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[1] Records of seawater chemistry help constrain temporal variations in geochemical processes that impact
the global carbon cycle and climate through Earth’s history. Here we reconstruct Cenozoic seawater Sr/Ca
(Sr/Casw) using fossil Conus and turritellid gastropod Sr/Ca. Combined with an oxygen isotope paleotem-
perature record from the same samples, the gastropod record suggests that Sr/Casw was slightly higher in
the Eocene (�11.4 � 3 mmol/mol) than today (�8.54 mmol/mol) and remained relatively stable from the
mid- to late Cenozoic. We compare our gastropod Cenozoic Sr/Casw record with a published turritellid gas-
tropod Sr/Casw record and other published biogenic (benthic foraminifera, fossil fish teeth) and inorganic pre-
cipitate (calcite veins) Sr/Casw records. Once the uncertainties with our gastropod-derived Sr/Casw are taken
into account the Sr/Casw record agrees reasonably well with biogenic Sr/Casw records. Assuming a seawater
[Ca] history derived from marine evaporite inclusions, all biogenic-based Sr/Casw reconstructions imply
decreasing seawater [Sr] through the Cenozoic, whereas the calcite vein Sr/Casw reconstruction implies
increasing [Sr] through the Cenozoic. We apply a simple geochemical model to examine the implications
of divergence among these seawater [Sr] reconstructions and suggest that the interpretation and uncertainties
associated with the gastropod and calcite vein proxies need to be revisited. Used in conjunction with records
of carbonate depositional fluxes, our favored seawater Sr/Ca scenarios point to a significant increase in the
proportion of aragonite versus calcite deposition in shelf sediments from the Middle Miocene, coincident
with the proliferation of coral reefs. We propose that this occurred at least 10 million years after the seawater
Mg/Ca threshold was passed, and was instead aided by declining levels of atmospheric carbon dioxide.
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1. Introduction

[2] Reliable archives of ocean chemistry can be used
to evaluate processes such as continental weathering,
seafloor spreading, and carbonate deposition, and
hence the coupling between geochemical cycles and
global climate [Broecker and Peng, 1982; Berner
et al., 1983; Delaney and Boyle, 1986; Wilkinson
and Algeo, 1989; Ravizza and Zachos, 2003]. Secu-
lar variations in seawater strontium concentration
([Sr]) are particularly interesting because they are
thought to reflect long-term changes in continental
weathering and carbonate deposition [Turekian,
1964]. The latter inference is a consequence of
the fact that aragonite has a higher strontium distri-
bution coefficient than calcite (DSrarag ≈ 1 versus
DSrcalc ≈ 0.1) [Kinsman and Holland, 1969; Katz
et al., 1972] so shifts in the proportion of shelf ara-
gonite deposition relative to deep-sea calcite depo-
sition affect the seawater [Sr] concentration [Graham
et al., 1982; Stoll and Schrag, 2000].

[3] Documentation of changes in Cenozoic seawa-
ter Sr/Ca is limited as few methods exist for direct
reconstruction of the elemental composition of sea-
water. Thus far records of past changes in Cenozoic
seawater Sr/Ca (Sr/Casw) derive from inorganic
precipitates (e.g., marine barite and calcite veins),
biogenic carbonate (e.g., foraminifera, corals, and
molluscs), and biogenic apatite (e.g., fossil fish teeth
enamel) [Graham et al., 1982; Steuber and Veizer,
2002; Averyt and Paytan, 2003; Lear et al., 2003;
Ivany et al., 2004; Tripati et al., 2009;Coggon et al.,
2010; Balter et al., 2011]. These studies yield
conflicting Sr/Casw records and leave the question
of Sr/Casw variations across the Cenozoic unre-
solved. Specifically, records from gastropods, ben-
thic foraminifera, fish teeth, and ocean ridge calcium
carbonate veins (CCVs) indicate that Sr/Casw was
respectively �50% higher, �15 and 20% lower, or
�70% lower at 40 Ma than today [Lear et al., 2003;
Tripati et al., 2009;Coggon et al., 2010; Balter et al.,
2011], suggesting that the geochemical systematics

and/or underlying assumptions for these proxy
reconstructions are poorly understood. For example,
it is possible that benthic foraminiferal Sr/Ca is also
affected by carbonate saturation state [Dissard et al.,
2010; Raitzsch et al., 2010]. The interpretation of
Sr/Casw reconstructions derived from fossil fish teeth
may be complicated by changes in the diet of
the sharks and rays [Balter and Lécuyer, 2010]. The
ocean ridge CCV method uses extrapolation to
determine seawater chemistry from evolved hydro-
thermal fluids. This requires accurate calculation
of the age and temperature of the fluids and a full
understanding of the CCV partition coefficients
[Coggon et al., 2010]. Although the seawater Mg/Ca
records obtained using this method agree with some
other proxies, the markedly different results for
Sr/Casw remain a conundrum [Coggon et al., 2010;
Broecker and Yu, 2011; Coggon et al., 2011].

[4] Several studies have shown that mollusc shell
Sr/Ca is controlled by ambient solution and could
provide a record of Sr/Casw [Buchardt and Fritz,
1978; Lorens and Bender, 1980]. Temperature and
growth rate also modify Sr/Ca in modern and fossil
marine gastropods [Purton et al., 1999; Sosdian et al.,
2006; Gentry et al., 2008; Tripati et al., 2009]. These
relationships have been used in a study of turritellid
gastropods to suggest that between 64 and 37 Ma,
Sr/Casw was higher than today [Tripati et al., 2009],
in contrast with results based on other biogenic and
abiogenic proxies [Lear et al., 2003; Coggon et al.,
2010; Balter et al., 2011]. However, this gastropod
record did not always use paired Sr/Ca-d18O data
from the same shell to correct for temperature (i.e.,
the Sr/Ca ratios of 13 out of 15 fossil shells were
temperature corrected using external Mg/Ca and
d18O estimates based on different proxies). Here we
reassess the gastropod Sr/Casw proxy with new
seasonally resolved, paired d18O-Sr/Ca analyses
of 34 fossil Conus and turritellid gastropod shells.
We produce a new Sr/Casw record spanning the last
42 Ma and critically evaluate differences between
this and other published records.
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[5] Combining records of seawater chemistry with
geochemical models provides a platform to evalu-
ate long-term controls on the cycling of major ions
in the ocean across multiple time scales (i.e., kyr to
Myr) [e.g., Graham et al., 1982; Hardie, 1996;
Stoll and Schrag, 1998; Steuber and Veizer, 2002;
Arvidson et al., 2006]. Geochemical modeling
studies of Sr/Casw hypothesize that large shifts in
Sr/Casw ratios from the Phanerozoic to Cenozoic
resulted from changes in riverine input, mid-ocean
ridge spreading rate, diagenetic recycling flux and
the proportion of aragonite versus calcite deposition
[Graham et al., 1982; Schlanger, 1988; Steuber and
Veizer, 2002]. We use a simple mass balance model
to examine the implications of the contradictory

seawater Sr/Ca reconstructions and speculate on
the links between the global carbon and strontium
cycles via Cenozoic coral reef development.

2. Methods

2.1. Study Area and Samples

[6] Fossil gastropods were collected from 20 locali-
ties on the U.S. Gulf Coast, Panama, and Costa Rica
(Figures 1 and 2). Twenty-eight Conus and six tur-
retillid shells were collected from 17 formations
spanning the Eocene to Pleistocene (Table 1)
[Kobashi et al., 2001; Tao and Grossman, 2010;
Tao, 2012]. Seventeen Modern Conus specimens of

Figure 1. (top) Localities of samples collected in Mississippi, Alabama, and Florida. Localities for Mississippi,
Alabama, and Florida Panhandle are denoted by the first two letters of the sample identification number, which
represents the formation or member name (e.g., CF = Chipola formation as in CFC-1). (bottom) Localities of samples
collected from Panama and Costa Rica.
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11 different species were collected from the U.S. Gulf
Coast, the Caribbean and the Pacific Ocean [Kobashi
et al., 2001; K. Tao et al., Quantifying upwelling and
freshening in nearshore tropical environments using
stable isotopes in modern Tropical American mol-
lusks, submitted to Bulletin of Marine Science, 2012]
(Table 1). Age estimates and the associated uncer-
tainties for the fossil shells collected in this study
from the U.S. Gulf Coast, Panama, and Costa Rice are
listed in Table 1. Foraminiferal oxygen isotope (d18O)
analyses suggest that the Pleistocene specimens col-
lected from the Moin Formation in Costa Rica were
derived from glacial horizons (L. Collins, personal
communication, 2011). Unfortunately, Milankovitch-

scale stratigraphic information is not available for the
remaining fossil samples.

[7] We estimated seawater temperature from the
d18O of the same shell using the Grossman and
Ku [1986] aragonite paleotemperature equation.
Oxygen isotope analyses were performed at Texas
A&M University (TAMU) using a Finnigan MAT
251 isotope ratio mass spectrometer (IRMS) and
Kiel II automated carbonate reaction system for
modern and fossil U.S. Gulf Coast mollusks
[Kobashi et al., 2001; Gentry et al., 2008], a
Thermo-Finnigan DeltaXP IRMS and GasBench II
automated gas-handling system for Neogene and
modern mollusks from Florida and Panama

Figure 2. Stratigraphy of South Florida, Mississippi, Alabama, Panama and Costa Rica. Highlighted epochs and
stratigraphic units are those for which there are gastropod Sr/Ca data [Dockery, 1980, 1996; Coates, 1999; Coates
et al., 2005; Scott, 2011].
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respectively [Tao and Grossman, 2010; Tao et al.,
submitted manuscript, 2012], and a Thermo Scien-
tific MAT253 and Kiel IV system for fossil mol-
lusks from Panama and Costa Rica [Tao, 2012]. All
analyses were calibrated to Vienna-PDB (VPDB)
using NBS-19 (d18O = -2.20‰). Precision was
0.1‰ or better. Maximum and minimum d18O
values were used to calculate the total seasonal
change in shell d18O. We assume that the difference
is entirely attributable to temperature and apply a
temperature-d18O sensitivity of 4.2�C per 1‰
[Grossman and Ku, 1986]. We then calculate the Sr/
Ca-temperature sensitivity by dividing the seasonal
Sr/Ca change by the seasonal d18O-temperature
change observed within each shell.

[8] Prior to oxygen isotopic analysis, X-ray diffrac-
tion and scanning electron microscopy confirmed that
the aragonitic shells were not diagenetically altered.
Shells were soaked in water overnight, ultrasonicated
in distilled water, and dried at air temperature. If
necessary, shells were abraded with sandpaper to
remove surface contamination such as iron staining.
Sample grooves were milled parallel to growth
banding using a 0.3-mm Brasseler carbide drill bit to
collect powder samples.

[9] Trace metal analysis was performed by ICP-
OES and ICP-MS at Rutgers University, Cardiff
University, and TAMU. Aragonite powder splits
were progressively reacted with trace metal clean
0.065N HNO3, until complete dissolution was
achieved. After a 10 min centrifugation, 100 ml of
the sample solution was further diluted with 300 ml
0.5N HNO3 to obtain a final Ca concentration of

�4 mM. The long-term precision for Sr/Ca analysis
determined by analyzing standards over several
years is �1.5% (RSD).

[10] Sr/Casw records from this study and previous
publications used in the simple strontium flux model
were smoothed using a 60% weighted average curve
fit in Kaleidograph. This function fits a curve to the
data using the locally weighted least squared error
method. Following the smoothing, each Sr/Casw
record was resampled at 1 Myr sampling resolution
before being used as input in the simple model.

3. Results and Discussion

3.1. Temperature Control on Gastropod
Sr/Ca

[11] Fossil Conus shells show pronounced seasonal
Sr/Ca cycles, with a strong inverse correlation
between Sr/Ca and d18O (R2 ranges from 0.1 to 0.9,
r < 0.05; Table 1 and Figures 3 and 4). Our fossil
turritellids also show similar Sr/Ca cyclicity with
significant (r < 0.05) inverse correlation between
Sr/Ca and d18O through the seasonal cycles (Figure 5).
Modern gastropod Sr/Ca correlates directly with
ambient temperature and inversely with shell d18O
[Sosdian et al., 2006]. Inorganic aragonite exhibits a
negative temperature-Sr/Ca relationship, suggesting
that the gastropod relationship is driven by kinetic
factors. In support of this is the observation by
Tripati et al. [2009] that slower-growing turritellid
species have lower Sr/Ca than faster growing spe-
cies. However, Sosdian et al. [2006] noted that
the temperature-driven seasonal variability was
superimposed on a long-term ontogenetic trend of
increasing Sr/Ca as the shell aged. Because of this
ontogenetic effect, Sosdian et al. [2006] proposed
separate calibrations for juvenile and adult stages of
growth in Conus shells. Overall, temperature is the
primary control on Conus and turritellid Sr/Ca
variation.

[12] Fossil shell Conus and turritellid Sr/Ca values
are substantially higher than most modern values
(Figure 6a). This difference reflects some combi-
nation of warmer temperatures in the mid-Cenozoic
[Zachos et al., 1994] and different seawater Sr/Ca.
By using appropriate d18O-Sr/Ca temperature cali-
brations and partition coefficients it is possible to
separate out these two controls on gastropod Sr/Ca
[Sosdian et al., 2006; Tripati et al., 2009].

Figure 3. Profiles of Sr/Ca (solid blue circles) and d18O
(solid red circles) in fossil specimen CFC-1 show strong
coherence. Inset picture is a modern Conus shell. The
shaded box depicts the modern Conus shell Sr/Ca range.
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3.2. Estimating Seawater Sr/Ca

3.2.1. Sr/Ca-Temperature Calibration

[13] The modern adult Conus ermineus Sr/Ca-
temperature calibration has a slope of 0.072 �

0.014 (�2 s.e.) mmol mol�1 per �C [Sosdian et al.,
2006]. The majority of the fossil Conus specimens
have slow linear extension rates (<50 mm yr�1)
as determined using measured length of seasonal
profiles, suggesting that this adult calibration is
appropriate [Sosdian et al., 2006]. We compared

Figure 4. d18O and Sr/Ca profiles of Conus spp. from modern and fossil specimens. Solid line denotes d18O = 0‰
and Sr/Ca = 2 mmol mol�1. See Table 1 for appropriate sources for previously published data.
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the magnitude of the seasonal cycles in d18O and
Sr/Ca to obtain apparent temperature sensitivities
for each shell (see Methods; Table 1). Two fossil
specimens (AT06-22-1A and YCC1) yield higher
than expected Sr/Ca-temperature sensitivities, likely

attributable to site-specific changes in salinity or
habitat, and are not considered further. The remain-
ing fossil Conus shells produce a range of tempera-
ture sensitivities encompassing that of C. ermineus,
but with a higher mean value (0.15 � 0.1 (�1 s.d.)

Figure 4. (continued)
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mmol mol�1 per �C) (Table 1). This range may be
primarily due to vital effects (i.e., different species
having different temperature sensitivities) and to a
lesser extent uncertainties regarding the relative
temperature and salinity components of the d18O
profiles. The relatively low apparent temperature
sensitivity of the modern calibration species, Conus
ermineus, may be a result of the shell not growing
during temperature extremes. Gentry et al. [2008]
showed that only 69% of the in situ temperature
range is expressed in the d18O seasonal cycles. The
modern Sr/Ca-temperature calibration was calculated

using measured instrumental temperature rather
than d18O-temperature and may have underestimated
the Sr/Ca temperature dependence [Sosdian et al.,
2006]. After re-evaluating the empirical relationship
between Sr/Ca and d18O-temperature cycles in the
modern shells from the calibration study [Sosdian
et al., 2006], we calculate a higher Sr/Ca-temperature
slope (0.089 � 0.013 (1 s.d.) mmol mol�1 per �C,
which is closer to the mean temperature sensitivity
obtained from the fossil shells. In order to calculate
seawater Sr/Ca from the fossil record, we use the
mean Sr/Ca-temperature slope derived from the

Figure 4. (continued)
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fossil specimens (0.15� 0.10) and include the 1 s.d.
uncertainty envelope in our calculations.

[14] The modern turritellid calibration shows a range
of Sr/Ca-temperature sensitivity estimates depending
on the species used [Tripati et al., 2009, Figure 2a].
The modern generic turritellid calibration has a Sr/
Ca-temperature sensitivity of 0.048 � 0.009 (2 s.e.)
mmol/mol per �C although some species, such as
T. cingulata, T. leucostma, and M. roseus, exhibit
higher temperature sensitivities (0.08, 0.10, and
0.15 mmol/mol per �C respectively) [Tripati et al.,
2009]. An assessment of the Sr/Ca and d18O-
temperature profiles within our six fossil turritellid
specimens suggests a relatively high temperature
sensitivity (�0.10 � 0.05 (1 s.d.) mmol mol�1 per
�C) more similar to these species. We therefore use
this sensitivity to reconstruct seawater Sr/Ca from
the fossil turritellid shell Sr/Ca record. Further work
evaluating both the Conus and turritellid species-
specific Sr/Ca-temperature relationships would reduce

the large error envelope on the seawater Sr/Ca
estimates.

3.2.2. Interspecific Offsets

[15] The large range in absolute Sr/Ca within the
eleven modern Conus species indicates the presence
of vital effects, i.e., interspecific offsets in the stron-
tium distribution coefficient (DSr) at a given tem-
perature (Figure 6a). One way to correct for such
vital effects is to construct a record of gastropod
Sr/Ca using temporally overlapping species. How-
ever, this has not been possible with our samples.
Therefore, our approach here is to normalize all
Conus Sr/Ca to a constant temperature (Figure 6b),
and then use the mean distribution coefficient
determined from the eleven modern species to esti-
mate seawater Sr/Ca (equation (1)) (Figure 6c). In
order to normalize the shell Sr/Ca to a given tem-
perature (30�C) we estimated seawater temperature
from the d18O of the same shell [Kobashi et al.,

Figure 5. d18O and Sr/Ca profiles of turritellids from fossil specimens. Solid line denotes d18O = 0‰ and Sr/Ca =
2.9 mmol mol�1. See Table 1 for appropriate sources for previously published data.
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2001; Tao et al., submitted manuscript, 2012] using
the Grossman and Ku [1986] (equation (1)) paleo-
temperature equation.

[16] Miocene seawater d18O was determined using
estimates from Lear et al. [2000] corrected for
paleo-latitude following Zachos et al. [1994].
Pliocene seawater d18O estimates are fromWilliams
et al. [2009] and glacial Pleistocene seawater d18O
estimates are from Schmidt et al. [2004].

Sr=Casw ¼ Temperature corrected Sr=Cað Þshell=DSr@30�C ð1Þ

The value of DSr at 30�C was calculated using
modern shell Sr/Ca and assuming modern Sr/Casw
of 8.54 mmol/mol [de Villiers, 1999]. The modern
temperature calibration species Conus ermineus
has an average Sr/Ca value of 1.5 mmol/mol, which

corresponds to a DSr of 0.23 at 30�C. Conus mus
has a mean Sr/Ca = 1.6 mmol/mol (DSr = 0.19 at
30�C), the other modern Conus species (C. jaspideus,
C. recurvus, C. mahogani, C. arcuatus, C. patricius,
C. ximenes, and C. floridanus) have substan-
tially higher Sr/Ca values (ranging from 1.8 to
2.3 mmol/mol), corresponding to a range in DSr

of 0.26 to 0.34 at 30�C. Here we use a mean value
of DSr = 0.30 � 0.05 (1 s.d.) at 30�C to calcu-
late Cenozoic seawater Sr/Ca from Conus Sr/Ca
(equation (1)). For our turritellid gastropods we use
a DSr of 0.31 � 0.05 (1 s.d.) at 30�C determined
from the modern turritellid calibration [Tripati et al.,
2009]. We use the range in modern Conus DSr to
estimate the associated uncertainties in our recon-
structed seawater Sr/Ca through the Cenozoic.

Figure 6. (a) Shell Sr/Ca for modern Conus spp. specimens and Cenozoic turritellid and Conus specimens. Modern
Conus ermineus (blue open circles) were used to construct the Sr/Ca-temperature calibration [Sosdian et al., 2006].
Data from other modern Conus species (red circles) are included to evaluate inter-species offsets. (b) Conus and tur-
ritellid shell Sr/Ca corrected to 30�C using the temperature sensitivity, 0.15 � 0.1 mmol/mol per �C and 0.10 � 0.5,
respectively) derived from fossil Conus spp. and turritellids; (c) Sr/Casw estimates from this study. The temperature
corrected Sr/Ca record (Figure 6b) was converted to Sr/Casw using the mean DSr (=0.30� 0.05 and 0.31� 0.05) deter-
mined from the modern Conus and turritellid specimens. P = Pliocene and Pl = Pleistocene in the highlighted epochs.
Dashed line represents the modern-day value of Sr/Casw.
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[17] Our new gastropod seawater Sr/Ca record over-
laps with the record of Tripati et al. [2009] derived
using Eocene turritellids (Figure 7a), allowing direct
comparison. The larger variability in the Tripati et al.
[2009] data reflects the lack of d18O-temperature
estimates for most of the shells, and uncertainties
associated with interspecies vital effects and temper-
ature sensitivities. When combined, these uncertain-
ties produce a wide range of reconstructed seawater
Sr/Ca for each of the turritellid shells from the Tripati
et al. [2009] data set (Figure 7a). Therefore, while
our turritellid shell Sr/Ca record is similar to the
Tripati et al. [2009] shell record, our reconstructed
seawater Sr/Ca ratios derived from shells, for which

we apply specimen-based d18O temperature correc-
tions, a higher Sr/Ca-temperature sensitivity, and
interspecies corrections, fall at the extreme lower end
of the Tripati et al. [2009] estimates. Reassuringly,
our turritellid-based seawater Sr/Ca estimates are
within error of our contemporaneous Conus-based
record (Figure 6c).

3.2.3. Cenozoic Sr/Casw Variations

[18] Our combined Conus and turritellid Sr/Casw
record suggests minimal change in seawater Sr/Ca
across the Eocene to the Pliocene given the uncer-
tainty in the Sr/Casw calculations. The Sr/Casw record

Figure 7. (a) Seawater Sr/Ca estimates from Conus and turritellid gastropods (this study) compared to the estimates
from Tripati et al. [2009] based on turritellid gastropods. Error bars for the seawater Sr/Ca estimates from this study
represent �1 s.d. of both the DSr and temperature sensitivity. Error bars for the Tripati et al. [2009] study represent a
range of seawater Sr/Ca estimates (see Table 3 in Tripati et al. [2009] for details) calculated using a DSr range of 0.13
to 0.31 (red error bars) and using DSr-temperature relationship determined from modern Turritellidae (blue error bars)
and modern T. exoleta (gray error bars; see Table 3 in Tripati et al. [2009] for details). (b) Compilation of recon-
structed seawater Sr/Ca records for the last 65 million years. Data are from calcite veins [Coggon et al., 2010], benthic
foraminifera [Lear et al., 2003], fossil fish teeth [Balter et al., 2011], corals [Ivany et al., 2004], and rudists bivalves
[Steuber and Veizer, 2002]. Error bars for the calcite veins, fish teeth, corals, and rudist/belemnites proxy records
are derived from the referenced literature. Error bars for the benthic foraminifera record represent the average 2 s.d.
(=0.56 mmol/mol) of the 97 time intervals where more than one data point was present. P = Pliocene, Pl = Pleistocene
and Cret. = Cretaceous in the highlighted epochs. Dashed line represents the modern-day value of Sr/Casw.
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variability is close to the calibration errors of the
proxy (i.e., 1 s.d. on modern DSr at 30�C calculated
using a range of modernConus and turritellid species
and 1 s.d. on the Sr/Ca-temperature slope for each
genus). Nevertheless, the gastropod record does
indicate that seawater Sr/Ca has not varied by more
than�50% for the last 42Ma (Figure 6c). Our record
is in good agreement with several other proxies.
For example, coral Sr/Ca suggests that Oligocene
Sr/Casw was�10 mmol/mol, in excellent agreement
with our gastropod based reconstruction [Ivany
et al., 2004]. Sr/Ca ratios in marine barite indicate
that Sr/Casw exhibited higher than modern values
in the Miocene similar to our findings (Figure 7b)
[Averyt and Paytan, 2002]. Other records are con-
sistent with a secular trend of declining Sr/Casw
through time. For example, Sr/Ca measurements of
belemnites and molluscs indicate high Sr/Casw in
the Cretaceous (�13–14 mmol/mol) [Steuber and
Veizer, 2002], although this value depends heavily
on the choice of DSr. The strontium content of marine
cements implies that late Cretaceous seawater [Sr]
was at least twice that of Quaternary seawater (i.e.
>16 mmol/mol) [Opdyke et al., 1995].

[19] Our Eocene Sr/Casw estimates (11.4 � 3 mmol/
mol (1 s.d.)) at 36–42Ma are significantly higher than
estimates based on Cenozoic planktonic foraminifera
[7 mmol/mol; Graham et al., 1982], benthic forami-
nifera [7.7 mmol/mol; Lear et al., 2003] and fossil
fish teeth enamel (7.2 mmol/mol [Balter et al., 2011])
(Figure 7b). Interpretation of the planktonic forami-
niferal Sr/Ca record is limited due to considerable
scatter, use of multiple species, and uncertain controls
on foraminiferal Sr/Ca [Elderfield et al., 2002;
Dueñas-Bohórquez et al., 2009]. Lear et al. [2003]
observed a small decrease in modern and fossil ben-
thic foraminiferal Sr/Ca with increasing water depth
on the order of 10% per km, which has been partially
attributed to saturation effects [Elderfield et al., 1996;
Rosenthal et al., 1997; Dueñas-Bohórquez et al.,
2011]. Proxy records highlight a potential increase
in carbonate saturation from the mid-Eocene to early
Oligocene [Lear and Rosenthal, 2006]. Such an
increase would drive benthic foraminiferal derived
Sr/Casw estimates closer to the gastropod derived
Sr/Casw estimates but changing carbonate saturation
levels were unlikely large enough to explain the entire
difference. Recent studies suggest that interpretation
of Sr/Casw reconstructions derived from fossil fish
teeth may be complicated by changes in the relative
contributions of different food sources (e.g., a 15%
change in [Sr] is evident in bones at each trophic
step) [Balter, 2004; Balter and Lécuyer, 2010]. Balter
et al. [2011] suggest that these dietary effects can

explain part of the observed variability in the different
taxa analyzed in their study. For example, modern
Sr/Casw values derived from sharks and rays range
from 6.75 mmol/mol to 9.05 mmol/mol, respectively
[Balter et al., 2011]. While the various biogenic
proxy records for Cenozoic Sr/Casw show signifi-
cant differences reflecting the uncertainties discussed
above (Figure 7b), they all show substantially higher
Sr/Casw than the record derived from mid-ocean
ridge CCVs (�2mmol/mol at 40Ma) [Coggon et al.,
2010].

[20] The potential bias in the CCV Sr/Casw record
could be related to the uncertainties in the proxy
assumptions and constraints. The Neogene CCV
Sr/Casw reconstruction shows strong covariance with
the corresponding CCV Mg/Casw record [Coggon
et al., 2010]. This has been interpreted as reflecting
constant Sr/Mgsw [Coggon et al., 2010, 2011].
However, DSr for calcite is strongly dependent on
Mg content [Mucci and Morse, 1983; Carpenter and
Lohmann, 1992; Broecker and Yu, 2011]. Addition-
ally, the CCV Sr/Casw reconstructions depend on
an accurate estimate of the degree of fluid evolution
prior to calcite precipitation. 87Sr/86Sr – Sr/Ca
crossplots from the “hot-water” hydrothermal system
suggest that the slope of the Sr/Ca-87Sr/86Sr rela-
tionship is steeper at lower temperatures [Coggon
et al., 2010]. The CCVs used to reconstruct the low
seawater Sr/Ca ratios for the Paleogene were formed
in “cold-water” systems assuming no geochemical
fluid evolution prior to calcite precipitation. Allow-
ing for even a small degree of fluid evolution prior to
precipitation of these CCVs might raise the recon-
structed seawater Sr/Ca values closer to our gastro-
pod record. Finally, we note that the increasing trend
in seawater Sr/Ca from the late Eocene to present, as
deduced from the CCV records, seems at odds with
the general covariance between seawater Sr/Ca and
the transition from calcite to aragonite seas during the
Phanerozoic proposed by Steuber and Veizer [2002].
Based on that record, one would expect a decrease in
seawater Sr/Ca with increasing proportion of arago-
nite deposits, consistent with the secular decrease
from the mid Cretaceous.

[21] In the following discussion, we examine the
long-term trends in Sr/Casw records derived from
biogenic proxies (i.e., gastropod, benthic foraminif-
era, and fossil fish teeth) and inorganic precipitates
(i.e., calcite veins) to test the plausibility of the vari-
ous geological scenarios inferred by each recon-
struction. The coral, rudist, and belemnite records are
of too low resolution to be included in this analysis.
The gastropod record reconstructed in this study is
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not spliced with the Tripati et al. [2009] gastropod
Sr/Casw record for reasons described earlier.

3.3. Controls on Cenozoic Sr/Casw
Variations

[22] Strontium and calcium are major ions in sea-
water with relatively long residence times, 2.5–3Myr
and 1 Myr, respectively [Broecker and Peng, 1982;
Palmer and Edmond, 1989]. Seawater Sr/Ca is con-
trolled by the balance between input and removal
processes for Ca and Sr and could be modified by
a change in either [Sr] or [Ca] or both. The major
source of both Sr2+ and Ca2+ to the oceans is conti-
nental weathering, whereas hydrothermal exchange
can be an important source for Ca2+ while

insignificant for Sr2+ [Elderfield and Schultz, 1996].
Carbonate sedimentation is a major sink for Ca and
Sr, with a relative flux that depends on the mass
and mineralogy of the accumulating sediments. Pre-
dominant calcite deposition (DSr �0.1) would
increase seawater Sr/Ca, whereas predominant ara-
gonite deposition (DSr�1) would have a minor effect
on seawater Sr/Ca if all other variables were held
constant [Stoll and Schrag, 1998].

[23] Secular variations in seawater [Ca] have been
derived from chemical analyses (e.g., fluid inclusions,
Ca isotopes) and mass balance modeling. All techni-
ques show that seawater [Ca] progressively decreased
through the Cenozoic [Hardie, 1996; Stanley and
Hardie, 1998; De La Rocha and DePaolo, 2000;

Figure 8. (a) Estimated seawater Sr2+ concentrations based on benthic foraminifera, fossil fish teeth, CCVs, and gas-
tropod Sr/Ca measurements from this study using the [Ca] record from Horita et al. [2002] (Figure S1 in Text S1 in the
auxiliary material). Trendlines are 60% weighted averages for each data set. (b) Calculated riverine Sr/Ca (mol/mol)
based on benthic foraminifera, fossil fish teeth, CCVs, and gastropod Sr/Ca measurements assuming a constant rate
of change between the modeled 33 Ma value (see text) and modern average value of 2.35 mmol/mol [Meybeck and
Ragu, 1996; Holmden et al., 1997; Gaillardet et al., 1999; Vance et al., 2009]. (c) Range of modern day riverine
Sr/Ca based on discharge weighted average river composition shown in a histogram (n equals number of rivers
[Meybeck and Ragu, 1996; Holmden et al., 1997; Gaillardet et al., 1999; Vance et al., 2009]).
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Lowenstein et al., 2001; Horita et al., 2002]. Using
the fluid inclusion [Ca] record [Horita et al., 2002]
(Figure S1 in Text S1 in the auxiliary material), we
calculate Cenozoic seawater [Sr] for each of the four
Sr/Casw proxy records (Figure 8a).1 We smoothed all
of the Sr/Ca records in the same manner (using a 60%
weighted average of each Sr/Ca record) to minimize
artifacts owing to sampling resolution. The benthic
foraminiferal, fish teeth, and gastropod seawater [Sr]
records show similar trends but of different magni-
tude, whereas the CCV [Sr] record shows a markedly
different trend (Figure 8a). The largest discrepancy
between the [Sr] records occurs in the Neogene:
the gastropod, benthic foraminifera, and fish teeth
records imply decreasing seawater [Sr] whereas the
CCV record implies increasing [Sr] through the
Neogene (Figure 8a).

3.4. Strontium Flux Model

[24] Changes in seawater [Sr] can be expressed as:

dSr=dt ¼ JSrRIV � Sr=Casw�JCaPELAGIC�DSrPELAGIC
� Sr=Casw�JCaSHELF�DSrSHELF ð2Þ

where JSrRIV is riverine flux of Sr2+, JCaPELAGIC and
JCaSHELF are the Ca fluxes into marine carbonates
and DSrPELAGIC and DSrSHELF are the correspond-
ing average strontium distribution coefficients. The
exposure of shelf aragonite during sea level falls
and subsequent recrystallization releases Sr into the
ocean. Stoll and Schrag [1998] used amodeling study
to show that Quaternary sea level variations resulted
in only a 1–3% change in Sr/Casw. Thus the predicted
change in Sr/Casw due to recrystallization is small
relative to the change observed in the Cenozoic
Sr/Casw records and therefore was not included in
our simple model. Using tabulated pelagic and shelf
carbonate depositional fluxes from Opdyke and
Wilkinson [1988] (Figure S2 in Text S1 in the
auxiliary material) and modified Pliocene to Quater-
nary estimates from Nakamori [2001] and a con-
stant value of 0.1 for DSrPELAGIC (assuming pelagic
carbonate deposition to be dominated by calcite),
equation (2) can be solved for riverine Sr2+ flux or
DSrSHELF if assumptions are made regarding one
of these parameters.

3.5. Estimating Global Average Riverine
Sr/Ca

[25] Here we evaluate whether any of the seawater
Sr/Ca reconstructions could be explained by realistic

changes in the riverine Sr/Ca through time. We use
each seawater Sr/Ca proxy record to estimate riverine
Sr/Ca at 33Ma, and then compare the results with the
modern range of Sr/Ca values measured from rivers
draining a wide variety of catchment types (e.g.,
carbonate-dominated bedrock versus silicate domi-
nated bedrock). The riverine Sr/Ca ratio is estimated
by calculating JSrRIV and JCaRIV separately, using
the rate of change in seawater [Sr] and [Ca] inferred
from the smoothed records over a 1 million year
interval at 33 Ma and equations (2) and (3).

JCaRIV ¼ dCa=dt� JCaHYDRO þ JCaPELAGIC þ JCaSHELF ð3Þ

where JCaRIV is the riverine flux of Ca2+, JCaHYDRO
is the hydrothermal flux of Ca2+, and dCa/dt is the
change in seawater [Ca] record ofHorita et al. [2002]
(Figure S1a in Text S1 in the auxiliary material).

[26] We chose 33 Ma as an interval to estimate riv-
erine Sr/Ca because equation (3) includes a [Ca]
hydrothermal flux term, and several published esti-
mates of oceanic crustal production agree that
the rate at this time was similar (�10% higher) to
that of today [Berner, 1994; Conrad and Lithgow-
Bertelloni, 2007; Müller et al., 2008] (Figure S3a
in Text S1 in the auxiliary material). We therefore
used a hydrothermal Ca flux �10% higher than the
modern day estimate of 1.85 � 1012 mol/yr from
Elderfield and Schultz [1996], which includes esti-
mates from mid-ocean ridges and ridge flanks. To
calculate JSrRIV at 33 Ma we used equation (2) and
assumed DSrSHELF was 0.3. This value is equivalent
to a �3:1 proportion of calcite to aragonite in shelf
carbonates (using ball-park values of 1.0 and 0.1
for aragonite and calcite DSr respectively), which
is consistent with a reduction in the number of
aragonite-dominated reef sites in the early Oligocene
relative to today [Kiessling 2009] (Figure 9). Having
estimated riverine Sr/Ca at 33 Ma, we then assumed
a constant rate of change of riverine Sr/Ca between
33 Ma and today (modern average river Sr/Ca =
2.35 mmol/mol) for each seawater Sr/Ca scenario
(Figure 8b). In the following discussion, we eval-
uate riverine Sr/Ca estimates derived from each
Sr/Casw record in light of the modern-day range
of riverine Sr/Ca.

3.6. Evaluating Estimates of Past Riverine
Sr/Ca

[27] Past changes in the global composition of river
discharge are difficult to quantify but most likely
varied within the modern range of present-day
major rivers, which span a wide variety of

1Auxiliary materials are available in the HTML. doi:10.1029/
2012GC004240.
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catchment types. Sr/Ca ratios of the discharge-
weighted average river composition of most modern
rivers vary between 0.5 and 6 mmol/mol, with an
average of 2.35 mmol/mol (Figure 8c) [Meybeck
and Ragu, 1996; Holmden et al., 1997; Gaillardet
et al., 1999; Vance et al., 2009]. The gastropod,
benthic foraminifera, fish teeth and CCV records
produce riverine Sr/Ca estimates that are respec-
tively 40% higher, 10% lower, 20% lower, and 60%
lower at 33 Ma relative to today (Figure 8c). The
riverine Sr/Ca estimates derived from the gastropod
and CCV records fall in the 80th and 10th percen-
tiles of the tabulated modern range, whereas the
benthic foraminifera and fish teeth fall within the
50th and 40th percentiles [Meybeck and Ragu,
1996; Holmden et al., 1997; Gaillardet et al.,

1999; Vance et al., 2009]. Our uncertainty enve-
lope in the gastropod-derived Sr/Casw estimates is
�3 mmol/mol and the lower edge of this envelope
falls within 10% of modern average riverine Sr/Ca.

[28] Temporal variability in the Sr/Ca ratio of river-
ine input could be related to the differing proportions
of silicate weathering (i.e., high Sr/Ca ratios) to car-
bonate weathering (i.e., low Sr/Ca ratios) in the
catchment areas [Gaillardet et al., 1999;Gibbs et al.,
1999]. In the modern-day, carbonates dominate the
material weathered with silicates representing a
smaller component of the global fluxes [Gaillardet
et al., 1999]. Paleogeographic maps documenting
changes in the dominant composition of catchments
for every period through the Phanerozoic [Bluth and
Kump, 1991] show that carbonate bedrock

Figure 9. (a) Estimated number of reef sites (black line) [Kiessling, 2009] and calculated DSr for shelf carbonates
based on biogenic proxy estimates (benthic foraminifera and fossil fish teeth) of Sr/Casw (gray shaded region).
(b) Atmospheric carbon dioxide concentrations from Pagani et al. [2005] (blue shaded area), seawater Mg/Ca estimates
from fluid inclusions in marine halites [Horita et al., 2002], CCVs [Coggon et al., 2010] and modeling [Stanley and
Hardie, 1998]. Horizontal orange bar is the aragonite seas Mg/Ca threshold (�2 mol/mol) [Stanley and Hardie,
1998], horizontal blue bar marks the CO2 threshold for the success of coral reef communities (�480 ppm) [Hoegh-
Guldberg et al., 2007]. Arrow denotes average modern DSrSHELF values as determined from percentage of aragonite
and other calcites in modern shelf environments and their corresponding average strontium distribution coefficients
[Land, 1967; Kinsman and Holland, 1969; Katz et al., 1972].
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dominated the catchment lithologies in the mid-
Cenozoic as it does today and that there was minimal
variation with time in the dominant lithologies in the
source areas, albeit the maps are of low resolution
[Bluth and Kump, 1991]. Therefore, our riverine Sr/
Ca reconstructions suggest that the seawater Sr/Ca
histories derived from the biogenic carbonate-based
proxies (benthic foraminifera, fish teeth and the
lower bound of the gastropod Sr/Casw record) all
appear reasonable (i.e., within the collective range of
most modern rivers) given our current understand-
ing of Sr and Ca cycling but that the controls on
the CCV Sr/Ca record are not yet fully understood.
We note, however, that further investigation of the
inter-species offsets, temperature sensitivity, and vital
effects of modern Conus and turritellid species are
necessary to narrow the range of Sr/Casw estimates
and critically examine the gastropod Sr/Casw proxy.

[29] We also acknowledge that the robustness of
these riverine Sr/Ca estimates is dependent on
the parameterization of JCaHYDRO. Uncertainties
in the magnitude of the modern hydrothermal flux
of calcium from mid-ocean ridges and flanks pro-
duce a wide range of modern JCaHYDRO estimates
from 2.1 � 1011 mol/yr to 6.3 � 1012 mol/yr
[Edmond et al., 1979; Berner and Berner, 1996;
Elderfield and Schultz, 1996; Alt, 2003; DePaolo,
2004]. The JCaHYDRO flux used here (that of
Elderfield and Schultz [1996]) is the most com-
prehensive estimate within the available published
range considering estimates of the modern oceanic
calcium budget. Therefore we consider this a pre-
liminary assessment, which can be revisited once
estimates of the global hydrothermal calcium flux
are refined. As such, our suggestion that the CCV
seawater Sr/Ca record is unreasonable should be
considered tentative, although the general coher-
ence between the biogenic calcite, aragonite and
apatite proxies supports this view.

3.7. Seawater Sr/Ca and Evolution
of Cenozoic Aragonite Deposition

[30] Global average DSrSHELF is controlled by the
relative proportions of aragonite, calcite and high-
Mg calcite deposition in shelf carbonates. There-
fore, changes in DSrSHELF through time reflect
global trends in the evolution of carbonate-secret-
ing organisms. Here we use the seawater Sr/Ca
records derived from two biogenic proxies (benthic
foraminifera and fish teeth) in conjunction with
equations (2) and (3) to estimate DSrSHELF between
33 Ma and today (Figure 9). We use the pelagic and

shelf carbonate depositional fluxes tabulated by
Opdyke and Wilkinson [1988] and modified by
Nakamori [2001] and assume that pelagic carbonates
were dominated by calcite deposition throughout the
Cenozoic (DSrPELAGIC = 0.1). As before, JCaRIV was
determined using equation (3) assuming hydrother-
mal Ca flux was 10% higher than modern at 33 Ma
and linearly decreased to modern values, and JSrRIV
was calculated using JCaRIV and our record of global
average riverine Sr/Ca, which assumes an initial
value of 0.3 for DSrSHELF at 33 Ma (Figure 8b). The
main uncertainties in our model parameters are the
assumption that hydrothermal activity decreased
linearly between 33 Ma and today, the modern esti-
mate of JCaHYDRO and the riverine Sr/Ca estimates.
Several experiments were therefore performed to
assess the sensitivity of our calculated record of
DSrSHELF to these input parameters (Figures S3–S5
in Text S1 in the auxiliary material). In order to
assess how the various hydrothermal flux trajectories
affect our estimates of DSrSHELF we followed Berner
[1994] and assumed that global ocean crustal pro-
duction rate and hydrothermal calcium flux are line-
arly scaled (equation (4)).

Crustal production-t=Crustal production-0

¼ JCaHYDRO-t=JCaHYDRO-0 ð4Þ

where t = time in model and 0 = present-day. For
JCaHYDRO-0 we use 1.85 � 1012 mol/yr [Elderfield
and Schultz, 1996], for crustal production-t between
33 Ma and today we compared three published
scenarios [Berner, 1994; Conrad and Lithgow-
Bertelloni, 2007; Müller et al., 2008] (Figure S3 in
Text S1 in the auxiliary material). Our overall trend
in calculated DSrSHELF is unaffected by choice of
crustal production scenario (i.e., the left hand side of
equation (4)) (Figure S3 in Text S1 in the auxiliary
material). We assessed separately the impact of the
total hydrothermal calcium flux (i.e., the right hand
side of equation (4)) by using different values for
JCaHYDRO-0 (Figure S4 in Text S1 in the auxiliary
material). We found that the overall trend in pre-
dicted DSrSHELF does not vary with various esti-
mates of [Ca] hydrothermal flux but rather the
absolute values of the modern DSrSHELF decreases
with higher estimates of [Ca] hydrothermal flux. In
order to assess the sensitivity of our DSrSHELF esti-
mates to riverine Sr/Ca we compared two scenarios.
In the first we used modern riverine Sr/Ca values
throughout the modeled interval (33–0 Ma), and in
the second we used the appropriate riverine Sr/Ca
record from Figure 8b based on the relevant proxy
method (i.e., benthic foraminifera or fish teeth). The
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first scenario produces DSrSHELF values approxi-
mately 25% higher than the second scenario at
33 Ma, with the offset between the scenarios
diminishing to zero for the present-day (Figure S5 in
Text S1 in the auxiliary material). The overall trend
in calculated DSrSHELF is not affected by choice of
riverine Sr/Ca history (Figure S5 in Text S1 in the
auxiliary material).

[31] Taking the above uncertainties into account,
both the benthic foraminifera record and the fish
teeth record suggest that DSrSHELF was relatively
constant through the mid-Cenozoic, followed by a
long-term increase in the proportion of aragonite to
calcite deposition beginning in the Miocene
(Figure 9a). As expected from Figure 7, the lower
bound of the gastropod derived Sr/Casw record
produces a DSrSHELF record that is very similar
to the record derived from benthic foraminifera.
At first sight, the sharp increase in DSrSHELF in the
middle Miocene (Figure 9) may seem unexpected,
given the relatively flat nature of the various sea-
water Sr/Ca proxy records at this time (Figure 7).
The increase in DSrSHELF is driven by the dramatic
increase in the pelagic carbonate sedimentation in
the middle Miocene [Opdyke and Wilkinson, 1988]
(Figure S2 in Text S1 in the auxiliary material). All
else being equal, because DSrPELAGIC ≪ 1, such
a change in ocean calcium and strontium cycling
would tend to increase seawater Sr/Ca. Therefore, in
order to balance this model input and produce the
trends of decreasing seawater [Sr] seen in Figure 8,
the model increases the flux of strontium leaving the
ocean by increasing DSrSHELF.

[32] We interpret our DSrSHELF record as represent-
ing a long-term increase in the proportion of arago-
nite to calcite deposition that began in the Miocene
(Figure 9a). The overall trend of our DSrSHELF record
bears some similarities with a record of coral reef
site abundance [Kiessling, 2009] (Figure 9a), with
the most dramatic increase in reef sites occurring
between the late Oligocene and early to mid-
Miocene. The rise to dominance of some aragonite-
secreting organisms has been attributed to seawater
Mg/Ca increasing above a threshold of�2 mol/mol,
with the dependence of aragonite saturation state on
seawater carbonate chemistry being assigned a
lesser role [Stanley and Hardie, 1998]. Most sea-
water Mg/Ca proxy records (fluid inclusions, CCVs,
echinoderms) suggest that this threshold was passed
in the mid-Eocene to early Oligocene (44 to 30 Ma)
[Lowenstein et al., 2001; Dickson, 2002; Horita
et al., 2002; Coggon et al., 2010] with a few others
suggesting it was passed even earlier [Lear et al.,

2002; Broecker and Yu, 2011], prior to the dra-
matic rise in the reef site record (Figure 9).

[33] In addition to Mg/Ca ratio, carbonate saturation
may be an important influence on marine calci-
fication. It has recently been shown that atmo-
spheric carbon dioxide concentrations (pCO2) above
480 ppm might hinder the calcification of aragonitic
coral skeletons, and thus coral reefs, by increasing
surface ocean acidity and decreasing seawater car-
bonate saturation [Hoegh-Guldberg et al., 2007;
De’ath et al., 2009]. We suggest that as Cenozoic
pCO2 dipped below the 480 ppm threshold, long-
term ocean de-acidification provided a more suit-
able environment for coral reef proliferation. This
pCO2 threshold was reached after the seawater
Mg/Ca threshold, in the late Oligocene to early
Miocene [Pagani et al., 2005]. Therefore, while
increasing seawater Mg/Ca in the early Cenozoic
“preconditioned” the oceans to be favorable for
aragonite-precipitating organisms, the decreased
pCO2 and increased seawater saturation state caused
by ocean de-acidification may have ultimately pro-
moted the success of the coral reef ecosystem.

4. Conclusions

[34] Here we verify that the relationship between
gastropod Sr/Ca and temperature is preserved in the
fossil record. We use intrashell seasonal Sr/Ca and
d18O cycles to produce new temperature calibra-
tions based on our fossil shells. These have slopes
of 0.15 � 0.10 (1 s.d.) mmol mol�1 per �C for
Conus and 0.10 � 0.05 (1 s.d.) mmol mol�1 per �C
for turritellid gastropods. Using the new calibra-
tions and our Cenozoic record of gastropod Sr/Ca
we present a new seawater Sr/Ca reconstruction
from 42 Ma to present. By incorporating realistic
uncertainties in the temperature calibrations of now
extinct species we show that the gastropod record is
higher but within error of published seawater Sr/Ca
records derived using benthic foraminifera and fish
teeth. Further investigation of the controls on gas-
tropod shell Sr/Ca are needed to narrow the range of
calculated seawater Sr/Ca. The reconstructed Paleo-
gene seawater Sr/Ca values based on all three bio-
genic proxies are markedly higher than those derived
from calcite veins precipitated in submarine basalts.
We use a simple Sr flux model to suggest that the
uncertainties and assumptions in using calcite veins
to reconstruct Sr/Casw need to be revisited. Finally,
we estimate global average DSrSHELF values for the
past 33 Ma and suggest that the Neogene increase in
the proportion of aragonite to calcite deposition is
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likely linked to ocean de-acidification on these geo-
logical timescales.
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