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The global geochemical cycles of calcium and strontium in seawater link the chemical composition of
the oceans to the global carbon cycle and Earth’s climate through the precipitation, diagenetic alteration,
and sedimentary recycling of marine carbonate minerals. Here we present a record of calcium isotopic
composition and [Sr] of seawater over the last 100 million years using measurements from modern
and fossil shark teeth. Although there is significant variability in modern elasmobranch tooth enamel
associated with physiology and diet, our record suggests a first-order increase in the average calcium
Keywords: isotopic composition of seawater by 0.5%o and a decline in Sr/Ca ratios of ~40% over the last 100 million
calcium isotopes years. These observations are in agreement with trends seen in other archives. We propose that the
Sr/Ca observed changes in both the calcium isotopic composition and Sr concentration of seawater can be
elasmobranch teeth explained by changes in the partitioning of the global carbonate sink associated with the development of
marine calcium cycle a deep-sea carbonate reservoir in the mid-Mesozoic.

seawater chemistry
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1. Introduction

The isotopic composition of calcium in seawater (*4Ca/*9Ca or
544/40Cq,,, in § notation) is enriched in *4Ca compared to sources
(i.e., rivers, groundwater, and high-temperature hydrothermal sys-
tems) by ~1%o. This difference is attributed to Ca isotope frac-
tionation associated with the precipitation and burial of marine
carbonate minerals. Both laboratory and natural studies indicate
that fractionation of Ca isotopes in marine carbonates depends on
mineralogy (e.g., calcite vs. aragonite; Gussone et al.,, 2005) and
precipitation rate (Fantle and DePaolo, 2007; Tang et al., 2008;
DePaolo, 2011; Nielsen et al., 2013). Studies of Ca isotope mass
balance in seawater on geologic timescales have largely focused
on the role of carbonate mineralogy, as there is independent geo-
logic evidence for secular changes in the dominant mineralogy of
carbonate sediments over the Phanerozoic - the calcite and arago-
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nite seas of Sandberg (1983). However, recent studies by Fantle and
Higgins (2014) and Higgins et al. (2018) have shown that isotopic
effects associated with precipitation rate, in the form of recrys-
tallization/neomorphism during early marine diagenesis in carbon-
ate sediments, can shift bulk sediment §44/40Ca values by >1%s.
According to this model, seawater-buffered diagenetic alteration
results in shallow-water carbonate sediments that are enriched
in **Ca compared to deep-sea carbonate sediments resulting in
5%4/40C3 value of the global carbonate sink that is the weighted
average of shallow-water and deep-sea carbonate sedimentation
(Higgins et al., 2018).

The concentration of Sr in seawater ([Sr]sw) also depends on
the mineralogy and the extent of diagenetic alteration of the
global carbonate sediment sink. For example, aragonite precip-
itated from modern seawater is characterized by Sr contents
of ~10 mmol/mol, whereas high-Mg calcite and biogenic low-
Mg calcites are associated with somewhat lower Sr contents of
(3.8 mmol/mol to 1.2 mmol/mol, respectively; Lear et al., 2003;
Higgins et al., 2018). Diagenetic alteration of any of these primary
carbonate minerals to calcite and/or dolomite is typically associ-
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ated with a large reduction in Sr content, the magnitude of which
depends on whether the alteration occurs under sediment-buffered
or fluid-buffered conditions. For example, dolomites interpreted
to have formed under seawater-buffered diagenetic conditions
are characterized by Sr contents that approach ~0.1 mmol/mol
(Vahrenkamp and Swart, 1990; Swart and Melim, 2003; Higgins et
al.,, 2018), whereas dolomites that form under sediment-buffered
conditions may retain a significant fraction of Sr from the precur-
sor mineral (Ahm et al,, 2018; Higgins et al., 2018). A corollary
of the behavior of Sr in carbonate minerals during diagenesis is
that changes in either the amount and/or style of diagenetic al-
teration associated with the burial of marine carbonate sediments
globally should be associated with changes in [Sr]sy. In particu-
lar, widespread seawater-buffered diagenetic alteration of marine
carbonate sediments favor elevated seawater [Sr|sw wWhereas the
burial of marine carbonates in environments where they undergo
diagenesis under sediment-buffered conditions favors low [Sr]sw.

Reconstructions of seawater §*4/40Ca values and Sr concen-
trations from fossil corals (Gothmann et al., 2015, 2016), barite
(Griffith et al., 2008), brachiopods (Farka$ et al., 2007), benthic
foraminifera (Heuser et al., 2005; Sime et al., 2007), phosphates
(Soudry et al., 2004, 2006) and bulk carbonates (Fantle and De-
Paolo, 2005, 2007; Gothmann et al.,, 2016) show a range of sec-
ular variability over the last 100 million years. In general, while
all the records indicate an increase in the §44/40Ca of seawater
over the last 25 million years, older records diverge (for exam-
ple, phosphates suggest a depleted Cretaceous ocean compared
to bulk carbonates and brachiopods). Furthermore, the variability
in §44/40Ca observed in some individual archives, such as corals,
over the last 100 Ma is larger (approaching 1%o) than the range
in others. Additionally, temporal gaps in individual records (e.g.
brachiopods) and shorter time ranges (e.g. barite), limit the ro-
bustness of seawater reconstructions based on these archives. A
multi-archival approach, therefore, allows for a robust understand-
ing of variations and trends in the seawater record. Reconstructions
of seawater Sr/Ca exhibit better agreement between archives and
indicate constant or slightly declining ratios since the Mesozoic,
with the notable exception of records from calcium calcite veins in
altered oceanic crust (Coggon et al., 2010; Rausch et al., 2013).

Fossil elasmobranch (shark) teeth represent an archive exten-
sively used to reconstruct ancient seawater chemistry, including
seawater Sr/Ca (and Ba/Ca) ratios (e.g. Balter et al., 2011), as well
as oxygen isotope composition and 87Sr/86Sr ratios (e.g. Kocsis et
al., 2009; Fischer et al., 2012). Shark teeth are an ideal geochemical
archive because of their large temporal range (Devonian to present)
and their resistance to diagenetic alteration (Reynard et al., 1999).
Previous studies by Skulan and DePaolo (1999) and Martin et al.
(2015) suggest that both seawater §44/40Ca values and trophic level
contribute to shark teeth enamel §44/4°Ca values, suggesting that
variations in the §44/40Cag, should be recorded in fossil shark
teeth.

Here we present a large compilation of both modern (N =
100) and fossil (N = 385) shark teeth that have been analyzed for
§44/40Ca, 875r/86Sr, and Sr/Ca ratios to reconstruct these geochem-
ical properties of seawater over the last 100 million years. Despite
wide ranges at each time interval, our records indicate that the
§44/40Ca of seawater has increased since the Mesozoic and seawa-
ter Sr/Ca concentrations have declined by a factor of 1.5 to 2. We
show that these changes can be explained by a reduction in the
volume of diagenetically-altered shallow-water marine carbonates
that is tied to the expansion of pelagic calcification in the mid-
Mesozoic.

2. Materials and methods
2.1. Sample suite

Our sample suite consists of 100 modern teeth collected from
specimens in the Atlantic, Pacific and Indian ocean basins (Fig. 1)
representing 15 distinct genera (Fig. 2), including Carcharhinus (N
= 27), Galeocerdo (N = 15), Isurus (N = 10) and Sphyrna (N = 8).
These samples span a range of feeding ecologies, with trophic po-
sitions from 3.2 to 4.9 following FishBase classification (Froese and
Pauly, 2019; Fig. 3). The sample suite also includes 6 specimens
from bull sharks (Carcharhinus leucas), a species with the ability to
migrate between freshwater and marine environments. A complete
list of sample locations, genera and trophic level can be found in
the supplemental file (Table S1).

Fossil teeth analyzed consist of 385 individual specimens from
more than 30 different localities that span the Cretaceous to the
Pleistocene. Samples were acquired from museum collections at
the Smithsonian Institution National Museum of Natural History
(Washington D.C, USA) and The Academy of Natural Sciences of
Drexel University (Philadelphia, USA), and private collections from
field sites in Morocco, Kazakhstan, California and South Carolina.
Sample localities include the Lee Creek Mine (Miocene to Pliocene,
North Carolina, USA), Calvert Cliff Formation (Miocene, Chesapeake
Bay, Maryland, USA), the Phosphate Series of Morocco (late Cre-
taceous - early Eocene), the Austin Chalk Formation (Cretaceous,
Texas, USA), Big Brook (Cretaceous, New Jersey, USA) and Creta-
ceous aged deposits in Mississippi (USA) amongst others (Fig. 1).
The fossil sample suite spans 25 genera, including Isurus (N =
144), Scapanorhynchus (N = 43), Odontaspis (N = 42), Carcharo-
don (N = 31), and Squalicorax (N = 23).

A complete summary of ages, genera, locations, loaning institu-
tions and trophic classifications (where known) of fossil specimens
is given in Table S2.

2.2. Sample preparation

At Princeton University, enameloid was isolated using a hand-
held Dremel fit with a diamond wheel. Structurally, as fluorapatite,
enameloid is understood to be more resistant to alteration than
dentine due to a tighter crystal structure and is thus favorable for
geochemical reconstructions (Reynard et al., 1999). A minimum of
1 mg of enameloid powder was dissolved in concentrated (16N)
nitric acid. An aliquot of the dissolved sample was analyzed for
major/minor/trace elements and the remainder dried down on a
hotplate and dissolved in 0.2% nitric acid for column chromatogra-
phy and isotopic analysis. Both Ca and Sr were purified for isotopic
analysis using an automated ion chromatography system (Thermo
Dionex IC-50007") utilizing methanosulfonic acid as the eluent and
a CS16 5 x 250 mm cation-exchange column (Bldttler and Higgins,
2017; Higgins et al,, 2018 and references therein).

At Rutgers University, sample powders were extracted from
shark teeth using a dental drill and were cleaned for trace metal
analysis following the protocol of (Boyle and Keigwin, 1985) with-
out the reductive step. The cleaned powders were progressively
reacted with trace metal grade 0.065N nitric acid until complete
dissolution was achieved. After a 10 minute centrifugation, 100 pl
of the sample solution was further diluted with 300 pl 0.5N nitric
acid to obtain a final Ca concentration of ~4-5 mM to minimize
matrix effects.

2.3. 8*4/40Cq analyses
Calcium isotopic analyses were carried out at Princeton Uni-

versity on a Thermo Scientific Neptune Plus multi-collector in-
ductively coupled plasma mass spectrometer (MC-ICP-MS) using
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Fig. 1. World map showing distribution of locations from which samples were collected. Fossil specimen (Cretaceous to Pleistocene) locales are denoted by stars, while the
circles correspond to modern sampling sites.
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Fig. 2. Ca isotopic composition of modern shark teeth, arranged by genera. The full range of modern variability in §44/40Ca is captured in several genera, most notably
Carcharhinus and Sphyrna. Numbers in parenthesis represent individual specimens analyzed.
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Fig. 3. Calcium isotopic composition of modern shark teeth arranged by trophic level from Fishbase (Froese and Pauly, 2019). Samples from this study are represented by
triangles (including bull sharks - Carcharhinus leucas - in magenta) while orange circles represent data from Martin et al. (2015). An overall decrease in §*4/40Ca is observed
with increasing trophic level. Average 2o of trophic levels is +0.3. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

an ESI Apex-IR inlet system following previously published proto-
cols (Bldttler and Higgins, 2017; Higgins et al., 2018 and references
therein). Measurements were carried out at medium resolution to
avoid ArHH interferences on 42Ca. Measured §**/42Ca values were
converted to §*4/40Ca assuming mass dependent fractionation and
no excess radiogenic “°Ca (Fantle and Tipper, 2014). Corrections
are made for isobaric Sr2* interferences by using measurements at
m/z = 43.5, representing doubly charged 87Sr*+. Mass-dependence
is verified using a three isotope plot (§%/42Ca vs. §%%/43Ca) and
all measured data fall along a slope of 0.513, similar to the 0.507
slope predicted by the exponential mass-dependent fractionation
law.

Ca isotope values are reported using delta notation relative to
modern seawater (844/%0Caseawater = 0%o):

44/40 44 40 44 40
844/ Caseawater = ("7 Ca/™ Casample/ ™ Ca/™ Caseawater — 1)

§44/40 Cageawater i +1.92%o0 on the SRM 915a scale and +0.98%. on
the bulk silicate earth (BSE) scale (Fantle and Tipper, 2014). The
accuracy and precision of our method is estimated from replicate
purification and isotopic analyses of SRM 915b and an in-house
shark tooth standard (JAWS) with each set of samples. Measured
§44/40Ca values for SRM 915b are —1.1840.16%0 (20; N = 70),
indistinguishable from reported values of —1.164-0.08%0 (Heuser
and Eisenhauer, 2008) and —1.1340.04%. (Jacobson et al., 2015).
Measured isotopic composition for JAWS is —1.924:0.20%. (20; N
= 36).

2.4. 875r/%r analysis

Strontium isotope analyses of shark tooth enameloid were used
to refine the chronology of our sample suite and as a test of di-
agenetic alteration. Measured 87Sr/36Sr values were converted to
sample ages using the LOWESS seawater curve (McArthur et al.,
2001). In all but 15 of the samples analyzed, the 37Sr/%6Sr age of

the sample agreed with stratigraphic age estimates. Samples where
875r/86Sr derived ages differed from stratigraphic age constraints
were excluded from further consideration.

875r/36Sr analyses were carried out on a Thermo Scientific Nep-
tune Plus MC-ICP-MS at Princeton University in low mass reso-
lution using a cyclonic spray chamber. Each sample consists of
~400 ng of Sr analyzed in two aliquots at a concentration of
150 ppb. The accuracy and precision of these analyses are es-
timated from repeat analyses of NIST 987 and modern seawa-
ter purified through column chromatography. Measured seawa-
ter 87Sr/86Sr values, normalized to a NIST 987 value of 0.71025
(McArthur et al.,, 1994), are 0.709177+0.000045 (20, N = 34).

2.5. Major/minor/trace element analyses

Concentration analyses of major/minor/trace elements (e.g.
Mg/Ca, Sr/Ca, Na/Ca) were carried out on either a Thermo Finnigan
Element-2 inductively coupled plasma mass spectrometer (ICP-
MS) or an ICP-OES (iCap-Q, Thermo) at Princeton University (N =
244) or via Element XR ICP-MS at Rutgers University (N = 48). At
Princeton, metal to Ca (Me/Ca) ratios of samples were determined
using a set of matrix-matched in-house calibration standards. Ex-
ternal reproducibility of these measurements is estimated at ~10%
(20) based on replicate measurements of SRM88b (dolomitic lime-
stone) and an in-house shark tooth standard (JAWS). Sr/Ca analyses
at Rutgers University followed the method of Rosenthal et al.
(1999). Typical precision for Sr/Ca measurements was <1%.

3. Results
3.1. §*/40Cq values of modern shark teeth

A histogram of measured §*4/40Ca values in modern shark tooth
enamel (N = 85) is shown in Fig. 4B. The average §*/40Ca value



A.A. Akhtar et al. / Earth and Planetary Science Letters 543 (2020) 116354 5

20 T
A Modern Teeth, n = 53
18 - EBuIl sharks, n =6
20
16 4
14 + 4
512+ -
o
g 10 - 4
=z
8 r d
6 d
4+ d
i ]
0
1.5 2.0 2.5 3.0 35 4
Sr/Ca (mmol/mol)
14 T T T
(o3 Modern Teeth, n = 14
Il Bull sharks, n =2
12+ g
20
10+ g
o 8r ]
o
€
S
=z 6l ]
4t ]
2+ ]
L - B
0.7091 0.70914 0.70918 0.70922 0.70926 0.7093
87Sr/86Sr

20

: :
Modern Teeth, n = 78 B
18| Il Bull sharks, n = 6 ]

20
16+ I .

14 1

12 1

10 b

Number

-3.0 -2.8 -2.6 24 2.2 -2.0 -1.8 -1.6
5%440Ca (%o vs. SW)

Fig. 4. (A) Histogram of §%/40Ca for all modern shark teeth analyzed in this study. Specimens represent 15 genera, including Carcharhinus leucas (bull sharks). Excluding
C. leucas, the average for modern teeth is —2.07%o. The large range observed (approaching 1%o) may be due to inter- and intra- genus variations. (B) Histogram of Sr/Ca
(mmol/mol) for modern teeth. Bull sharks (C. leucas) are shown in magenta and represent some of the highest observed Sr concentrations. Excluding the bull shark data,
across 9 measured genera, we observe an average Sr/Ca of 2.4540.79 mmol/mol (20, N = 46). (C) Histogram of 87Sr/36Sr for modern teeth. Bull sharks (C. leucas) are shown
in magenta and represent the most enriched and depleted values respectively. 87Sr/86Sr for modern seawater is 0.70918, indistinguishable from the modern tooth average.

of the full data set is —2.064+0.51%0 (20°) compared to modern
seawater and the range in values is >1%o (—1.34%0 to —2.74%).
Bull sharks (Carcharhinus leucas) are characterized by particularly
low §4/40Cay o values (avg. 8%/40Ca = —2.47%0; N = 6) but
otherwise there is broad overlap in §44/%°Ca values between the
different shark species (Fig. 2). Sphyrna (N = 7) and Carcharhinus
(N = 25) exhibit a large range in §*/4%Cayyq, values, spanning
the full range of variability observed in modern samples (from
—1.75 to —2.73%0). Isurus (N = 11) and Carcharias (N = 8) exhibit
narrower ranges, from —2.13 to —2.33%0 and —1.93 to —2.17%o
respectively. Measured §44/40Ca values of six pairs of enamel and
dentine indicate that §44/40Ca values of dentine are elevated by an
average of ~0.2%q compared to enamel (Table 1).

3.2. §*/40Cq values of fossil shark teeth
Measured §%*/49Cao, values of fossil shark teeth (N = 247)

range from —1.48 to —4.08%o. When plotted vs. sample age as de-
termined by Sr isotopes and/or sequence stratigraphy, §*4/4%Caoorn

are lower in the Cretaceous and early Cenozoic and increase to-
wards the present (Fig. 5A). Binning the data into 10 million-year
intervals (red circles, Fig. 5A) reveals that §44/40Cayo, values in-
crease by ~0.5%o, with much of this increase occurring over the
last ~50 Ma. Each bin contains samples from between 3 and 10
different shark species and the variability in §%4/49Cayo, Within
each time bin (20 between 0.37%c and 0.69%o; represented by
the vertical error bars in Fig. 5A) is similar to the modern (20 =
0.51% for entire data set or 0.4% excluding bull sharks). The use
of 10 Ma bins allows for a time-averaged reconstruction of seawa-
ter properties. For example, comparison of the time bins 0-10 Ma
and 60-70 Ma clearly indicates that while both bins exhibit vari-
ability that is comparable to that observed in the modern, the
mean of the inferred seawater §*4/40Ca values for the 60-70 Ma
bin is lower than the 0-10 Ma bin by 0.33%c (—0.41%c versus
—0.08%).

To evaluate the significance of the observed increase in tooth
§%4/40C3 values, a randomized synthetic data series (10,000 simula-
tions) of §44/40Ca was generated using a mean of 0%o and a 2o of
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Table 1

Results of Ca isotope analyses on enamel - dentine pairs from 7 modern individuals.
Genus Location 544/40Ca (%o vs. SW) enamel §44/40Ca (%o vs. SW) dentine Aenamel-dentine
Carcharhinus Florida —2.51 —-2.21 —-0.30
Carcharhinus Florida —-1.97 —1.81 —0.16
Carcharhinus Panama —1.88 -1.79 —0.09
Sphyrna Florida —1.76 —1.54 —0.21
Carcharhinus Florida —2.14 —-1.78 —0.36
Negaprion Florida —1.81 —1.78 —0.03
Galeocerdo Florida —1.90 —-1.71 —0.19
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Fig. 5. (A) Late Mesozoic and Cenozoic record of seawater §*/40Ca from shark teeth (blue triangles). Inferred seawater §*4/40Ca is calculated by adding the modern average
(—2.06%0) to the absolute measurements (shown on secondary y-axis). Moving mean with 10 million year bins is calculated for tooth data and shown in red circles, with
vertical error bars representing 20 for each bin. Grey highlighted region represents possible inferred range of seawater §44/40Ca. Reconstruction includes measurements of
corals (Gothmann et al., 2016), brachiopods (Farka$ et al., 2007), phosphates (Soudry et al., 2006), deep-sea bulk carbonates (Fantle and DePaolo, 2005, 2007; Gothmann et
al., 2016) and marine barite (Griffith et al., 2008). (B) Histogram of 10,000 iterations of calculated slope for randomly generated §44/4°Cay, change over the Cenozoic (Monte
Carlo simulation). Dashed lines represent bounds of 20" uncertainty. The slope derived from shark tooth §*4/40Cag, reconstructions since 50Ma in (A) falls outside the 2o
range, indicating that the observed enrichment is not an artifact of randomness and/or noise. (inset) Schematic representation of calculation in (B). Null hypothesis, assuming
no change in §%4/40Cay,, since the Cretaceous, would result in a slope of 0 (blue dashed line). Isotopic enrichment since 50 Ma, as observed in (A), gives rise to the negative,
non-zero slope as shown in (B). (C) Histogram comparing inferred §44/40Cag,, from modern and Miocene-aged shark teeth with averages of 0.02%o and - 0.15%o, respectively.
Student’s t-test suggests that the difference between these populations is statistically significant t(174) = 4.36, p<0.001. (For interpretation of the colors in the figure(s), the
reader is referred to the web version of this article.)
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0.4%o, after the modern tooth compilation excluding C. leucas. We
assume that any trophic-level or intra-trophic level variability re-
mains constant with time. Using averages of 10-million-year time
bins of the randomized data, we calculate slopes for the change
of seawater §44/40Ca over the last ~65 Ma. As shown in Fig. 5B,
these slopes all converge to 0, with a 20 of £0.0058 Y%o/yr. The
best-fit slope representing the rate of change in inferred §44/40Ca
of seawater over the last 65 Ma is —0.011%0/Ma, indicating that
the observed increase in §%4/40Cay o, values is statistically signifi-
cant (Fig. 5B).

3.3. Sr/Ca ratios and 87 Sr/8Sr of modern shark teeth

A histogram of measured Sr/Ca ratios in modern shark tooth
enamel is shown in Fig. 4A. Across 10 measured genera, we
observe an average Sr/Ca of 2.544+0.99 mmol/mol (20, N =
59). A subset of measured bull sharks (C. leucas) exhibit the
highest Sr concentrations, on average 3.31+1.43 mmol/mol (20;
N = 6), in agreement with previous studies on this species
(3.314£0.52 mmol/mol; 20; N = 49) (Kocsis et al., 2015). For gen-
era with > 5 measured specimens (i.e. Carcharhinus, Carcharias,
Galeocerdo, and Isurus), the average is 2.60+0.36 mmol/mol (20,
N = 41), with Carcharias exhibiting the lowest Sr concentrations
(2.34+0.19 mmol/mol; 20, N = 7).

A histogram of measured 37Sr/%6Sr in modern shark tooth
enamel (N = 16) is shown in Fig. 4C. Across 8 measured genera,
we observe an average 37Sr/®6Sr of 0.709180+0.000042 (20), in-
distinguishable from modern seawater (0.709177; McArthur et al.,
2001). Two measured bull sharks (C. leucas) exhibit the highest and
lowest observed values, 0.709251 and 0.709152 respectively.

3.4. Sr/Ca ratios of fossil shark teeth

Measured Sr/Ca ratios of our suite of fossil shark teeth (N =
232) range from 1.00 to 5.75 mmol/mol. When plotted vs. sam-
ple age as determined by Sr isotopes and/or sequence stratigraphy
there is an observed two-fold decrease in the Sr/Ca of teeth since
the late Cretaceous, from ~5 mmol/mol to the modern value of
2.5 mmol/mol (Fig. 6A).

We reconstruct seawater Sr/Ca concentrations from measured
Sr/Ca ratios in fossil shark teeth using a partition coefficient (Kp =
(Sr/Ca)tooth/(ST/Ca)seawater) calculated from modern elasmobranch
enameloid (2.55 mmol/mol, N = 59) and seawater (8.6 mmol/mol,
Tripati et al., 2009) and ignoring the impact of temperature. The
resulting Kp of ~0.3 is similar to that determined for abiotic ap-
atite at 25°C (Balter and Lécuyer, 2004). We justify ignoring the
influence of temperature based on the results shown in Fig. 7
where enameloid Sr/Ca shows no relationship with latitude, used
here as a proxy for water temperature. Our fossil tooth record
for seawater Sr/Ca ratios is in general agreement with other bio-
genic carbonate-based records of seawater Sr/Ca e.g. corals (Ivany
et al., 2004, Griffiths et al., 2013; Gothmann et al., 2015); benthic
forams (Lear et al., 2003); gastropods (Tripati et al., 2009; Sosdian
et al., 2012); elasmobranch teeth (Balter et al., 2011), and sug-
gests a 2x higher concentration of marine Sr/Ca in the Cretaceous
(~15 mmol/mol) compared to present day (8.6 mmol/mol).

Reconstructions of the [Sr]sw using the Sr/Ca record and a linear
regression of [Ca]sw reconstructions from fluid inclusions in marine
evaporite minerals (Horita et al., 2002; Lowenstein et al., 2003)
(Fig. 6 B and C) indicates a four-fold decrease in [Sr]sy over the
last 100 Ma (Fig. 6C).

4. Discussion

Measured §44/40Ca values and Sr/Ca ratios in both modern and
ancient elasmobranch tooth enamel may contain information on

elasmobranch diet, physiology, or temperature, which may compli-
cate and/or obscure inferences of secular variability in the §44/40Ca
or Sr/Ca of seawater on geologic timescales. Indeed, the large
(~1%0) variability in §*/40Ca values in modern elasmobranch
tooth enamel indicates that the isotopic effects of diet and physiol-
ogy are as large as putative changes in the §44/40Ca of seawater. In
the following sections we discuss the source of this variability and
how it affects interpretations of secular change in the §44/40Ca and
Sr/Ca of seawater from measurements in fossil elasmobranch tooth
enamel. In spite of these uncertainties, we conclude that first-order
changes in the average §*4/40Cayyq and Sr/Capoorn in our dataset
reflect changes in the §44/40Ca and Sr/Ca of seawater. Finally, we
quantitatively link the reconstructed changes in seawater §44/40Ca
and Sr/Ca to a decline in the deposition and early diagenetic al-
teration of shallow-water carbonate sediments associated with the
expansion of the pelagic carbonate sink since the mid-Mesozoic.

4.1. Dietary and physiological controls on the §**/40Ca,, o, and the
Sr/Cagoorn in elasmobranchs

Previous work on modern marine organisms has shown that the
544/40C3 of biomineralized tissues (i.e. bones and enamel) declines
with increasing trophic level (Skulan and DePaolo, 1999; Clementz
et al, 2003; Martin et al, 2015). The trophic-level dependence
results from fractionation of Ca isotopes during the formation of
bone or cartilage, which preferentially incorporate 4°Ca, leading
to low 44Ca/°Ca ratios in these tissues. As these tissues consti-
tute the principle Ca reservoir in vertebrates and represent a major
source of dietary Ca, the consumption and formation of bone and
cartilage drives §44/40Ca values lower with increasing trophic level.
The magnitude of the effect, based on a single study of zooplank-
tivores to tertiary consumers (N = 18), is ~0.3%o per nominal
trophic level (Martin et al., 2015).

Although the majority of our modern sample suite spans a nar-
row range of trophic levels (4.2 to 4.5 from Fishbase; Froese and
Pauly, 2019), a small number of samples at both lower (3.1 and 3.2)
and higher (4.6 and 4.9) levels indicates that the effect observed
by Martin et al. (2015) persists in a much larger data set of elas-
mobranch teeth (N = 85, Fig. 3). Furthermore, assuming the offset
between trophic levels remains constant through time (i.e. an ex-
pected 0.3%o depletion per nominal trophic level), a change in
the §%4/40Ca of seawater would translate across the entire trophic
chain. Barring any large shifts in elasmobranch feeding ecologies
since the Cenozoic, e.g. all tertiary consumers shifting to feeding
at a lower level, the observed enrichment in the §44/4°Ca can only
be reflective of changes in the composition of seawater. However,
we also observe significant Ca isotopic variability within trophic
levels. For example, trophic status for Carcharhinus (N = 25) and
Galeocerdo (N = 14) span a narrow range (4.2 to 4.5) whereas
544/40Ca 00 values vary between individuals by as much as ~1%o
and ~0.5%o, respectively. This variability is not necessarily true of
all genera, as teeth from Isurus (N = 11) are indistinguishable in
their Ca isotopic composition (with an observed spread within the
long-term external reproducibility of the measurement) (Fig. 2).

Variability in modern §*/40Caiyo, values at the genus level
may result from either seasonality of dietary composition, phys-
iology, or, in the case of bull sharks (C. leucas), differences in the
544/40C3 value of seawater and freshwater habitats. With regards to
diet, given the relatively short period of time (~weeks to months,
depending on species) sampled by an individual tooth (Zeichner et
al., 2017), the variability may reflect differences in both the iso-
topic composition and abundance of Ca in different sources (e.g.
marine mammals vs. cartilaginous teleosts). Transport of Ca from
seawater across the gills constitutes an important but poorly con-
strained additional source of Ca. Estimates of the magnitude of this
source in teleosts indicate that it may constitute up to ~70% of to-
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Fig. 6. (A) Reconstruction of paleoseawater Sr/Ca (mmol/mol) from shark teeth (triangles, this study), and elasmobranch teeth (Balter et al., 2011), corals (Ivany et al., 2004;
Griffiths et al., 2013; Gothmann et al., 2015), benthic forams (Lear et al., 2003), gastropods (Tripati et al., 2009; Sosdian et al., 2012), BBR (brachiopods, belemnites and rudists;
Steuber and Veizer, 2002) and altered oceanic crust (Coogan, 2009). In agreement with other records, shark teeth suggest an elevated seawater Sr/Ca in the late Cretaceous
(~15 mmol/mol) compared to present day. Modern seawater (8.6 mmol/mol, Tripati et al., 2009) is indicated by the red arrow. (B) Estimation of seawater Ca concentration
based on fluid inclusions in evaporites (Horita et al., 2002; Lowenstein et al., 2003) and a linear regression forced through the modern seawater Ca concentration. (C)
Paleoseawater Sr concentrations calculated from combining Sr/Ca data from (A) with seawater Ca estimate in (B) suggests a four-fold decrease in [Sr]sy since the late
Cretaceous. Preferred-fit model output for reconstructions of [Sr]sy is represented by the red line (Section 4.4.2) and calculated using variables listed in Table 2.

tal Ca (Sundell and Bjornsson, 1988). Fractionation of Ca isotopes
during transport across the gills is currently unknown. However,
recent studies on terrestrial mammals have shown that biological
processing of Ca is associated with isotopic fractionation (e.g. re-
absorption in the kidneys) leading to an elevated §44/4%Ca value in
urine compared to diet (Heuser and Eisenhauer, 2010; Morgan et
al., 2012; Tacail et al., 2014). Finally, as migratory elasmobranchs

with the ability to adapt to freshwater and marine environments,
variability in the §44/40Ca of bull sharks (C. leucas) may also reflect
the large difference in §44/4Ca values between seawater (0%o) and
continental rivers (~-1%o). Accordingly, measured §%**/4%Ca values
of C. leucas teeth are systematically lighter than other modern teeth
(average = —2.47+0.2%0, 20; N = 6, Fig. 2A). With one exception,
measured 87Sr/86Sr ratios in a subset of these samples did not dif-
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Fig. 7. Measured Sr/Ca for modern shark teeth plotted against latitude, used here as
a proxy of water temperature, of sampling location (where known). Dashed red line
represents best-fit linear regression with R? = 0.31.

fer significantly from modern seawater (Fig. 4C), an observation
which may indicate that river had 87Sr/86Sr ratios dominated by
the weathering of recent carbonates (e.g. Florida Bay) or that other
factors (e.g. trophic level) are required to explain the low §44/4°Ca
values of bull sharks.

The partition coefficient (Kp) determined for modern elasmo-
branch teeth in this study (~0.3) is similar to that determined ex-
perimentally for inorganic apatite (0.33; Balter and Lécuyer, 2004),
suggesting the effects of physiology are small. The importance of
diet, however, is poorly constrained. Based on studies of terrestrial
mammals, environmental variability of Sr/Ca signals may be ob-
scured by trophic level effects (Balter et al., 2011). The influence of
temperature on Kp has been demonstrated experimentally. A range
in Kp from 0.6 at 5°C to 0.237 at 60°C (Balter and Lécuyer, 2004)
is observed, which translates to a Sr/Caoon range between 5.16
mmol/mol and 2.04 mmol/mol for modern seawater and could ex-
plain the range seen for modern teeth (Fig. 4A). However, for mod-
ern samples we observe variable and overlapping Sr/Catgotn ratios
for a range of water temperatures (as approximated by latitude)
(Fig. 7). Indeed, cold-water Somniosus microcephalus from Green-
land (~3-6°C), and a sleeper shark (Somniosidae sp.) caught off the
shores of Denmark, are associated with Sr/Ca ratios that are in-
distinguishable from warmer water species, including mako sharks
(Isurus sp.) caught off the New Jersey coast (~16-20°C) and other
shark species caught along the Gulf Coast of Florida (~30°C).

4.2. The §*/40Caqy,, since 100 Ma

In spite of the uncertainties associated with elasmobranch diet
and physiology, we interpret changes in the binned averages of our
fossil §44/40Cayyo values as recording a ~0.5%o increase in the
§44/40Caq,, since 100 Ma (Fig. 5A) for three reasons.

First, as seawater Ca is the ultimate source of all of the Ca in
the food chain, changes in the §%¥/40Cag, should lead to similar
changes in the §44/40Ca of each trophic level. This will also be true
of the §44/40Ca of Ca sources associated with transport across the
gills. Thus, as long as our dataset reflects a similar composition
of trophic levels through time and accurately samples the natural
variability in a given time interval, changes in the binned averages
of our fossil §44/40Ca;qy, values will reflect changes in §44/49Cagy.
The observation that variability in fossil §44/49Cagor, values within
each time bin (20 between 0.37%c and 0.69%c) is similar to the
variability observed in modern teeth (20 = 0.51%o; 0.4%0 exclud-

ing C. leucas) suggests that the number of fossil samples analyzed
in each time bin is sufficient to capture the natural variability in
§44/40Ca;0n values for a given §44/40Ca,,.

Second, when we apply a genus-specific correction for §44/40Cag,
using Isurus §*/40Cayo, values (modern average —2.19%o, 20 =
0.12, N = 11) we find a similar ~0.5%0 increase in the §44/40Cag,,
since the late Mesozoic.

Third, alternative explanations for the ~0.5%o increase, for ex-
ample a decline of two trophic levels in tertiary consumers, are
inconsistent with independent observations of tooth morphology,
suggesting that elasmobranch dietary habits have remained rela-
tively static (Wilga et al., 2007).

Our record of an increase in §%4/40Caq,, over the Cenozoic from
fossil elasmobranch tooth enamel compares favorably with previ-
ous studies using barite (Griffith et al., 2008), brachiopods (Farkas
et al, 2007) and corals (Gothmann et al., 2016), though only the
coral record of Gothmann et al. (2016) covers a similar time period
(Fig. 5A). Gothmann et al. (2016) observed a ~1%o increase in the
§44/40C3 of fossil corals extending back to 160 Ma, with ~50% of
this increase occurring over the last ~60 Ma. Although Gothmann
et al. (2016) conclude that much of the increase in the §44/40Ca of
fossil corals since the Mesozoic could be attributed to coral vital
effects, the strong agreement between both records suggests that
an increase in the §44/40Ca,, can explain much (though likely still
not all; see Gothmann et al., 2016) of the increase in the §44/40Ca
of fossil corals since the Triassic.

4.3. The [Sr]sy since 100 Ma

We reconstruct [Sr]sw from measured Sr/Ca ratios in fossil elas-
mobranch tooth enamel, appropriate partition coefficients (Sec-
tion 3.4), and reconstructions of [Ca]seawater from fluid inclusions
in sedimentary evaporites (Horita et al, 2002; Lowenstein et al,,
2003). Our record indicates that [Sr]sw has declined by a factor of
4 since 100 Ma (~36 pg/g to 8.6 ng/g; Fig. 6C), in agreement with
other biogenic carbonate-based records including corals (Ivany et
al., 2004; Griffiths et al., 2013; Gothmann et al., 2015), benthic
forams (Lear et al., 2003), gastropods (Tripati et al., 2009; Sosdian
et al., 2012), elasmobranch teeth (Balter et al., 2011) and estimates
from hydrothermally altered oceanic crust from the Troodos ophi-
olite at ~90 Ma (Coogan, 2009).

4.4. What controls the §*4/40Cay,, and [Sr]sw on geologic timescales?

The global geochemical cycles of Ca and Sr in seawater re-
flect the balance between sources from the chemical weath-
ering of silicate and carbonate rocks on the continents and
in the oceanic crust and sinks in marine carbonate minerals
(Stoll and Schrag, 1998; Zhu and Douglas Macdougall, 1998; Fantle
and Tipper, 2014):

dca/dt:stx+ch+thd—FCB (la)
dSr/dt = Fswx + Few + Fryd — Ksryca x [St]/[Calsw x Fcg  (1b)

where Fswx, Few, Fhyd and Fcp refer to fluxes of Ca and Sr from
silicate weathering, carbonate weathering, hydrothermal alteration
and carbonate burial respectively. The input flux terms (i.e., silicate
weathering, carbonate weathering and hydrothermal alteration)
may be combined into a single ‘SOURCE’ term that we assume
remains constant. Our conclusions are not sensitive to this assump-
tion because the isotopic composition of these sources is indistin-
guishable from bulk silicate Earth (Fantle and Tipper, 2014), and
the flux from hydrothermal alteration is small relative to Fsyx and
Fcw (Elderfield and Schultz, 1996). The global Sr sink in carbonate
sediments depends on [Sr]sw and the average partition coefficient
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The pelagic model curve is calculated using the preferred model output for seawater §44/49Ca shown in (A) and sgglagic. The reported 20 is between 0.05 and 0.3%o. (C)
Estimates of sﬁgmic and 8S§ugic used to calculate the preferred model fit for the §44/4°Ca of seawater shown in (A). The value for 8gglagic
between the §44/4%Cageawater and §44/40Capeiagic, Where the former is taken from our fossil elasmobranch record and the latter from measurements of bulk pelagic carbonate
over the Cenozoic (Fantle and DePaolo, 2005, 2007; Gothmann et al., 2016). Using this approach, we calculate an increase in egglagicfrom 0.8%o in the late Mesozoic to
approximately 1.2%o today. (D) Estimates of carbonate accumulation on platforms from Opdyke and Wilkinson (1988) are used to determine an approximate flux (f) of
carbonate sedimentation in platform (neritic) environments (blue line). This flux estimation is used to estimate the §4*4/40Ca of seawater shown in (A). (For interpretation of

the colors in the figure(s), the reader is referred to the web version of this article.)

is determined from the difference

(Ksr/ca) between seawater and carbonate sediments. Equation (1a) [Sr]gw = SOURCE — (Dire/ricgc x FluXperitic + Df)re/lg;c X Fluxpelagic)

can be amended to reflect Ca isotope mass balance in seawater (3a)
by including the isotopic composition of various Ca sources and 44/40 44/40 Ca Ca

. . 1) Cagw =6 Ca; —(fxen.+ (A —f)xe :
average fractionation factors (¢ ~ §%/40Cag, - avg. §*/%0Cacyy) W imput = (/X Enie + (1= ) Pelag'cz:;b)

associated with global carbonate sink:

Sr/Ca Sr/Ca . s s
where D [ and Dpelagic represent the single component distri-

d844/40Ca/dt = Fswx + Few + Fhyd — (844Casw — 8) x Fcg (1) bution coefficient for neritic and pelagic carbonates and may be

defined as the product of K5/“@ and Sr/Cagy. The flux of Sr in
where fluxes are the same as above, and & represents the offset neritic and pelagic carbonates is given in Tmol/yr. Calcium iso-
of §44/40Ca of buried carbonates from §44/40Cag,,. When solved at  tope fractionation factors for neritic and pelagic carbonates are
steady-state (e.g. dSr/dt = 0), a reasonable assumption for both Sr given by &€ and &€ respectively (Fig. 8C). The fractional

neritic elagic
and Ca for timescales longer than ~5 million years, equations (1b)  flux (f) of carbonate Psedimentation in neritic environments is
and (1c) reduce to: derived from estimates of carbonate accumulation on platforms
and shown in Fig. 8D. The partitioning of the carbonate sink into
[Srlsw = [Calsw x SOURCE/(Ds; x Fcg) (2a) neritic and pelagic components is done for three reasons. First,
44/40 44/40 neritic and pelagic carbonate sediments havg different sources -
3 Cagw =4 Cajpput + & (2b) the former include metastable carbonate minerals such as arag-

. . onite and high-Mg calcite from a wide range of biogenic (e.g.
Equations (2a) and (2b) can be fgrther m9d1ﬁed to reflect the  5131) biologically mediated (e.g. stromatolites), and biologically
fact that the global carbonate sink is not uniform. Although there ambiguous (e.g. micrite) sources whereas the latter are entirely

are many different ways to partition the global carbonate sink, a  bjogenic in origin and composed primarily of low-Mg calcite in
particularly useful paradigm for the last 100 million years is the  the form of coccoliths and foraminiferal tests. Second, there are
partitioning of carbonate sinks between neritic and pelagic envi- systematic differences in the style and extent of diagenetic alter-
ronments (Ridgwell, 2005): ation in neritic and pelagic environments. Neritic environments
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are often associated with fluid-buffered or open-system alteration
that results in pervasive cementation, the formation of secondary
dolomite (Ca,Mg)CO3, and wholesale re-setting of the chemistry of
carbonate sediments (Swart and Melim, 2000; Melim et al., 2002;
Swart and Eberli, 2005; Higgins et al., 2018). In contrast, carbon-
ate diagenesis in pelagic environments occurs almost exclusively in
sediment-buffered or closed-system conditions, where the poten-
tial to change the chemical composition of the sediment is limited
(Richter and DePaolo, 1987; Fantle and DePaolo, 2006). Third, re-
constructions of neritic shelf area indicate there have been changes
in the partitioning of the global carbonate sink between neritic and
pelagic environments over the last 100 Ma (Opdyke and Wilkin-
son, 1988; Walker et al., 2002; Ridgwell, 2005; van der Ploeg et
al.,, 2019). In particular, tropical shelf area has declined four-fold
since the Cretaceous, from 40 x 10 km? to 10 x 10® km?. At
the same time, the radiation of planktonic calcifiers has shifted
the mode of carbonate deposition to the deep ocean. Together,
these effects have led to a six-fold decrease in neritic carbonate
accumulation since the mid-Mesozoic (from 0.6 x 10® km?/Ma to
0.1 x 10% km3/Ma) (Opdyke and Wilkinson, 1988; Ridgwell, 2005).

4.4.1. Mineralogy vs. diagenesis and the chemical composition of the
neritic carbonate sink

Previous reconstructions of §%4/40Cag, over the Phanerozoic
have attributed changes in composition to changes in the mineral-
ogy of the neritic carbonate sink (e.g. aragonite vs. calcite; Farkas
et al., 2007). The reasons for this are twofold. First, Ca isotope
fractionation in carbonate minerals has been shown to depend on
mineralogy, with aragonite being preferentially enriched in 4°Ca
compared to calcite (Gussone et al., 2005). Second, petrographic
and geochemical reconstructions of carbonate mineralogy over the
Phanerozoic have revealed systematic changes in the mineralogy
of both inorganic and biogenic carbonate producers in neritic envi-
ronments - the aragonite and calcite seas of Sandberg (1983) and
Hardie (1996) - suggesting a shift towards increasing aragonite de-
position since the Eocene. A major criticism of the hypothesis for
a mineralogical control on the §44/40Ca,, is that it assumes that
the Ca isotopic composition of the primary carbonate minerals are
preserved during diagenetic stabilization and sediment burial. In
contrast, recent studies of §*4/4°Ca values and major/minor ele-
ments in Neogene neritic sediments from the Bahamas (Higgins
et al., 2018) and Australia (Fantle and Higgins, 2014) indicate that
‘typical’ diagenetic conditions in these environments can increase
bulk sediment §44/40Ca values by >1%o and lower Sr contents
by >90% compared to unaltered primary carbonate sediment. If
these results are representative of the global neritic carbonate sink,
they suggest that the primary mineralogy (e.g. aragonite or calcite)
plays only a minor role in determining the average §44/49Ca value
and Sr content of neritic carbonate sediments. Rather, the aver-
age 8%4/%0Ca value and Sr content of the neritic carbonate sink
appears to depend largely on the extent and style of diagenetic
alteration.

4.4.2. The Mid-Mesozoic revolution in pelagic calcification -
implications for the chemical and isotopic composition of seawater

The evolution of planktonic calcifiers and their radiation in the
mid-Mesozoic had profound consequences for the production and
burial of carbonate minerals in the ocean (Ridgwell, 2005). While
it is recognized that these changes produced a shift in the locus of
carbonate burial in the ocean from neritic to pelagic environments,
resulting in a suite of feedbacks that stabilize carbonate saturation
in the ocean (‘carbonate compensation’; Ridgwell, 2005), the ef-
fects of the accompanying decline in the neritic carbonate sink are
less well understood. As the average §44/40Ca value and Sr content
of the neritic carbonate sink depends more on diagenesis than pri-
mary mineralogy (Section 4.4.1), we propose that the decline in the

Table 2

Summary of model notation and values for preferred model output (Fig. 8A).
Notation Definition Value
K5 aritic Sr partitioning coefficient; neritic carbonates 0.134°
K€ opagic ST partitioning coefficient; pelagic carbonates  0.035"
8% Cajnpuc isotopic composition of inputs (%) —1.1
sg:lagic fractionation factor for pelagic carbonates variable; see text
sﬁgrmc fractionation factor for neritic carbonates 0.5

fraction of neritic carbonate sedimentation variable, see text®

2 From average neritic carbonate Sr/Ca = 1.15 mmol/mol (Fantle and Higgins,
2014; Higgins et al., 2018).

b From average pelagic carbonate Sr/Ca = 0.3 mmol/mol.

¢ Adapted from Opdyke and Wilkinson (1988) and shown in Fig. 8D.

neritic carbonate sink due to the growth of the pelagic carbonate
sink and declining tropical shelf area provides an alternative mech-
anism to explain the increase in §44/40Cagy and decline in [Sr]sw
over the last 100 million years.

We quantitatively model these changes using equations (3a)-
(3b), accounting for the size of the neritic and pelagic carbonate
sinks, the fractionation (&) associated with each reservoir, and the
Sr partitioning coefficient (Krslz/rict?c) for the neritic sink. Results of
the preferred-fit model using the variables are listed in Table 2
and shown in Figs. 6C and 8. We estimate Ca isotope fraction-
ation (aggrmc = 0.5%0) and Sr partitioning (Krslg/rict?c = 0.134, from
an average neritic concentration of 1.15 mmol/mol) in the ner-
itic carbonate sink empirically using measurements of Neogene
neritic limestones and dolomites from the Bahamas and Australia
(Fantle and Higgins, 2014; Higgins et al., 2018) and assuming the
diagenetic fluid is unaltered seawater (§*4/40Ca = 0%o; Sr/Ca =
8.6 mmol/mol). The values of ¢52.. and Kiz/rict‘:c approach esti-
mates for equilibrium fractionation of Ca isotopes in calcite (Fantle
and DePaolo, 2007) and the partitioning of Sr into stoichiomet-
ric secondary dolomite (Vahrenkamp and Swart, 1990). This as-
sumption is akin to saying that the neritic carbonate sink is par-
tially equilibrated with seawater during early marine diagenesis.
Importantly, these values result in a neritic carbonate sink that
is almost 1%o higher in its §%¥/40Ca value (—0.5%0 compared to
—1.3%) and a factor of 4 lower in its Sr/Ca ratio (~0.3 compared
to 1.15 mmol/mol) than the modern pelagic carbonate sink (Fan-
tle and Higgins, 2014; Ahm et al., 2018; Higgins et al., 2018). The

value for 8[:C)glagic is determined from the difference between the

§44/490Cag,, and §%/40Capejagic, Where the former is inferred from
our fossil elasmobranch record and the latter from measurements
of bulk pelagic carbonate over the Cenozoic (Fantle and DePaolo,
2005, 2007; Gothmann et al., 2016). Using this approach, we cal-
culate an increase in sgglagic, from 0.8%0 in the late Mesozoic to
approximately 1.25%q today (Fig. 8C). The origins of this change
are enigmatic at present, but likely reflect a combination of factors
including changes in vital effects associated with biomineralization
(Gothmann et al., 2016; Gussone et al., 2016) and changes in tax-
onomic assemblages (Martin, 1995).

Figs. 8 and 6C show that a simple model of the global Ca and Sr
cycles that includes both the effects of a declining neritic carbon-
ate sink and changes in Ca isotope fractionation associated with
the pelagic carbonate sink, quantitatively reproduces both the in-
crease in seawater §44/40Ca values and the decline in seawater Sr
concentrations over the last 100 million years. Although this model
solution is not unique, it is grounded in robust independent obser-
vations of changes in the partitioning of the global carbonate sink
between neritic and pelagic environments and our understanding
of how the chemical and isotopic composition of these sinks are al-
tered by diagenetic recrystallization and neomorphism. In addition,
our model makes predictions for the seawater Ca isotopic compo-
sition of the pre-Mesozoic ocean as prior to the proliferation of
pelagic calcifying organisms the global carbonate sink is under-
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stood to be exclusively neritic. Assuming an srclgrmc of 0.5%0 (see
discussion above), the predicted §%4/40Ca value for seawater is ap-
proximately —0.6%o, broadly in agreement with published records
of Phanerozoic seawater (Farka$ et al., 2007; Bldttler et al., 2012).

Although beyond the scope of this manuscript, the secular
change in the flux of Sr associated with diagenetic recrystalliza-
tion of shallow-water carbonate sediments should also have an
effect on the 37Sr/%6Sr mass balance of seawater. Rapid recycling
of Sr between seawater and shallow-water carbonate sediments
provides inertia to seawater 87Sr/86Sr ratios by effectively increas-
ing the size of the seawater Sr reservoir: when rates of shallow-
water carbonate recrystallization are high, larger changes in the
flux and/or isotopic composition of continental weathering or hy-
drothermal sources of Sr are needed to change seawater 37Sr/36Sr.
Conversely, when recrystallization rates are low, seawater 87Sr/6Sr
ratios will be more sensitive to changes in the magnitude and/or
isotopic composition of Sr sources from continental weathering
and/or mid-ocean ridge hydrothermal systems.

5. Conclusions

e Elasmobranch tooth enamel can be used as an archive of sea-
water chemistry. Although taxonomical variability and ontoge-
netic history of individual taxa likely contribute to the range in
recorded §%4/40Ca and Sr/Ca in modern specimens, large and
diverse sample sets can capture the full range of variability
and provide robust reconstructions of paleoseawater chem-
istry.

e Elasmobranch tooth enamel record an increase in seawater
§44/40Ca values over the last 100 million years, in agreement
with independent archives including well-preserved corals and
bulk carbonates. We attribute the increase in the §44/4°Ca of
seawater to changes in the Ca isotopic composition of the
global marine carbonate sink. In particular, the increase in sea-
water §44/40Ca values is best explained as the consequence of
an expansion of the pelagic carbonate sink at the expense of
shallow carbonate platforms. The decline in shallow-water car-
bonate sediments reduces the diagenetic flux of Ca with low
§44/40Ca values, leading to an increase in the §%**/49Ca value of
seawater since the Mesozoic.

e A decline in shallow-water carbonate sediments associated
with the expansion of pelagic calcifiers in the Mid-Mesozoic
also provides an explanation for the four-fold decline in [Sr]sw
over the same time period. This result highlights the important
role that early marine diagenesis in the global geochemical cy-
cles of Ca and Sr.
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