic composition of the fluid(s) responsible
for a given diagenetic reaction and to approximate
the relative magnitude of the water—biomineral
ratios. :

Isotopic variation in structural carbonate in
biogenic apatite during diagenesis is dependant on
numerous variables: temperature, porosity, carbon







