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Fossil biogenic apatites display trace element (TE) compositions that can record environmental and biological
signals, give insights into past water compositions, or be used for dating paleontological and archeological
bones and teeth. Processes of TE incorporation into apatites of skeletal phosphatic tissues are described, ranging
from those active in living organisms to those active during diagenesis. Abiotic incorporation mechanisms
have been modeled theoretically and experimentally and include crystallographic controls on TE partitioning
coefficients, inorganic surface adsorption and adsorption mediated through chelation and diffusion–adsorption
processes, each leading to specific fractionation patterns. Predictions from models and experiments have been
tested against TE concentration and isotopic composition data on remains of contemporarywild or raised animals
and on fossils of various ages and environments. In living organisms, TEs incorporated in apatite are separated in
two categories, non-essential elements whose concentration is compared to that of an essential element with
similar behavior (e.g. Sr/Ca) to reconstruct trophic chains, and essential elements whose isotopic ratios are
used to trace metabolic activity, diet, etc. In fossils, elements are incorporated during diagenesis, such as rare
earth elements (REEs), and trace diagenetic processes ranging from very early quantitative adsorption likely
mediated by chelators, protracted diagenesis through inorganic adsorption and fractionation through diffusion–
adsorption, to low-grade metamorphism associated with intense redistribution under crystal-chemical control.
These different steps are also identified as steps of radionuclide incorporation. Only samples where the earliest
steps can be deciphered are useful for determining stratigraphic and archeological ages. Other samples will
date late diagenetic events that have obliterated the paleoenvironmental signals, but may be of geological
significance, e.g. tectonic events.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

TEs have long been known to enter bio-apatites of the exo- and endo-
skeletons of organisms during their life (Stoeltzner, 1908; Hodges et al.,
1950) and during the post mortem fossilization processes (Arrhenius
et al., 1957; Parker and Toots, 1970). Their concentrations and stable iso-
topic compositions contain information firstly on intensive and exten-
sive parameters of the environment during the life of the organisms,
such as temperature, water composition, food and place in the trophic
chain, and secondly on conditions, timing and extent of diagenetic alter-
ation of this paleoenvironmental signal. Understanding the mechanisms
of TE incorporation and the thermodynamics and kinetics atwork during
l.:+33 4727281 02; fax:+334

d).
those processes is essential for separating the information pertinent to
paleoenvironmental conditions from that relating to the diagenetic
history.

Elements like the alkali-earth (Mg, Sr, Ba) are incorporated in signif-
icant amounts during life, and divalentmetals (Zn, Cu, Fe) at lower levels.
These elements will typically be used to trace the environmental and
biological signals. Elements like REE and high-field strength elements
(Hf, U, Th) are incorporated post-mortem, and trace diagenetic processes
from early on in water-rich unconsolidated sediments to low-grade
metamorphism. Lu, Th and U are used for dating provided that they
can be linked to diagenetic events that took place in a relatively short
time interval after the death of the organism.

Different laws govern incorporation of TEs depending on their nature
and on the mechanism of uptake by fossils. Properties of the bulk crystal
influence the partitioning of TEs with biological or environmental fluids
when recrystallization is important during the growth of the skeleton or
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in case of dissolution–precipitation during fossilization. Interactionswith
mineral surfaces can also play an important role at each of these stages.
Interaction with organic molecules is an overlooked mechanism that
may explain features of element partitioning in vivo or at early diagenet-
ic stageswhenpart of the organic fraction of the skeletons is preserved or
when fluids are rich in chelating organic agents due to biological activity
in soils and sediments.

In addition to the direct crystal-chemical effects, partitioning can
occur due to kinetic controls on dissolution, precipitation, and transport
of the elements in the complex skeleton structure. This implies a com-
plex interplay of aqueous transport inmesoscale pores, diffusion atwet-
ted grain boundaries, diffusion and concentration-controlled dissolution
or precipitation, and buffering or intermittent interaction with the
diagenetic fluid. Quantification of these phenomena is essential for
deciphering potential alteration of the paleoenvironmental signal and
for interpreting ages provided by radiogenic isotopic measurements.

Various incorporation mechanisms lead to specific partitioning and
composition patterns in fossils that can be assessed by thermodynamic
modeling or experimental investigations. We discuss here theoretical
and experimental evidence of activity of these different processes, and
their consequences on the interpretation of the fossil record in terms of
biological signals, paleoenvironments, dating, and diagenetic processes.

2. Mechanisms of TE incorporation in apatite: theoretical and
experimental constrains

2.1. Partitioning between aqueous fluids and crystals

Partitioning of divalent cations is defined by the chemical equilibrium
expressing divalent cation (Me2+) exchange between apatite and aque-
ous solutions:

Me2þ aqð Þ þ Ca‐apatite ssð Þ ¼ Ca2þ aqð Þ þMe‐apatite ssð Þ; ð1Þ

where (aq) and (ss) refer to the aqueous solution and to the solid solu-
tion, respectively, with the associated equilibrium constant:

KD
Me2þ

Ca

 !
¼

XMe‐apatite
XCa‐apatite

m
Me2þ
mCa

¼ K Tð ÞCa‐apatite
K Tð ÞMe‐apatite

λCa‐apatite

λMe‐apatite

γMe2þ

γCa
; ð2Þ

where X is the molar fraction in apatite solid solution,m the molality in
water, λ the activity coefficient of the component in the solid solution,
K(T) the solubility product of the end-member at temperature T, and γ
the ion activity in the aqueous solution, whose ratio in water is assumed
to be equal to unity in the following. The activity coefficients in a regular
solid solution model are described by Margules parameters and can be
approximated by the elastic energy due to the deformation of the host
crystal lattice around the substituted cation (Brice, 1975):

WGji
¼ 4πNAE

ri
2

r j−ri
� �2 þ 1

3
r j−ri
� �3� �

; ð3Þ

where NA is the Avogadro number, E the Young's modulus of the crystal,
ri the ionic radius of the cation normally occupying the site in the i com-
pound (Ca in apatite), and rj the ionic radius of the substituted cation in
compound j. Elasticity of hydroxyapatite gives E=114±2GPa (Gilmore
and Katz, 1982; Bass, 1995). Numerical applications with 6- to 9-fold
coordination ionic radii (Shannon, 1976) give similar results. The elastic
energy is assumed constant over the pressure and temperature interval
of interest. Using slightly different boundary conditions leads to different
equations (Nagasawa, 1966; Gnanapragasam and Lewis, 1995) and to
differences in the substitutions energies in the order of ±10%. Apatite
solid solution properties were also accurately modeled from interatomic
and first-principles calculations (Rabone and De Leeuw, 2006; Kawabata
and Yamamoto, 2010; Almora-Barrios et al., 2013).

At low concentrations (XMe-apatite ≪ 1) like those of TEs in biogenic
apatites, Eq. (2) reduces to:

KD
Me2þ

Ca

 !
¼ K Tð ÞCa‐apatite

K Tð ÞMe‐apatite
exp −WGMeCa

=RT
� �

¼ exp − Gideal þWGMeCa

� �
=RT

� �
; ð4Þ

where the term exp(−ΔGideal/RT) is the free enthalpy change of re-
action (1), equivalent to the ratio of end-member solubility products.
Unlike carbonates, solubility products and thermodynamic data for
end-member apatites are scarce (Jemal et al., 1995). When no data are
available for the solubility and enthalpy of formation of the end-
members, it is assumed that the elastic energy term dominates
partitioning, i.e.ΔGideal≪WGMeCa

. Promisingways for obtaining enthalpies
of formation and substitution energies are first-principles calculations
(Almora-Barrios et al., 2013) and atomistic modeling (Rabone and De
Leeuw, 2006).

For heterovalent substitutions, the equilibrium reaction becomes
complex since complementary substitutions are necessary to maintain
charge balance in the crystal. Typically, substitution of the trivalent
elements of the important rare-earth series requires compensation by
Na+ for Ca2+ in an adjacent site, or yet more complex substitution
scheme involving carbonate groups, fluorine (Yi et al., 2013). In that
case,most thermodynamic data required for calculating the equilibrium
constant are not available. Among a series of elements with the same
charge and substitution scheme, the pattern of equilibrium constants,
or of distribution coefficients, can be approximated by combining
Eqs. (3) and (4) (Blundy and Wood, 1994, 2003):

KD ¼ K0
D exp −4πNAEeff

r0
2

r j−r0
� �2 þ 1

3
r j−r0
� �3� �

=RT
� �

; ð8Þ

where Eeff is the effective Young's modulus and r0 is the optimum radius
for maximum equilibrium constant KD0, all of which will depend on the
charge of the considered series of elements. These parameters can be
adjusted to experimental data such as partition coefficients between
minerals and liquids (Blundy and Wood, 1994) and lead to parabola-
like curves whose position and curvature depends on the charge of the
element (Fig. 1). This approach was so far only applied to rare-earth
elements in apatite (Fig. 2), where relative partition coefficients were
extrapolated from magmatic temperatures around 800 °C (Fujimaki,
1986) to low temperatures appropriate to fossil diagenesis (Reynard
et al., 1999).

2.2. Surface adsorption, complexation, and chelation

The chemical equilibrium used above applies to systems where
solution–precipitation and diffusion in solids are fast enough to allow
equilibration between the fluid composition and bulk composition of
crystals. This is usually far from being the case in living organisms and
in low temperature sedimentary environments. Equilibrium (1) may
in this case be replaced by local equilibriumbetween the ions in solution
and ions adsorbed on the apatite surfaces. The crystal surface composi-
tion is incorporated in the crystal during its growth with equilibrium
constants that can differ strongly from those of equilibrium (1) between
a bulk mineral solid solution and aqueous solutions. Direct measure-
ment of surface composition in equilibrium with a fluid is difficult,
and few data on surface speciation are available (Rimbert et al., 1982).
The thermodynamics of this local equilibrium may be discussed from
the difference between effective fractionation as measured on experi-
mentally grown crystals and equilibrium (1). Surface adsorption ener-
gies and associated equilibrium constants can be obtained from first-
principles calculations that were so far applied to Mg incorporation in
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Fig. 1. Crystal-chemical control is illustrated by the effect of ionic radius (shown here for
9-fold coordination) on equilibrium partition coefficients between liquid and crystal for
several cation charges (Blundy and Wood, 2003). Curvature and location of maxima
may depend on the charge and exact charge compensation mechanism.
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apatite (Almora-Barrios et al., 2013). Finally, the kinetics of crystallization
and of diffusion from the fluid to themineral surface may play an impor-
tant role (Baig et al., 1999; Mayer and Featherstone, 2000; Fulmer et al.,
2002; Guidry and Mackenzie, 2003).

In a similar fashion to divalent elements, adsorption on mineral sur-
faces, as well as complexation with organic compounds in the aqueous
fluid (e.g. the biological fluid) plays an important role for REE and other
metals (Rimbert et al., 1982; Koeppenkastrop and De Carlo, 1992;
Rakovan and Reeder, 1996). Sorption of REE elements on apatite surface
yields partition coefficients that also display some degree of crystallo-
graphic control (Koeppenkastrop and De Carlo, 1992), but to a smaller
extent than intracrystalline substitution (Reynard et al., 1999). Crystallo-
graphic control can be fitted with Eq. (8) and yields an effective Young's
modulus of about 90 GPa, five times lower than that for intracrystalline
substitution (Fig. 2). It is worth noting the small variations of adsorption
partition coefficients around the smooth curve defined by fit to Eq. (8)
that originate from effects of electronic configuration on partly filled 4d
orbitals in the ligand field of complexes, crystals and crystal surfaces,
known as tetrad effect (Peppard et al., 1969; Nugent, 1970).

Complexation ofmetal cations in aqueousfluids involves bindingwith
a broad range of molecules from simple inorganic ones (e.g. carbonates,
phosphates, sulfates) to complex organic ones (humic acids, amino
acids, proteins, enzymes etc.). For molecules with several bonding sites
and structural flexibility (e.g. multidentate or chelator), complexation is
thermodynamically favored with respect to complexation with several
monodentates having one bonding site, a process named chelation.
Chelators can be adsorbed on mineral surfaces while remaining com-
plexed to metallic cations. The pattern of partition coefficients associated
with this process has been measured for rare-earth elements complexed
105
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with humic acids andmanganese oxides. It showsnull fractionation along
thewhole series; the effect of chelation is therefore to screen the TE from
the crystal or ligand field and to suppress fractionation associated with
ionic radius variations and tetrad effects, andmost of the anomalies asso-
ciated with redox of Ce (Davranche et al., 2005). Similar effects might
occur for adsorption of chelated metals on other mineral surfaces, and
in particular phosphates, but, to our knowledge, this has not been tested
in aqueous solutions. Other lines of evidence for a similar effect on bone
phosphates comes from treatment bone metastases that makes use of
radioactive REE and other metals combined with organic chelators such
as ethyldiaminetetramethylenephosphonate (EDTMP), which bind to
bones and bone deposition area (Eary et al., 1993; Resche et al., 1997).
Systematic tests on mice using different trivalent radionuclides ranging
fromCe toAc (Fig. 3) show that retention onbone is remarkably indepen-
dent of ionic radius (Beyer et al., 1997). Similar featureswere observed in
bones and in modern bears (Vidaud et al., 2012; Kohn et al., 2013).

In addition to chelators, transition metals also form complexes with
proteins and enzymes that interact with bones and teeth in the living
organisms and may influence their incorporation in the bio-apatite.

2.3. Diffusion processes

Solid-state diffusion in crystals is a thermally activated process
governed by the enthalpy of formation and of migration of defects,
and usually well described by the Arrhenius relation:

D ¼ D0 exp −ΔHa

RT

� �
; ð9Þ

where D0 is a pre-exponential factor corresponding to the diffusion
coefficient at infinite temperature, and ΔHa is the activation enthalpy
(or energy) of the diffusion process. Extrapolation of high-temperature
diffusion data of TEs in apatite (Cherniak, 2000) shows that these
processes are inefficient at temperatures below 300 °C that cover the
conditions of diagenetic alteration up to low-grade metamorphism.

Because solid-state diffusion is inefficient during diagenesis, the
incorporation of TEs in bones and phosphatic tissues occurs through
interactions between mineral surfaces and diagenetic fluids and by
solution–precipitation. Conditions range from low-temperatures where
these processes can be assisted by biological degradation of the phos-
phatic tissue to low-grade metamorphism where solution–precipitation
with aqueous fluids dominates. The process of TE incorporation com-
prises several steps, each contributing potentially to fractionation, and
depending on the ultrastructure of the bone or tooth.

The porosity structure of the bone or tooth plays an essential role in
their incorporation because the transport medium of TEs is solely diage-
netic aqueous fluids. There are various hierarchical levels of porosity
in bone and teeth (Fig. 4), from large open channels (1–10 μm) of
vascularized part of the tissue and open diagenetic cracks, thin cracks
associated with channels or interfaces between different parts of the
Fig. 3. Concentration of radioactive tracer chelated by EDTMP relative to the injected dose
(%ID) in femur and urine ofmice as a function of ionic radius for 6-fold coordination (Beyer
et al., 1997). The concentration in bone is remarkably independent of ionic radius over a
large range that spans REE and beyond (Ac), showing that chelation suppresses the crystal
or ligand field effects and results in null relative fractionation of TEs.
tissue (e.g. at the enamel–dentine junction), to grain boundaries
between nano- to micro-metric crystallites of the mineralized tissue.
This decreasing scale of porosity is mirrored by an increasing scale of
specific area available for TEs incorporation through adsorption and
solution–precipitation at cracks and grain boundaries. Thus, the largest
potential reservoir for increasing TE content is the geometrically most
difficult to reach by diffusion because of its small porosity.

Modeling diffusion of dissolved TEs in such a complex porosity
structure is non-trivial, and, in the absence of measurements of relevant
geometrical and kinetic properties, approximations have been used to
reduce the number of parameters required to describe diffusion in the
fluid (water) that wets the bones (Millard and Hedges, 1996). Firstly,
an effective diffusion coefficient D is defined:

D ¼ D0VW
τ2

1− a
A

� �2
1−2:104

a
A
þ 2:09

a
A

� �3
−0:95

a
A

� �5� �
; ð10Þ

where D0 is the diffusion coefficient in the solution, V is the volume
porosity, W is the fraction of pore volume filled, τ2 is the tortuosity
factor, a is the hydrodynamic radius of the diffusing species, and A is
the radius of the pores assumed cylindrical. Diffusion coefficients in
aqueous solution lie typically in the range 2–2010−10m2·s−1 at infinite
dilution (Yuan-Hui and Gregory, 1974), and a in the range 0.1–1 nm,
and A is of the order of 0.8 nm (Holmes et al., 1964). D0 and a are
inversely correlated through the Stokes–Einstein equation. Diffusion
coefficients vary with temperature, salinity, and complexation scheme
(in particular through variations of a) in complex solutions. With a
tortuosity factor of 3 and wetness in the range 0.1–1, the effective
diffusion coefficient lies in the range 10−11–10−13 m2·s−1.

With the assumption that only the smallest porosity contributes to
diffusion and incorporation of the TE, solutions of the diffusion equation
for various geometry can be applied (Crank, 1975) with the effective
diffusion coefficient defined in Eq. (10). Assuming a plate-shape for
bone and tooth fragments, and an initial concentration C0 of zero (purely
diagenetic tracer such as U, Th or REE), it yields (Millard and Hedges,
1996):

Cs ¼ ϕRC1 1− 4
π

X∞
n¼0

−1ð Þn
2nþ 1

exp
−D 2nþ 1Þ2π2t

� �
Rþ 1ð Þ4l2

2
4

3
5 cos

2nþ 1ð Þπx
2l

� �0
@

1
A; ð11Þ

where Cs is the concentration in the solid, C1 is the concentration in the
diagenetic fluid, R = KD/p is the ratio of the equilibrium constant or
partition coefficient KD to the specific porosity p whose value is in the
range 0.1–0.7 10−3 m3·kg−1 (Millard and Hedges, 1996), l is the half
thickness of the plate, and x is the distance from exchanging interface
along the diffusion profile.

For back-of-the-envelope calculations, it is easy to evaluate charac-
teristic diffusion timescales t from the thickness of the sample and
value of the diffusion coefficient (Eq. (10)) from the relation:

t≈ l2=2D; ð12Þ

for Brownian motion. With D ~10−11–10−13 m2·s−1 and l from 1 to
10 mm, timescales lie between less than a year and 100 years, i.e. diffu-
sion in the saturating fluid is instantaneous at geological timescales, and
nearly instantaneous at archeological timescales. In order to account for
simultaneous adsorption during diffusion (diffusion–adsorption or DA
model), Eq. (11) is derived from a diffusion equationwhere the effective
diffusion coefficient is the ratioD/(R+1)≈D/Rwith R, the fractionation
coefficient for adsorption, in the range 105–107 (Koeppenkastrop and De
Carlo, 1992; Millard and Hedges, 1996; Pike et al., 2002). Replacing D by
D/R in Eq. (12), typical timescales are in the order of thousands to
hundreds of thousand years and account for the observation of diffusion
profiles in archeological and geological phosphatic fossils (Kohn, 2008).



Fig. 4. Examples of phosphatic tissue ultrastructure. a. Polarized light micrograph of a thin sectionwith shark tooth in a phosphatic deposit of the late Cretaceous–Early Paleocene in Egypt
showing the denselymineralized enameloid layer, and vascularized, less mineralized dentine tissues. Scale bar is 0.3mm. b. Same as Awith quarter-wave plate and cross-polarizer shows
the variability of crystallite orientation in the tissue. c. Polarized light micrograph of a thin section of pycnodont tooth from the Jurassic of Burgundy (France). Note the difference between
clear upper part of the tooth,which is heavilymineralized, and the orangey lower part, and the oxide precipitates lining the vascular channels. d. Enlargement of Cwith quarter-wave plate
and cross-polarizer shows the variability and organization of crystallite orientation around the vascular channels filled with oxides. Scale bar is 1 mm.
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However, the DAmodel cannot account for flat U concentrations associ-
ated with U-series age gradients, and alternative models of diffusion–
recrystallization (DR) or double-medium diffusion (DMD) have been
proposed (Kohn, 2008). These involve either a reactive layer or the
existence of a disordered boundary layer with higher diffusivity (Stipp
et al., 1992) at grain boundaries.

The observation of diffusion concentration profiles can be used to
precisely determine timescales if diffusion coefficients are known, or
conversely diffusion coefficient if dating is available, through solutions
to Eq. (11), ormore complex schemeswith several stages ormechanisms
of TE incorporation (Kohn, 2008). Eq. (11) assumes a platy shape of
fossils thatmay not be appropriate. Assuming one-dimensional diffusion
in a semi-infinite medium, one gets:

C
C0

¼ erfc
x

2
ffiffiffiffiffiffi
Dt

p
� �

; ð13Þ

with x the distance from the bone or tooth edge, C0 the concentration at
x = 0 that remains constant, and initial concentration of zero at x N 0
(valid for REE and U, Th). It is practical to plot erfc−1(C/C0) as a function

of x, because it gives a straight line with slope 1= 2
ffiffiffiffiffiffi
Dt

p� �
for a given

diffusion stage of duration t wherever Eq. (13) applies (Kohn, 2008;
Hinz and Kohn, 2010). In this manner, the product Dt may be simply
determined. Assumptions or independent determinations are required
to constrain either one of the separate variables. Systematic variations
of diffusion coefficients in a series of TEs lead to fractionation along the
diffusion profile that will add up with fractionation due to variations in
partition coefficients. Observed diffusion profiles suggest that the DR
andDMD are activemechanisms in enamel with relatively large crystal-
lites, while DA may be more appropriate for dentine and bone with
small crystallites (Kohn, 2008; Hinz and Kohn, 2010).
Recent experimental determinations of effective diffusion coeffi-
cients in bone in a simulated diagenetic environment suggest slightly
lower diffusivities than estimated above for diffusion in solution, a
discrepancy attributed to depletion of TEs around bones acting as a
sink in sediments, and insignificant fractionation among TE in contra-
diction with geochemical evidence from natural samples (Kohn and
Moses, 2013). Different pathways for diffusion may become available
in natural environment, such asmicrocracks, and supplementarymech-
anismsmay be active. A possibility is that the pH of diagenetic waters is
maintained at lower values than in experiments, where it evolves from
7 to 9 within 18 months, favoring solution–precipitation and diffusion
at grain boundaries, as assumed in DR and DMD models (Kohn, 2008).
Testing these hypotheses should stimulate new experimental studies.

3. TEs in phosphatic tissues of the living organisms

3.1. Biological controls on element intake

The crystallographic structure of apatite allows the incorporation of a
wide range of elements at relatively high concentrations (N100 ppm),
whatever their ionic radius and charge. However, “living” bone and
enamel crystallites do not present high concentrations that are found in
fossils for many elements (Arrhenius et al., 1957; Parker and Toots,
1970; Curzon and Cutress, 1983). This is because some elements, mainly
heavy and often toxic, do not easily enter the body. For instance, the up-
take of REE by the gastro-intestinal tract is difficult because trivalent
metal transporters donot exist, contrary to the divalentmetal transporter
1 that is active for a variety of metals including Fe2+, Cu2+ and Zn2+

(Iolascon and De Falco, 2009). However, incorporation of minor amounts
(b1 ppm) of various traces, including REE and other high-field strength
elements, implies complex biological pathways that are not yet fully un-
derstood (Vidaud et al., 2012) and involves direct ingestion of dust and
soil (Kohn et al., 2013).

image of Fig.�4
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From a paleontological and paleoenvironmental perspective, it is
necessary to distinguish non-essential from bioessential elements.
Non- and bioessential elements have different fates in the body. Non-
essential elements are “passively” processed along some of the biologi-
cal pathways of an essential element of similar chemical properties,
and essential elements are actively involved in biochemical reactions,
and pathways, and associated with various organic molecules in the
body (e.g. iron with hemoglobin).

Non-toxic elements are absorbed in the gastro-intestinal tract
depending on the needs of the body. The chemical composition of
the serum, the extracellular milieu, is therefore the result of the
balance between the metabolic demands of the organs and the inward
flux from the diet. Another important regulation of TE concentrations
occurs in osteoblasts and enameloblasts, which are the two specialized
types of cells that control the precipitation of apatite crystallites.

The activity of proteins and enzymes involved in bone growth is
affected by essential trace metals (Yamaguchi et al., 1986). Zinc stands
out as a particularly influent TE in the regulation of bone growth rate
(Yamaguchi et al., 1987). Zn-enrichment in the outer enamel with
respect to the inner enamel of human teeth (Frank et al., 1989) may
be attributed to longer interaction with Zn-bearing enzymes and pro-
teins. Thus, complex organic molecules potentially influence the incor-
poration of TEs in bio-apatites during life. Enrichment factors between
bone and serum (Fig. 5) show that the most enriched TEs in apatite
(N103) are F, Sr and Ba,which are non-essential elements. Lead accumu-
lates in apatite ten times higher than Zn. Both elements have similar
chemical characteristics, but the former is clearly heavy and toxic are
the latter strongly regulated. Mg, Ni, and Fe display enrichment factors
similar to Pb; alkali (Na, K), Se and Cu have similar fractionation close
to unity. Although part of the intake may be due to the presence of
organically boundmetals (Spadaro et al., 1970), the absence of system-
atic charge effect and, at same charge, of ionic radius dependence indi-
cates that TE incorporation in bio-apatites is not primarily controlled
by crystal-chemical effects. Metallo-enzymes and -proteins likely play
a significant role in stabilizing transitionmetals in the fluidwith respect
to apatite. For alkali and alkali-earthmetals, which are not systematical-
ly bound to organic compounds, the absence of ionic radius effect may
arise fromdirect complexation on nanocrystalline apatite surface before
incorporation in the bulk (Yamaguchi et al., 1987).
Fig. 5. Enrichment factors for a suite of elements between bone and serum (black dots).
Corresponding enrichment factor between serum and seawater is also given for comparison
(white dot). Most elements are enriched in bones relative to serum. Concentration data for
bone (Hinners et al., 1998), serum (Lyengar, 1989), and for seawater (http://earthref.org/
GERM/) were used to calculate enrichment factors.
3.2. Partitioning of non-essential elements

Non-essential elements do not have a recognized vital role in the
body but tend tomimic themetabolismof chemically similar bioessential
element. The biological behavior of a non-essential element is depicted
by using the ratio of its concentration over that of the bioessential
element that serves as a reference. This is the case for the Sr and Ba
relative to Ca ratios that have been used for over sixty years (Comar
et al., 1957; Wasserman et al., 1957), for the less studied Rb/K ratio
(Anke and Angelow, 1995; Campbell et al., 2005), and for the Li/Na
ratio (Schrauzer, 2002; Kohn et al., 2013). The ratios of non-
bioessential elements, e.g. Sr/Ca or Ba/Ca ratios, decrease during themet-
abolic processes involving the bioessential element Ca, a process often
termed biopurification. In healthy adult mammals, biopurification of Ca
leads to lower Sr/Ca and Ba/Ca ratios in the body, bones and teeth, than
those of the diet. The Sr/Ca and Ba/Ca ratios therefore decrease at each
trophic step of a food chain. This was primarily demonstrated for mam-
mal bone (Elias et al., 1982; Gilbert et al., 1994; Burton et al., 1999) and
more recently for mammal tooth enamel (Sponheimer and Lee-Thorp,
2006; Austin et al., 2013; Martin et al., 2014), although the type of tissue
affects the extent of biopurification (Kohn et al., 2013).

The proportion by which the Sr/Ca and Ba/Ca ratios decrease from
one trophic step to the next is constant, and as a result, the two ratios
are correlated along a Ca biopurification line (Burton et al., 1999;
Balter, 2004). The Sr/Ca and Ba/Ca ratios in bone and enamel of mam-
mals coming from North America are undistinguishable (Burton et al.,
1999; Peek and Clementz, 2012), suggesting that the amplitude of the
Ca biopurification is similar in bone and enamel, while recent studies
showed that dentine was similar to bone and different from enamel
(Kohn et al., 2013). Higher Sr incorporation in dentine than in enamel
is observed in teeth of mice grown in laboratory and marked with Sr
injection (Balter and Reynard, 2008). Since enamel is becoming the
material of choice for paleoenvironmental and paleobiological studies,
we stress the need for more experimental work linking the Sr/Ca and
Ba/Ca ratios in diet, bone and enamel (Peek and Clementz, 2012; Austin
et al., 2013). Such studies would be the opportunity to evaluate the
scattering the Sr/Ca and Ba/Ca ratios around the Ca biopurification line.
Unexpected departure from a Ca biopurification line could serve to
identify fossil samples influencedbydiageneticmodifications, or contam-
ination with regional rock composition resulting from direct ingestion of
dust and soil (Kohn et al., 2013). Coupling of element concentration and
isotopic ratio measurements is also a promising line for studying tempo-
ral diet evolution and migration of mammals and humans (Balter et al.,
2008a,b; Balter et al., 2012).

The reduction of the proportions of Sr and Ba relative to Ca between
the diet and the mineralized tissues of an animal is quantified by using
Observed Ratio, ORSr and ORBa, respectively (Comar et al., 1957), also
referred to as Trophic Transfer Factor, TTF (DeForest et al., 2007). For
mammals, the values of ORSr and ORBa are found quite constant and
similar, of 0.30 ± 0.08 and 0.16 ± 0.08, respectively (Balter et al., 2001,
2002a), but can present different values at other sites, and depending
slightly on tissues (Kohn et al., 2013), perturbations that may partly be
ascribed to contamination by dust ingestion. An OR is an ecological
equivalent of a partitioning coefficient and should present temperature
dependence. ORSr and ORBa are constant for mammals because they are
homeotherms regulating their body temperature at 37 °C.

Sr and Ba do partition relative to Ca between synthetic or biogenic
apatite and water as a function of temperature (Fig. 6). Experimental
Sr and Ba partitioning coefficients were obtained between inorganically
precipitated apatite andwater, Ka–w

Sr and Ka–w
Ba respectively, and decrease

when temperature increases (Balter and Lécuyer, 2004). The Sr and Ba
partitioning coefficients between bone and enamel of fish raised in
controlled conditions and water increase with increasing temperature
(Balter and Lecuyer, 2010). Opposite signs of the thermal dependence
of Ka–w

Sr and Ka–w
Ba are similar to what were observed for some biogenic

calcium carbonates (Fig. 7). Using Eq. (4) and thermodynamic data
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Fig. 6. Sr/Ca andBa/Ca ratios in enamel, dentine andboneofNorthAmericanmammals. Steer
and deer samples are fromMissouri (Peek and Clementz, 2012), and the bone samples (solid
diamonds) are fromWisconsin and are represented by several taxa (Burton et al., 1999). The
solid line,which represents theCa biopurification line of theWisconsin trophic chain (Burton
et al., 1999), closely matched the distribution of the Sr/Ca and Ba/Ca ratios in bone and
enamel, but not in dentine.
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from Jemal et al. (1995), we obtain a range of KD that spans 4 orders of
magnitude, showing that uncertainties on thermodynamic properties
are too large to allow discussing equilibrium vs. disequilibrium and
biological effects. Thermodynamics implies that partition coefficients
tend to 1 at higher temperatures, hence opposite variations are likely
due to kinetic or biological control. In the better constrained carbonate
Fig. 7. Temperature dependence of the Sr partitioning coefficient between mineral phases
(apatite orange; calcite green; aragonite blue) and water. For a given relationship, the
value of the slope is indicated in square brackets and gives the sensitivity of the
thermodependence. Data are from: 1, Dietzel et al. (2004); 2, Kinsmann and Holland
(1969); 3, Rosenheim et al. (2004); 4, Shen et al. (1996); Cardinal et al. (2001); de Villiers
et al. (1994); and Sinclair et al. (1998); 5, Stoll et al. (2002); 6, 7, Lea et al. (1999); 8, Bath
et al. (2000); 9, Fowler et al. (1995); 10, Bath-Martin et al. (2004); 11, Balter and Lécuyer
(2004); 12, 13, Balter and Lecuyer (2010); 14, 15, Zacherl et al. (2003); and 16, de Deckker
et al. (1999).
system, it has been shown that inorganic precipitation occurs out of
equilibrium (Plummer and Busenberg, 1987), while partition systematics
of TEs suggest that crystal-chemical controls are dominant during precip-
itation of some biogenic carbonates (Onuma et al., 1979). Obtaining
thermodynamic data from atomistic and DFT simulations should resolve
the uncertainties on phosphates and help to better understand TE parti-
tion systematics in the complex biological systems.

The sensitivity of Ka–w
Sr with temperature in bone or enamel is com-

parable to that of foraminifera and coccolithophorids, suggesting that
fossil fish teeth could serve to reconstruct variations of the seawater
Sr/Ca composition, provided that the temperature is known indepen-
dently (Balter et al., 2011). The comparison of the different Cenozoic
seawater Sr/Ca records leads to important discrepancies depending on
thematerial used for the reconstruction, i.e. benthic foraminifera, calcite
veins, fossil teeth and gastropods (Sosdian et al., 2013). The benthic
foraminifera and fish teeth yield similar seawater Sr/Ca records, which
are different from those obtained from calcite veins and gastropods
(Sosdian et al., 2013). It is tempting to relate this observation to the
fact that the equations that relate KSr to temperature in foraminifera,
bone and enamel, have almost identical parameters (Fig. 7). While the
Ca metabolism in foraminifera differs strongly from that of vertebrates,
the net incorporation of Sr in foraminifera, bone and enamel is fortu-
itously equivalent. The higher complexity of vertebrates relative to
that of foraminifera does not result in a more efficient discrimination
against the most abundant elements, and as a whole, our compilation
of Sr partitioning in mineralized animals does not reveal clear phyloge-
netic pattern.
3.3. Isotopic partitioning of bioessential elements

Bioessential elements have a recognized vital role in the body. Their
concentrations are tightly regulated in order to lie between the deficien-
cy and toxicity thresholds. Despitemany caveats (Ezzo, 1994; Burton and
Price, 2002), this simple rule has often been forgotten in bone-chemistry
studies. As such, the concentration of bioessential elements in fossil
bones and teeth can potentially be used for tracking paleo-deficiencies
or toxicities, at best (Patterson et al., 1987; Rasmussen et al., 2008). In
addition, the regulation of a given bioessential element is associated
with kinetic processes, changes in the molecular configuration, and
redox conditions that are generally associated with isotopic fraction-
ation. This has been early recognized for Ca (Skulan and DePaolo, 1999;
Skulan et al., 2007; Heuser and Eisenhauer, 2010), which, although it is
the major element of apatite, has rare isotopes that may be regarded as
TEs. Isotopic fractionation of Ca is a promising tool for tracing dietary
change from bone and tooth compositions (Reynard et al., 2010, 2011,
2013). In this section, however, we will focus here on actual TEs such as
Mg, Fe, Cu andZn, emphasizing isotopic ratios rather than concentrations.

The human body contains about one mole of Mg, of which half is in
bone. It is a cofactor for about 300 cellular enzymes and has a pivotal
role in energy metabolism (Elin, 1987). Recent study indicated that
the Mg isotope composition of enamel is slightly enriched in heavy
isotopes relative to bone (Martin et al., 2014), suggesting that a process
of preferential segregation of light isotopes is at work during enamel
maturation, as in the case of carbon. This study also showed that carni-
vore bone and tooth enamel are enriched in heavy isotopes relative to
those of herbivores,which in turn, do not significantly differ from plants
(Fig. 8). The trophic fractionation of Cu is similar to that of Mg, but
opposite to that of Fe (Fig. 8), carnivore bone and tooth enamel being
depleted in Fe heavy isotopes relative to herbivores and plants (Jaouen
et al., 2013). Copper and iron have crucial roles in the transfer of electrons
and, consequently, the metabolic relationships between Cu and Fe are
multiple (Collins et al., 2010). The Cu and Fe isotopic sex differences
that have been first described in blood (Walczyk and von Blanckenburg,
2002; Albarède et al., 2011) have also been shown to be recorded in
bone (Jaouen et al., 2012).
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Fig. 8. Schematic distribution of theMg, Fe, Cu and Zn isotopic ratios inmammal bones and
tooth enamel (Jaouen et al., 2013;Martin et al., 2014). Carnivores are in red, herbivores in
green and plants in brown.

Fig. 9. Relationship between the Sr concentration and the difference between the 87Sr/86Sr
(Δ87Sr) ratio of the soil and that of the enamel or the dentine in three English archeological
sites (Budd et al., 2000). All the samples except those encircled fall on a regression line for
whichΔ87Sr tends towards zero (dotted line)when the Sr concentration increases, highlight-
ing the influence of diagenesis. Dentine samples are more altered than enamel samples.
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Experimental work is needed to extend to othermammals, especial-
ly primates, the potential of the sexing tool based on the Cu and Fe
isotope compositions of fossil bone, and possibly fossil tooth enamel.
Concerning Zn, a clear trophic fractionation, favoring heavy isotopes,
occurs between plants and bones of herbivores (Fig. 8), but not between
these latter and those of carnivores (Jaouen et al., 2013). The extent to
which isotopic fractionations observed at the trophic scale are a sum
of those prevailing in organisms remains unknown. Since pioneering
studies, experiments with animals raised on a controlled diet served to
calibrate isotopic fractionation factors between trophic steps (DeNiro
and Epstein, 1978). The observed depletion of Fe heavy isotopes going
up in the food chain (Jaouen et al., 2013)was predicted by animalmodels
(Hotz et al., 2012; Balter et al., 2013) that include segregation against
Fe3+, generally enriched in heavy isotopes, during intestinal absorption
(Walczyk and von Blanckenburg, 2002).

The picture ismore complex for Cu and Zn, because no fractionation is
observed between diet and bones in raised animals (Balter et al., 2010,
2013) contrary to observations in wild animals. Differential Cu and Zn
uptake, depending on the nature of the diet, i.e. animal vs. vegetal food-
stuffs, is presently the preferred explanation to account for this discrepan-
cy (Costas-Rodriguez et al., 2014). The fractionation of isotopes of heavy
bioessential elements, often referred to as “non-traditional” isotopes
(Costas-Rodriguez et al., 2014), in a biological context is a new avenue
of research, which holds great potential for paleobiological applications.
Some of the non-traditional isotopes have thus far not been investigated
in a biological perspective. This is for instance the case for Si, which is
clearly a bioessential element (Schwarz and Milne, 1972), is present in
substantial amount (~2.5 g/70 kg) in the body (Iyengar, 1998), possesses
its own transporter (Hildebrand et al., 1997), and substitutes for phos-
phorus in apatites.

3.4. Diagenetic mixing

The measurement of the concentration and isotopic composition of
an element that can be incorporated both in the living and post mortem
in a suite of fossil samples allows testing the existence of a mixing
between a biological and a diagenetic pool, provided that these two
have different concentrations and isotopic compositions. Various propor-
tions of the diagenetic overprinting result in a correlation between the
concentrations and isotope compositions along a mixing hyperbola. If
the isotope composition of the diagenetic fluid is known, one can
calculate the difference with that of a sample, which must approach
zero when the sample has been totally altered (Fig. 9). When possible,
the test for a correlation between concentrations and isotope composi-
tions is a powerful method for assessing the extent of diagenesis of a
given element in a set of fossil samples. This is routinely done for C and
N isotopes in bone collagen and should be the case for Sr and for future
analysis of non-traditional isotopes (Jaouen et al., 2012). For Ca, the exis-
tence of amixing equation between concentrations and isotope composi-
tions would rather indicate the persistence of secondary calcite
inefficiently removed by acid pretreatments (Balter et al., 2002b).

4. TE incorporation during diagenetic processes and applications

4.1. Incorporation of rare earth and heavy elements

TheREEpatterns are the signature of the diagenetic processes because
in addition to mere concentrations, the relative fractionation among the
series is characteristic of the incorporation process. Marine phosphatic
remains display a range of patterns that reflect several steps and specific
mechanisms of REE uptake from early diagenesis to low-grademetamor-
phism (Fig. 10). These patterns reflect different diagenetic processes that
can be evidenced from a specific combination of REE concentration ratios
(Fig. 10; Reynard et al., 1999).

Starting from a low abundance in the phosphatic tissues of the living
organisms, REEs are rapidly incorporated post mortem in bones and
teeth (Arrhenius et al., 1957). REE patterns are, inmarine environments,
similar to those of seawaters just above the sediment interface (Shaw
and Wasserburg, 1985; Elderfield and Pagett, 1986; Elderfield and
Sholkovitz, 1987), and in continental environments close to those of
groundwaters (Henderson et al., 1983). Concentrations are inversely
correlated with crystallite size, suggesting that adsorption on, or diffu-
sion/recrystallization near crystal surfaces is the dominant mechanism
(Arrhenius et al., 1957). The absence of large fractionation of REE
with respect to ambient waters (Henderson et al., 1983; Elderfield
and Pagett, 1986) suggests adsorption of REE as species chelated with
organic molecules, e.g. humic acids in soils and similar products of
organic matter degradation in marine sediments. Such spectra (PEH3
and NFS5 in Fig. 10) only show constant enrichment factor of about 107

with respect to seawater, independent of ionic radius as observed for
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Fig. 10. Selected REE3+ patterns in fossil apatites and typical oceanic water spectra for the
depth interval 600–2500 m in Atlantic (Elderfield and Greaves, 1982), NW and SE Pacific
ocean (De Baar et al., 1983, 1985). All spectra are normalized to the North American Shale
Composite (NASC; Gromet et al., 1984) and seawater spectra are multiplied by 106 to
allow comparison. P1: Triassic fish and P17a Tertiary fish (Grandjean et al., 1987; Grandjean,
1989; Grandjean and Albarède, 1989); COU32-A-B-C, COU34: Devonian conodonts
(Grandjean-Lécuyer et al., 1993); Silurian thelodont fish and conodont Panderodus (Bertram
et al., 1992); NFS5: Tertiary fish (Grandjean et al., 1988); PEH3: Cretaceous marine reptile
(Grandjean, 1989).
Modified from Reynard et al. (1999).
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chelated REE adsorption on bone (Fig. 3) and humic acid-REE complexes
on various minerals (Davranche et al., 2005).

The timescale of the diffusion–advectionmodel discussed above sug-
gests rapid REE uptake, within a few thousand years after sedimentation.
This is consistent with the observation that REE concentrations are
acquired within the first few millimeters in the sediment and decrease
with increasing rates of sedimentation that inhibit REE advection from
seawater in the sediment pore waters (Bernat, 1975; Elderfield and
Pagett, 1986). In the most oxic sediments, REE patterns are nearly
identical to those of seawater, and may be used as paleoenvironmental
tracers, whereas in anoxic sediments, strong remobilization of redox
sensitive Ce and Eu is observed, along with slight fractionation of
heavy REE with respect to seawater, thereby limiting applications
to the reconstruction of past seawater compositions (Elderfield and
Pagett, 1986).

This mechanism is associated with fractionation and diffusion coeffi-
cients that are independent of ionic radius, and diffusion should not
induce significant relative fractionation of REE along diffusion profiles,
as observed experimentally (Kohn et al., 2013). This may be the case
in small fish debris studied in marine environment, but significant
fractionation is observed along diffusion profiles in bones from continen-
tal and marine environments (Henderson et al., 1983; Trueman and
Tuross, 2002; Suarez et al., 2007; Kohn, 2008; Hinz and Kohn, 2010;
Kocsis et al., 2010; Suarez et al., 2010; Trueman et al., 2011), suggesting
further steps and mechanisms of REE uptake. Perturbation seems espe-
cially important in sandstones and clay-rich sediments, where redistri-
bution of the clay signature may buffer the REE pattern (Elderfield and
Pagett, 1986; Grandjean et al., 1987; Lecuyer et al., 2004). Contamina-
tion by clays was also noted in dating studies using the Lu–Hf system
(Barfod et al., 2003) and evidenced by electron microscopy (Kohn
et al., 1999).

A second type of REE pattern in phosphatic remains of marine envi-
ronments is called “hat-shaped”, and shows a moderate enrichment in
MREE elements and, to a lesser extent, LREE with respect to seawater
(Fig. 10). This pattern is rarely observed in Cenozoic or more recent
fossils (Grandjean et al., 1987), but is common in Paleozoic fossils
(Wright et al., 1984; Bertram et al., 1992). It is associated with a general
increase in REE content, and it may be associated with incorporation
through an inorganic adsorption pattern (Fig. 2B), which produces
similar, though not identical fractionation (Reynard et al., 1999). The
correlation of some characteristics of these REE pattern (e.g. the
increase of Sm/Yb ratio)with environmental parameters such as bathym-
etry led some authors to propose that paleoenvironmental signal and sea-
water composition may be retrieved from such samples (Picard et al.,
2002; Lecuyer et al., 2004). This hypothesis is controversial, and the REE
record from carbonate shows no significant evolution from the Cambrian
(Shields andWebb, 2004).

In addition to fractionation during adsorption, speciation in water
may vary along the REE series, with carbonates competing with chelat-
ing agents or organic complexes for associationwith the heavy REE (Luo
and Byrne, 2004; Pourret et al., 2007). This can change the pattern of
REE adsorption coefficients on mineral surfaces, as well as the effective
diffusion coefficient by changing the hydrodynamic radius of the com-
plexes along the REE series (Eq. (10)). These effects become especially
important in continental environments where pH of soil and ground
waters are subject to substantial variations of pH at daily, seasonal,
and larger timescales. These effects can compound with the regional
variability of water composition. This diversity of parameters cannot
be constrained from bulk fossil REE patterns alone, and obtaining
detailed concentration and isotopic composition profiles proves neces-
sary in order to attempt unraveling the complex diagenetic history of
fossils (Henderson et al., 1983; Trueman and Tuross, 2002; Kohn, 2008;
Hinz and Kohn, 2010; Kocsis et al., 2010; Trueman et al., 2011).

The third type of REE pattern was called “bell-shaped” because of the
large relative enrichment of MREE with respect to both LREE and HREE
(Fig. 10). This type of pattern was matched with fractionation patterns
under strong crystal-chemical control (Fig. 2A) extrapolated from high-
temperature partitioning data (Reynard et al., 1999). It is clearly associ-
ated with low-grade metamorphism (b300 °C) that also caused partial
graphitization of organic matter in the phosphatic remains (Pucéat
et al., 2004). Because solid-state diffusion is inefficient at these tempera-
tures, REE concentrations likely changed through precipitation–solution
mechanisms without altering the ornate and delicate shapes of fossils
such as conodonts that could still be used for taxonomy (Girard and
Albarède, 1996). Similar to the adsorption mechanisms, it is likely that
diffusion processes at grain boundaries can induce concentration profiles
and enhance or distort the partitioning pattern. For instance, it can be
noted that the La/Yb ratio is more affected by low-grade metamorphism
(Fig. 11) than expected from the crystal-chemical control alone (Fig. 2A).
This may be due either to uncertainties in extrapolation from high-
temperature data, or to additional diffusion or speciation effects between
LREE and HREE in the metamorphic waters.

Finally, the distinction between the three types of patterns defined
here is semantic because the three steps of diagenetic alteration may
superpose and contribute to various extents to the REE signature of a
single specimen. Diagenetic signatures may be acquired at different
steps, from marine environments to soils, during reworking in conti-
nental aquifers, and finally during low-grademetamorphism associated
with sedimentary burial or tectonic activity.
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4.2. Timescales of incorporation and dating

Dating fossils directly by radiochronometric methods is a central
problem in archeology and paleontology. Depending on age, different
methods can be applied to date to fossil bone and tooth enamel. U-
series method applies to samples up to 300 ka in age (Grün et al.,
Fig. 12. Correlation of 232Th and 238U concentrations in fossil bone and tooth enamel.
Uranium concentration in bone is one order of magnitude higher than for Th, suggesting
that U is present both in fossil apatite and in oxy-hydroxides, partly in the form of the labile
UO2

2+ species. Data from: 1, Pike et al. (2002); 2, Ayliffe and Veeh (1988); 3, Rae et al.
(1989); 4, Balter et al. (2008a, 2008b); 5, Esposito et al. (2002); 6, Grün et al. (1999).
1999), the U/Pb method to samples older than 1 Ma (Balter et al.,
2008a,b), and the U/Pb (Fassett et al., 2011) and Lu/Hf (Barfod et al.,
2002, 2003, 2005; Kocsis et al., 2010; Herwartz et al., 2011) methods
to samples above several Ma in age. Fossil bone or tooth enamel is a
non-ideal target for geochronology. The material to be dated should
be a clean and closed system, but phosphatic tissues are none of these.
For instance, the extensive interactions between bone or tooth and
water practically ruled out the use of the K/Ar system because of the
high solubility of K and volatility of Ar.

Fossil bone and tooth enamel are “dirty” systems, i.e. they contain sec-
ondary phases (Kohn et al., 1999), which contribute to parent and/or
daughter nuclide concentrations. A compilation of 238U and 232Th shows
that their concentrations are correlated in fossil bone and tooth enamel,
suggesting that the increase of oxy-hydroxides on which is adsorbed Th
contain also U that is added to that of fossil apatite (Fig. 12). Thanks to
the different solubility of the apatite and other admixed phases such as
calcite and oxy-hydroxides, it is theoretically possible to isolate apatite
using leaching technique with dilute acids. This approach has been pro-
posed for more than twenty years for “dirty” calcite such as sedimentary
carbonates (Schwarcz and Latham, 1989), but has not systematically
been applied to U- and Th-based dating methods in fossil bone and
tooth enamel. The precision of the Lu–Hf and Pb–Pbmethodswas greatly
improved by separation of phosphatic material leachates from clays
attached to their surface or precipitated within the phosphatic tissue
(Barfod et al., 2002).

As discussed earlier, REE patterns reveal the complex sequence of
diagenetic alteration in phosphatic remainswith associated fractionation
and diffusion profiles. Understanding this sequence of diagenetic alter-
ation can provide clues to dating because the radioactive parent is a
REE or geochemically similar U. These elements and their decay products
enter the bone or tooth almost entirely post mortem, with the notable
exception of Pb (Curzon and Cutress, 1983; Patterson et al., 1987;
Ericson, 2001).

Fossil bone and tooth enamel are open systems that exchange
nuclides with the external milieu, picking them up from ambient water
and losing them by α-recoil. Diffusion and sequential uptake have been
discussed for the distribution of U-series nuclides in fossil bones
(Millard and Hedges, 1996; Grün et al., 1999; Kohn, 2008), and a general
expression for the open-system production of total 206Pb at secular
equilibrium was derived (Balter et al., 2008a,b). Whatever the consid-
ered parent–daughter system, the protracted uptake or loss of nuclides
leads to younger than “true” or death age. A major breakthrough in
dating fossils came from the development of laser ablation technique
that allows mapping nuclide concentration and corresponding apparent
age (Grün et al., 2008). The state of preservation appears highly hetero-
geneouswithin a single tooth and the use of a single parameter U-uptake
model can be applied only to well-defined areas.

The ideal case for dating is that of a single, short-lived event of diage-
netic uptake of the radiogenic elements. This would correspond for
example the early quantitative uptake of REE described above thought
to occur within a few ka. At geological timescales, such an event is
instantaneouswith respect to uncertainties and the obtained ages reflect
stratigraphic ages (Barfod et al., 2002, 2003). In the case of archeological
material and Quaternary fossils, the diffusion timescale ~1–100 ka may
be commensurate with age, and the diffusion and age profiles need to
be resolved in order to check that incorporation was achieved in a
single-stage (Millard and Hedges, 1996; Grün et al., 2008).

The protracted or multistage intake of REE and radiogenic elements
will induce perturbations to the single-stage diffusion profile because
concentration changeswill be inducedwith different partitioning, diffu-
sion coefficients, and water compositions leading to the “hat-shaped”
REE pattern discussed above (Millard and Hedges, 1996; Grün et al.,
2008; Kohn, 2008; Hinz and Kohn, 2010; Kocsis et al., 2010; Trueman
et al., 2011). A good example is given by the behavior of the Lu–Hf
system, where ages obtained for samples of the Paris–LondonMesozoic
to Cenozoic basin are in general much younger than stratigraphic age
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(by up to several tens of Ma) except in impermeable clay layers (Barfod
et al., 2003). Protracted or multistage alteration of REE concentrations
and perturbations of Lu–Hf ages in bones and teethwas also documented
in other European and North American sedimentary series of similar age
(Kocsis et al., 2010; Herwartz et al., 2011). Modeling of REE concentration
profiles suggests rapid uptake of TEs, inwhich case scenarioswith several
short episodes of uptake have occurred at various times after sedimenta-
tion. Lu–Hf dates (Barfod et al., 2003; Kocsis et al., 2010; Herwartz et al.,
2011) suggest that the secondary episodes have occurred after the
Mesozoic basins were uplifted to a continental setting during Cenozoic,
where reopening of phosphatic fossils may progressively take place
through variations of water table in aquifers.

For phosphates with the “bell-shaped” patterns, there exists no
dating attempts, but it is likely that conodonts from the Montagne
Noire (Grandjean-Lécuyer et al., 1993; Girard and Albarède, 1996)
would give ages of the low-grade metamorphism associated with
Hercynian tectonics of the region.

5. Concluding remarks

Chemical compositions of phosphatic fossils contain information on
paleobiological and paleoenvironmental parameters and on diagenetic
processes. TE compositions in the living organisms can be understood
in terms of ecology, diet and temperature. Thermodynamic modeling
of these phenomena should benefit from further experimental investiga-
tions and from theoretical studies using atomistic and first-principles
calculations. Stable isotope compositions of these “non-traditional”
(heavy) elements are nowadays routinely measured by MC-ICP-MS
and provide promising lines of development of new geochemical tools
for studying diet andmetabolismof extinct species. Postmortem incorpo-
ration of heavymetals such as REE, Th, U could be used to decipher depo-
sition environments and past water chemistry. These compositions are,
however, subject to substantial modifications through protracted alter-
ation of phosphatic remains. Post mortem TE intake can be used for
application in dating deposition if alteration occurred in a single short-
duration stage (“early” diagenesis defined by unfractionated REE pat-
terns with respect to environmental waters). It may date opening of
the system (e.g. due to aquifer circulation during emersion of sedimenta-
ry basins during “protracted” diagenesis), or low-grade metamorphic
episode that reset the system via solution–precipitation. These processes
are governed by diffusion processes, for which diffusion coefficients
differ strongly between estimates from natural, theoretical, and experi-
mental studies.
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