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The chemical composition of past oceans records the combined effects of the evolution of life, climate changes
and solid Earth dynamics. Variations in the rate of hydrothermal alteration of the oceanic crust, continental
weathering input and burial of marine carbonates are thought to drive the seawater Sr/Ca ratio. Several
methods exist for reconstructing past seawater Sr/Ca ratio which are based on the partitioning of Sr between
biogenic and inorganic carbonates, and seawater. A compilation of reconstructed seawater Sr/Ca ratios shows
Keywords: that results at variance with each other are obtained for the last 100 My, leaving the question of the Sr/Ca
Sr/Ca composition of seawater over this period unresolved. Here, a new method for reconstructing the Sr/Ca ratio of
Temperature past seawater based on the partitioning of Sr between tooth apatite of fossil fish enamel and seawater is
Enamel proposed. Previously reported values of Sr/Ca and 5'80po, for a collection of fish teeth and new data allow the
Fish reconstruction of the seawater Sr/Ca ratio evolution for the last 70 My using a new thermometer based on the
Seawater Sr/Ca ratio in fish teeth. Calculated Sr/Ca ratios decrease from ~14 mmol-mol~ ' at 70 Ma to ~8 mmol-mol '
Paleogene at 50 Ma and further increase to present day values during the Pliocene. The results are in agreement with
values calculated from Cenozoic benthic foraminifera obtained from ODP and DSDP sites. Once the biological
offsets of the partitioning of Sr between apatite and water are determined, fossil fish tooth bioapatite
represents a material of choice for reconstructing the past seawater Sr/Ca considering its better resistance to

diagenetic alteration than for calcite and aragonite.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Fluctuations of the past seawater strontium/calcium ratio (Sr/Cagy)
are expected to have occurred at a global scale because both Sr and Ca
have residence times in seawater longer than the ocean mixing time. Sr/
Cag,, is documented to have been low during episodes of cool and high
Mg/Ca ‘aragonitic seas’, compared to episodes of ‘calcitic seas’ (Stanley
and Hardie, 1998; Lowenstein et al, 2001). These oscillations are
thought to be driven by changes in spreading rates of mid-ocean ridges
and subsequent hydrothermal alteration of basalts producing sea
waters enriched in Mg relative to Ca during low rates of oceanic crust
production. High Mg/Ca seawater favored aragonite precipitation,
which in turn removed Sr from seawater efficiently due to the strong
affinity of Sr for aragonite. However, rivers are a significant source of Sr
and Ca to oceans, and variations of continental runoff through time is
likely to have influenced Sr/Cas,, (Elderfield and Schultz, 2003). It has
often been postulated that all these processes had ultimately controlled
the atmospheric CO, over geologic time scales, a hypothesis that
stimulated the utilization of numerical models to reconstruct past pCO,
and carbonate-silicate cycles (e.g. Berner, 2003).
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However, an accurate record of past Sr/Cas, is a prerequisite to
reconstruct the evolution of the Sr and Ca fluxes to the oceans. Sr/Ca data
from the literature give conflicting results for the last 100 My (Fig. 1).
These data were obtained from both organic and inorganic precipitated
Ca-carbonates, varying from calcite veins of hydrothermal deposits
(Coggon et al., 2010), to biogenic calcite of benthic foraminifera (Lear et
al., 2003), brachiopods, belemnites and rudists (Steuber and Veizer,
2002), biogenic aragonite of corals (Ivany et al., 2004) and gastropods
(Tripati et al,, 2009). Data from biogenic calcite (Steuber and Veizer,
2002; Lear et al., 2003) indicate that Sr/Ca,, increased between the
Middle Jurassic and Late Cretaceous from ~6 to ~13 mmol-mol ™!, then
decreased to about 8 mmol-mol~! at the end of Late Oligocene, and
finally slightly increased to reach present day values (~9 mmol-mol~ ).
Data from gastropod aragonite (Tripati et al., 2009) show scattered but
nonetheless constant Sr/Cag,, results with an average value of 15+
2 mmol-mol ™! for the first half of Paleogene. The recent data of Coggon
et al. (2010) on calcite veins exhibit constant low Sr/Cas,, values (3 +
1 mmol-mol~') throughout the last 180 My and an abrupt increase
towards present day values during the Neogene (Fig. 1). Such a
discrepancy within the Sr/Cag, record leads, for instance, Tripati et al.
(2009) and Coggon et al. (2010) to opposite conclusions, the former
authors assuming a Sr/Cas,, decrease during the Neogene while the
latter ones measure a sharp increase in Sr/Cas,, during this period.

On the grounds of results obtained on inorganically precipitated
apatite, Balter and Lécuyer (2004) emphasized that biogenic apatite
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Fig. 1. Compilation of reconstructed seawater Sr/Ca for the last 170 million years. Data
from (1): Ivany et al., 2004; (2): Tripati et al., 2009; (3) Lear et al., 2003; (4) Steuber and
Veizer, 2002; and (5) Coggon et al., 2010.

(bone and enamel) could constitute an attractive thermometer for
aquatic environments with the condition that the Sr partition
coefficient between biogenic apatite and water is determined on
living ectotherm animals in order to take the so-called “vital effects”
into account. If valid for biogenic apatite, the thermometer based on
the Sr/Ca ratio would offer the advantage of being more resistant to
diagenesis than those calibrated on biogenic calcite and aragonite. In a
recent study, we have reared seabreams (Sparus aurata) in aquariums
with controlled conditions and the variations in Sr partitioning
relative to Ca (D%") between bone and enamel and seawater have been
determined as a function of temperature. The results show that bone
and enamel D" are strongly dependent on the temperature in the
aquarium. The sensitivity of the Sr thermometer (dD%/dT) is equal to
0.0034 in both enamel and bone. This value is higher than the 0DS"/dT
of the foraminifera Globigerina bulloides (0.0020) and Orbulina
universa (0.0012; (Lea et al,, 1999)) and similar to the dD7/0T of
coccolithophorid Emiliania huxleyi (0.0029; (Stoll et al., 2002)).
Equations for several Sr thermometers are available for the coral
Porites (de Villiers et al., 1994; Shen et al., 1996; Sinclair et al., 1998)
that predict an average 0D%'/0T value of 0.0071, showing that the Sr
thermometer is twice as sensitive in corals as in bone and teeth.

The reconnaissance of the Sr and Ba diagenesis in fossil bones and
teeth is still a matter of debate. There is a consensus that enamel is more
resistant to diagenesis than bone, but it remains prone to diagenetic
effects, the extent of which varies according to the taphonomic history
and burial environment (e.g. Staudigel et al., 1985; Barrat et al., 2000).
For marine environments, Martin and Scher (2004) demonstrated that
the Sr content of fossil teeth is likely to exceed the upper limit of
~2000 pg/g of modern fish teeth for reworked material. These authors
also demonstrated that the 87Sr/%6Sr ratio of reworked teeth is altered in
the direction of the pore fluids values, and suggested that this process
occurs continuously during diagenesis. However, the situation is
probably more complex because there is no correlation between the
magnitude of the offset of the Sr isotope compositions between the fish
teeth and because the seawater curve is not correlated to the fish teeth
Sr content. In contrast, the explanations for the Rare Earth Element
(REE) patterns in fossil teeth are thought to be simpler. The REE patterns
in fossil teeth can be classified in two groups, the first one being similar
to those of seawater and freshwaters (flat patterns), and the second one
being enriched in intermediate REE (bell-shaped patterns). Reynard et
al. (1999) proposed that the first pattern corresponds to a “weak
diagenesis” by which REE are quantitatively added onto the apatite
surface by adsorption mechanisms during early diagenesis, whereas the
second pattern likely reflects a “strong diagenesis” with preferential

incorporation into the apatite lattice of the intermediate REE whose
atomic radius is close to that of Ca.

The purpose of the present study is to apply the Sr/Ca
thermometer for biogenic apatite to a suite of fossil fish teeth aged
from 70 Ma to present for which the oxygen isotope composition of
phosphate (6'80pg4) has also been measured, in order to reconstruct
the evolution of the Sr/Cas,, during this period.

2. Materials and method

Late Cretaceous, Paleocene, and Eocene fossil teeth of sharks and
rays come from Moroccan phosphate deposits (Table 1). The
geological settings and description of the material are given in
Lécuyer et al. (1993). A Miocene (Burdigalian) shark tooth from the
Carry le Rouet outcrop (Marseille, France) and two Pliocene ray teeth
(Montpellier, France) have also been sampled (Table 1). Recent teeth
of sharks and rays from the Mediterranean Sea and the Caribbean Sea,
respectively, have been collected to test their record of the present
day seawater Sr/Ca ratio (Table 1).

The 6'80po4 values for Moroccan fossil teeth are reported in Lécuyer
et al. (1993) along with the analytical procedure. For other samples,
oxygen isotope ratios have been analyzed according to the protocol
developed in Lécuyer et al. (2007). Results are given in Table 1. For the
Moroccan fossil samples, Sr, Ba, U, Th, and Rare Earth Elements (REE)
content were determined using a HR ICPMS spectrometer Thermo
Element 2 at the Institut Universitaire Européen de la Mer (IUEM),
Plouzané (Barrat et al., 2007). Sr, Ba and REE in the French fossil samples
and Sr and Ba in the modern samples, were measured using a X7 CCT
(ThermoElement) ICP-MS at the Ecole Normale Supérieure de Lyon with
In at 2 ppb for internal correction. Ca concentrations are assumed to be
stoichiometric, with an average value of 40 wt.%. The quality of the Sr
data was checked by an analysis of the international standards SRM 1400
“Bone Ash” and SRM120c “Florida Phosphorite”. Concerning the
standard SRM1400 “Bone Ash”, Sr results were 25047 pg/g (n=7)
which are in excellent agreement with the certified value of 249 pg/g.
Concerning the standard SRM120c “Florida Phosphorite”, it was
measured at the IUEM, with an average Sr concentration of 9954+
38 yug/g (n=25). This value is higher than the one reported, but not
certified, by the National Institute for Standards and Technology
(845 pg/g). However, this value is in good agreement with the value
of 1007 +-48 pg/g (n=27) previously reported in Balter et al. (2008).

3. Results

The Sr concentrations seem to remain constant through time,
ranging from ~2000 pg/g to ~1000 pg/g, which are typical of modern
teeth (Vennemann et al., 2001; Martin and Scher, 2004, Table 1). The
Ba concentrations decrease progressively by two orders of magnitude
from ~250 pg/g for Cretaceous samples to ~3 pg/g for modern samples
(Table 1). The REE contents for fossil teeth are given in Table 2, along
with PAAS normalized (La/Yb)y and (La/Sm)y ratios, 2REEy and Ce
anomaly (QCey) values. The REE patterns are typical of seawater for
all samples (Fig. 2A), but with an enrichment factor of about 1 to 2
orders of magnitude. This indicates that the REE were incorporated in
the fossil apatite through the adsorption mechanism proposed by
Reynard et al. (1999). The (La/Sm)y and La/Yby ratios are close to
unity (Fig. 2B and Table 2), and hence typical for marine and estuarine
conditions of formation. Neither 6'®0po4, Sr nor Ba is significantly
correlated with U, Th or REE-derived variables (Table 3).

4. Discussion
4.1. The diagenetic record

Our results show that potential diagenesis of the Sr/Ca, Ba/Ca, and
180/1°0 compositions is not detectable by comparison with the
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Table 1

135

Species identification, location and age of the samples with their Sr and Ba contents and phosphate 6'0 value. The resulting seawater temperature and Sr/Ca ratio are given for each
sample assuming variable seawater 6'30 value: a, Shackleton and Kennett, 1975; b, Lear et al., 2000; ¢, measured; d Schmidt et al., 2004. Seawater Sr/Ca ratio with an asterisk is
calculated with an average temperature value of 21.5 °C. The oxygen isotope compositions are given in V-SMOW.

Sample Taxonomy Location Age Sr Ba 5'%0, 51804 T. Sr/Cagw
(Ma) (ng/g) (ng/g) (SMOW %) (%) (O (mmol/mol)

Sharks
Pla Cretolamna sp. Oued Erguita 72 2000 38.7 19.0 —-1° 25.6 14.2
P2a Squalicorax sp. Ganntour 70 1638 240 203 -1° 20.0 10.8
P2a’ Squalicorax pristodontus Ganntour 70 2187 254 203 -1 19.9 14.5
P3a Cretolamna biauriculata Sidi Daoui 66 1510 132 20.0 -1 21.2 9.8
ITOP3 Odontaspis sp. Imin Tanout 63 1716 257 — —-1° - 11.0*
ITOP4 Odontaspis sp. Imin Tanout 63 1673 325 — -1 - 10.7*
P6a Striatolamia sp. Ouled Abdoun 56 1366 211 20.6 —1° 18.6 9.3
P7a Striatolamia sp. Ouled Abdoun 51 1217 141 20.0 —-1° 21.2 7.9
P8a Striatolamia sp. Ouled Abdoun 48 1168 107 194 -1 235 7.2
P9a Striatolamia sp. Ouled Abdoun 47 1204 99 19.8 —1° 221 7.6
DB4 indet. sp. Carry le Rouet 20-16 1128 58.3 20.1 —03P 241 6.9
DMS3 Squalus acanthias Mediterranean Sea 0 942 5.4 23.7 1.7¢ 16.8 6.6
DMS5 Galeorhinus galeus Mediterranean Sea 0 943 2.4 24.1 1.7¢ 15.1 6.9

Rays
P2b Hypsobatis sp. Ganntour 70 1368 211 19.8 -1 219 8.7
P3b Rhombodus binkhorski Sidi Daoui 66 1226 105 20.2 -1 20.5 8.0
SDH4 Heterotorpedo lyazidii Sidi Daoui 63 1372 167 - —1° - 8.9*
P5b Dasyatis hexagonalis Sidi Daoui 62 1349 147 20.6 -1 183 9.2
P6b Myliobatis sp. Ouled Abdoun 56 1354 180 20.6 -1 18.6 9.2
P7b Myliobatis sp. Ouled Abdoun 51 996 124 20.3 —12 19.8 6.6
P8b Myliobatis sp. Ouled Abdoun 48 1097 110 19.2 —-1° 244 6.7
P9b Myliobatis sp. Ouled Abdoun 47 1167 120 19.3 —-1° 240 7.2
M15 Aetomylaeus sp. Montpellier 2.6-5.3 796 97.3 22.6 14 18.5 5.4
M1 Aetomylaeus sp. Montpellier 2.6-5.3 1021 - 213 14 241 6.2
Rh8 Rhinoptera bonasus Caribbean Sea 0 1373 52 20.8 14 263 8.1
A3 Aetomylaeus sp. Caribbean Sea 0 1512 9.9 223 14 19.8 10.0

proxies of diagenesis (U, Th, and REE content). However, the uptake of
REE is not time-dependent. This is clearly illustrated by the fact that
the Pliocene samples have much higher XREEy values than those from
the Cretaceous/Paleogene ones (Table 2). However, ()Cey values are
strongly negative, implying efficient oxidation of Ce>* into Ce** and
further removal from seawater as metal-oxide coatings. The QCey
values exhibit a significant positive relationship with time
(R>=0.798; p<0.0001) for the Moroccan samples. These QCey values
are similar to those reported by Grandjean et al. (1987) for Paleogene
Moroccan tooth samples, and more negative than those reported by
Lécuyer et al. (2004). Taken together, these results show that the

enhanced oxygenation of seawater initiated at the beginning of the
Cretaceous as a result of the opening of the Atlantic Ocean, continued
during the Paleogene.

Despite the absence of any correlation between Ba content and the
proxies of diagenesis, the progressive increase of the Ba content with
time suggests that Ba is continuously incorporated in teeth during
diagenesis. However, calculated present-day seawater Ba/Ca ratio
(see Eq. (2)) for the four modern samples yields an average value of
1.1 pmol/mol, which is lower than the actual number of 4-7 pmol/mol
for surface waters. Therefore, it is obvious that an important offset
may exist between the thermodependence of the Ba partitioning

Table 2
REE, Th and U data used in the study. Cerium anomaly (QCe) is calculated using the equation QCe = Ce/(La***Nd'/) — 1.

Sample La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Yb Lu Th u La/Yby La/Smy 3REEy Q(Ce)

Sharks
Pla 257 231 394 1580 3.19 0847 414 0.626 4.21 1.06 3.31 3.55 0.609 0.056 28.3 0.701 143 10 —0.533
P2a 215 173 3.17 13.0 2.65 0.689 3.64 0.552 3.92 1.02 333 3.55 0.651 0.068 110 0.586 1.45 921 —0.581
P2a’ 232 172 342 1400 284 0730 3.89 0.609 4.27 1.09 348 3.73 0.677 0.138 266 0.601 1.45 979 —-0.614
P3a 564 474 8.84 3490 6.80 1.83 9.13 1.40 9.50 240 747 7.49 128 0.182 112 0.730 148 219 —0.562
ITOP3 16.1 7.87  2.03 8.45 1.62 0446 242 0387 293 0.802 267 296 0505 0.0118 162 0.526 1.77 6.76 —0.734
ITOP4 273 13.0 405 16.80 3.25 0.891 459 0.697 4.89 1.27 398 419 0.693 0.0279 51.6 0.632 1.50 111 —0.754
P6a 428 234 711 293 5.71 1.45 7.48 1.11 7.45 1.84 557 546 0940 0.198 350 0.759 134 16.8 —0.725
P7a 455 14.8 6.39 26.8 5.12 135 7.60 1.10 7.73 1.98 6.02 571 0.950 0.0852 165 0.773 1.58 16.8 —0.829
P8a 26.8 790 297 122 217 0.615 3.64 0557 419 1.18 387 427 0.767 0.0176 799 0.608 2.20 9.89 —0.831
P9a 268 959 367 154 290 0.785 454 0.696 5.08 1.36 441 473 0.844 0.102 734 0.548 1.64 115 —0.810
DB4 10.5 10.1 114 10.0 14.0 14.6 18.8 16.1 14.0 15.2 12.6 10.1 9.47 - - 1.05 0.753 167 0.001

Rays
P2b 201 173 327 1350 278 0.699 3.65 0.561 3.78 0974 3.07 3.21 0.565 0.186 227 0.607 1.29 8.81 —0.570
P3b 62.1 56.7 11.66 46.70 924 248 11.8 1.74 113 2.68 7.98 7.48 1.27 0.181 139 0.804 1.20 255 —0.553
SDH4 99 55.2 19.07 82.10 179 455 228 3.32 21.1 4.99 14.5 12.70  2.08 1.87 103 0.757 0.99 45 —0.735
P5b 60.8 36.0 1137 4790 103 2.60 129 1.84 119 2.87 8.58 7.98 132 0.562 132 0.738 1.05 26.5 —0.714
P6b 491 25.1 731 288 5.00 125 7.12 1.09 7.70 1.98 6.17  6.07 1.05 0.109 941 0.783 1.75 17 —0.729
P7b 504 17.0 7.20 30.1 5.63 1.50 8.33 1.22 839 216 6.55 6.22 1.05 0.0854 196 0.784 1.59 19 —0.822
P8b 340 105 391 16.1 2.85 0.768 470 0.717 5.39 1.52 505 558 1.00 0.0679 110 0.591 213 12.8 —0.826
P9b 264 868 3.03 126 225 0609 374 0559 432 123 415 484 0896 0.066 104 0.528  2.09 105 —0.815
M15 189 297 138 144 171 20.2 26.5 24.7 247  30.6 26.4 19.8 17.6 - - 0.952 1.11 258 —0.823
M6 50.3 7.86 402 385 496 58.0 73.8 644 60.1 68.9 563 37.7 326 - - 133 1.01 638 —0.823
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Fig. 2. A: Rare Earth Element patterns normalized to the Post-Archean Australian Shales
of the fossils used in the study. Plain lines are for Morroccan Paleogene samples, dashed
lines are for Pliocene samples and the dotted line is for the Miocene sample. B: (La/Sm)y
vs (La/Yb)n plot for the fossils used in the study.

between sharks and rays (which are cartilaginous fish) and seawater
and the thermodependence calculated from seabreams (which are
bony fish) used in this study.

The Sr content in fossil teeth is not correlated with any of the
proxies of diagenesis, does not exhibit any trend with time, and is
typical of modern fish teeth. We therefore conclude that measured Sr
contents in the fossil samples are not affected significantly by
diagenesis.

4.2. The palaeoenvironmental record

Using aquariums, Balter and Lécuyer (2010) calculated Sr and Ba
partition coefficients (D" and DP?, respectively) between seabream
(Sparus aurata) bioapatite (both enamel and bone) and seawater in a

Table 3

Correlation coefficients (R?) and associated probability (p) results between the
paleoenvironmental proxies (Sr, Ba and 6'%0) and the diagenetic proxies (La/Yb),
(La/Sm)y and Q(Ce). Associated probability (in italic) is <10~ unless specified.

St Ba 880 Th U La/Yby La/Smy SREEy  Q(Ce)
St - 0244 0073 0004 0001 0291 0006 0274 0.102
—0.028
Ba - - 0042 0000 0.034 0.141 0006  0.058 0.002
—0.003
880 - - - 0298 0292 0.105 0213 0038 0.000
—0.016 —0.003

temperature range between 13 °Cand 27 °C. The dependences of bone
and enamel D" and D on temperature are:

D" = 0.0034(~+0.0006 /—0.0009) * T(°C) + 0.105(+0.014 /—0.015)
(1)

D™ = 0.0088(+0.0058 /—0.0083)* T(°C) + 0.190(+ 0.083 /—0.130).
(2)

The values of the seawater temperature are deduced from
measured 6'80po4 using the equation determined by Kolodny et al.
(1983) and appropriate seawater oxygen isotope composition which
is given in Table 1. By incorporating the seawater temperature value
in Egs. (1) and (2), it is possible to reconstruct the seawater Sr/Ca and
Ba/Ca values using the set of fossil and modern fish samples (Table 1).
Calculated seawater Sr/Ca ratios, which are presented in Fig. 3,
decrease from 14-15 mmol-mol~ ' at the end of the Cretaceous down
to 7-8 mmol-mol~ ! during the Paleogene. The seawater Sr/Ca seems
to be steady during the Neogene, however this observation needs to
be verified by further sampling and analysis. Low seawater Sr/Ca value
of about 6 mmol-mol~! is calculated for the Pliocene, and values
ranging from ~7 to ~10 mmol-mol~! are calculated for modern
seawater. While we expect that the Sr/Ca ratio of the Mediterranean
Sea can be heterogeneous due to its compartmentalization in several
basins that are under varying influence of river input, the seawater Sr/
Ca value (6.9 mmol-mol~") calculated for the two modern sharks
from the Mediterranean Sea is lower than the reported value of
8.4 mmol-mol~ ! by Weinbauer and Velimirov (1995). Considering
the variability calculated on the basis of modern samples, we suggest,
in the state of the present results, that the reconstructed seawater Sr/
Ca ratios are associated with an overall envelope of 2 mmol-mol~! of
uncertainty. However, such a variability can already be observed in
the fossil record, for instance 66 Ma ago, for which a range of
2 mmol-mol~ ' is calculated (Table 1).

The choice of the value of the 5'80,, parameter is of lesser
importance on the value of the calculated Sr/Ca,, ratio in comparison
to differences in the measured Sr/Ca ratio of fossil teeth (Fig. 4). For
instance, a variation of 0.5% for the value of 6'®0, leads to a
difference of about 0.5 mmol/mol for the resulting Sr/Cas, Wwhereas a
variation of 10% in the value of the Sr/Ca ratio in fossil teeth leads to a
difference of about 1 mmol/mol. The value of 5'80,, is known to vary
as a function latitude, and using the equation given in Zachos et al.
(1994), one can calculate that a latitudinal variation of 10° in the
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Fig. 3. Reconstructed seawater Sr/Ca for the last 80 million years. Values for benthic
foraminifera and lepisosteid fish are from Lear et al. (2003) and Domingo et al. (2009),
respectively. Values for sharks and rays are obtained with a Ca content of 40 wt.%, and
error bars represent the deviation with a +2% in the Ca content.
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Fig. 4. Variation of the calculated seawater Sr/Ca and Ba/Ca values (Sr/Cas, and Ba/
Cag,y) as a function of the seawater 6'%0 value (6'%0s,,). The numbers on the lines stand
for the percentage of the Ca content in the fossil apatite. Grayish areas indicate the Sr/
Cagy and Ba/Cas,, actual variability (Klinkhammer and Chan, 1990; de Villiers, 1999).

tropical area (where the sites of this study are located) leads to a
variation of about 0.2%. for the 680, value, i.e. of 0.25 mmol/mol for
the Sr/Cas,, value.

One limitation for the results of Balter and Lécuyer (2010) is that
the effects of diet on the bioapatite Sr/Ca ratios of fish are yet
unknown. These effects are likely to be of importance, as is the case for
terrestrial mammals, for which a decrease from 70% to 85% of the Sr/
Ca ratio is recorded in bones at each trophic step (Balter, 2004). It is
likely that such dietary effects can explain the observed variability as
several taxa of sharks and rays were analyzed in this study. Clearly,
more experiments are needed to understand the variations as a
function of the temperature in the transfer of Sr and Ca from seawater
and food to the different organs of fish.

The reconstructed seawater Sr/Ca ratio matches the record of
benthic foraminifera published by Lear et al. (2003). Moreover, using
associated 6'®0po4 and Sr/Ca values reported by Domingo et al. (2009)
on ganoine of lepisosteid fish, we calculate a seawater Sr/Ca ratio of
8.5+ 1.5mmol-mol~! at 65Ma that lies in the trend of benthic
foraminifera and fish. Tripati et al. (2009) and Coggon et al. (2010)
suggested that the accuracy of the benthic foraminifera record is
weakened by a poor knowledge of the species-specific effects of the Sr
partitioning between seawater and shell calcite. However, even if Lear
et al. (2003) utilized species-specific corrections, the trends defined
by each group of species of foraminifera are similar and do not lead to
the reconstructions proposed by Tripati et al. (2009) and Coggon et al.
(2010). Conversely, one can argue that the seawater Sr/Ca recon-
struction of Tripati et al. (2009) suffers a lack of control on the
variations of past temperature. The chemistry of Sr in hydrothermal
vent fluids is complex: the Sr behavior is linked to the chlorinity
(Palmer, 1992), and the Sr concentration in vent fluids varies both in
space (Bowers et al., 1988) and time (Campbell et al., 1988). The
reconstruction of seawater Sr/Ca ratio by Coggon et al. (2010) may
also have been influenced by diagenesis of the calcite veins, a
hypothesis that was not taken into account by these authors. The fact
that the benthic foraminifera and fish Sr/Ca trends are congruent is
not fortuitous, because the records are derived from two distinct
minerals (biogenic calcite and apatite, respectively) and come from
two distinct environments of deposit (oceanic sedimentary cores and
phosphorite outcrops, respectively). It is most likely that these trends
reflect the original Sr/Ca composition of seawater.

5. Concluding remarks

It is concluded that past seawater Sr/Ca ratios can be reconstructed
using the Sr/Ca and '®0/'°0 compositions for a collection of fossil fish

teeth, and the relationship that links the Sr partitioning coefficient
between biogenic apatite and seawater to temperature. The seawater
Sr/Ca ratio evolution for the last 70 My is reconstructed using values
of Sr/Ca and &'®0po4 for a collection of fossil fish teeth. Calculated
seawater Sr/Ca ratios decrease from ~14 mmol-mol~! at 70 Ma to
~8 mmol-mol~! at 50 Ma and further increase to present day values
during the Pliocene. The results are in agreement with values
calculated from Cenozoic benthic foraminifera, but not from calcite
veins of hydrothermal deposits and biogenic aragonite of corals and
gastropods. In a previous study, Balter and Lécuyer (2004) concluded
that the Sr/Ca ratios of the set of fossil fish teeth were altered by
diagenesis, and that the Ba/Ca ratios were not. This conclusion was
reached using the Sr and Ba partitioning thermodependence between
inorganically precipitated apatite and water, which are clearly not
adapted for biogenic apatite. This illustrates that the reconstruction of
palaeoenvironments using geochemical proxies and fossil materials
requires robust calibrations on living species considered to be
equivalent. It is likely that part of what we call “diagenesis” may
simply reflect our ignorance of what is happening today.
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