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Abstract

We present a Cenozoic record of 8***’Ca from well preserved scleractinian
fossil corals, as well as fossil coral §***°Ca data from two time periods during the
Mesozoic (84 and 160 Ma). To complement the coral data, we also extend existing bulk
pelagic carbonate records back to ~80 Ma. The same fossil corals used for this study were
previously shown to be excellently preserved, and to be faithful archives of past seawater
Mg/Ca and Sr/Ca since ~200 Ma (Gothmann et al., 2015). We find that the ***°Ca
compositions of bulk pelagic carbonates from ODP Site 807 (Ontong Java Plateau) and
DSDP Site 516 (Rio Grande Rise) have not varied by more than ~ £0.20 %o over the last
~80 Myr. In contrast, the §***°Ca compositions of Mesozoic and Early Cenozoic fossil
corals are ~1%o lighter than those of modern corals.

The observed change in coral §*%Ca does not likely reflect secular variations
in seawater 8***°Ca. Instead, we propose that it reflects a vital effect of calcification —
specifically, a sensitivity of coral Ca isotope discrimination to changing seawater [Ca]
and/or pH. Support for this hypothesis comes from the presence of an empirical
correlation between our coral §**°Ca record and records of seawater [Ca] and pH since
the Mesozoic (Lowenstein et al. 2003; Honisch et al. 2012). We explore various
mechanisms that could give rise to such a vital effect, including: (1) changes in
calcification rate, (2) changes in proton pumping in exchange for Ca®", (3) variable
Rayleigh distillation from an isolated calcifying fluid, and (4) changes in the calcium
mass balance of the extracellular calcifying fluid (termed here the “leaky Ca model”). We
test for the dependence of seawater §*¥Ca on external seawater [Ca] by measuring the

§*Ca of cultured corals grown in seawater solutions with [Ca] ranging from 10 to 15
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mmol/kg. Corals grown under elevated [Ca] conditions show a slight, ~0.15%o depletion

of 8**Ca at higher seawater [Ca] — a supportive but not definitive result.
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1. Introduction

Diagenetically unaltered scleractinian fossil corals are useful archives of
paleoenvironmental properties across a range of geologic timescales. For example, coral-
based paleothermometers (Sr/Ca, 5'*0) have been applied to reconstruct high-resolution
records of past climate (e.g., Corrége, 2006; Gaetani et al. 2011). Fossil corals have also
been used to reconstruct the geochemical evolution of seawater (i.e., seawater Mg/Ca and
Sr/Ca) on timescales of millions of years (Gothmann et al., 2015). The application of
corals as paleoenvironmental indicators, however, can sometimes be confounded by the
presence of ‘vital effects’ (Correge, 2006; Gaetani et al. 2011).

‘Vital effects’ refer to departures in skeletal geochemistry away from the
composition expected based on inorganic distribution coefficients, and they are thought
to result from biological control by the coral organism over skeletal calcification (Weiner
and Dove, 2003). Problematically, they may also vary between and within coral species,
in which case constant correction factors cannot be employed (Weiner and Dove, 2003;
Correge, 2006; Gaetani et al. 2011).

The existence of vital effects in scleractinian coral has been very well
documented, but a full mechanistic understanding of their origin has yet to be achieved
(Weiner and Dove, 2003). Mechanisms that have been identified as potential sources of
vital effects include, but are not limited to (1) Rayleigh fractionation from an isolated
calcifying fluid and/or other reservoir effects (e.g., Gaetani et al., 2011), (2) biologically-
mediated ionic transport into the calcifying space (e.g., Bohm et al., 2006), (3) variable
calcification rates (e.g., as discussed in Correge, 2006) and (4) the influence of an organic

matrix (e.g., Weiner and Dove, 2003).
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Existing measurements of §***°Ca in modern corals suggest the presence of
significant vital effects for Ca isotopes. Modern coral 8***°Ca is on average ~0.4 %o
heavier than inorganic aragonite (Chang et al., 2004; Bohm et al., 2006; Pretet et al.,
2013; Inoue et al. 2015). For reference, inorganic aragonite is offset from seawater by
about -1.7 %o (Blattler et al., 2012; Gussone et al., 2003). In addition, modern corals
exhibit a ~0.4 %o range in §*40Ca compositions (Bohm et al., 2006; Bléttler et al., 2012;
Pretet et al., 2013; Inoue et al. 2015). This range cannot be attributed to variations in

coral taxonomy, changes in salinity, or temperature.

Seawater
oral ectoderm [ [ ]
& endoderm ~|

Coelenteron

active transport  active transport

Seawater Seawater

Figure 1. Sketch of key skeletal compartments and reservoirs that play a role in coral
calcification, modified from B6éhm et al. (2006). Seawater transport to the site of
calcification can occur via direct exchange, or can occur transcellularly by active
transport with Ca-ATPase. The label ‘c’ denotes arrows marking calcification.

Ca isotopes may offer unique insight into the mechanisms driving coral vital
effects because calcium plays a critical role in calcification. There are two main pathways

by which Ca may arrive at the site of coral calcification (Fig. 1). First, Ca*" that has

diffused into the coelenteron (the mouth of the coral animal) may be actively transported
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by Ca-ATPase to the site of calcification (e.g., Al-Horani et al. 2003). There are also
suggestions that seawater may be transported paracellularly (i.e., via open channels or
conduits) directly to the site of calcification (e.g., Tambutté et al. 2011). The calcification
site may exist as a thin, seawater-like “calcifying fluid” beneath the calicoblastic layer
(Al-Horani et al. 2003; Gaetani et al. 2011). Alternatively, calcification may occur
directly from an organic matrix (e.g., Weiner and Dove, 2003).

It is possible that external seawater carbonate chemistry and seawater [Ca]
influence each of the abovementioned pathways and the isotope effects associated with
them. Ca isotope fractionation in inorganic calcite and aragonite precipitated from
aqueous solutions has been found to depend on calcification rate (Lemarchand et al.,
2004; Tang et al., 2008; Gussone et al., 2003), which in turn has been shown to depend
on the [CO32']/ [Ca®*] ratios of natural waters (Nielsen and DePaolo, 2013). Rayleigh
distillation (e.g., Gaetani et al., 2011) may also lead to a dependence of Ca isotope
discrimination on seawater [Ca]. Another possibility is that coral Ca isotope fractionation
is dependent on seawater [Ca] in a way similar to the dependence of carbon isotope
fractionation on pCO; in plants. In plants cells, the ratio of carbon fixation by the enzyme
RuBisCO, relative to the amount of CO; that diffuses back to the surrounding
environment, is dependent on pCO,. Because the isotope effects associated with fixation
and diffusion are distinct, the degree of carbon isotope fractionation expressed also
depends on pCO; (Pagani, 2014). Likewise, in coral, the ratio of Ca that is incorporated
into coral aragonite from the calcifying fluid, relative to the amount of Ca returned to

seawater, may be dependent on external seawater [Ca].
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Bohm et al. (2006) hypothesize that Ca isotope fractionation in coral results,
at least in part, from active biologically-mediated transport of Ca** to the site of
calcification. As a result, changes in seawater [Ca] could presumably affect the
proportion of Ca in the coral skeleton derived from active pumping by Ca-ATPase
relative to Ca derived from a direct seawater pathway. As suggested by Gagnon et al.
(2013), seawater pH, alkalinity and saturation state may also play a role in setting the
proportion of skeletal Ca that comes directly from seawater, relative to the amount
derived from Ca-ATPase. Studies of boron isotopes and pH-sensitive dyes in coral
(McCulloch et al. 2012; Venn et al., 2013) present additional evidence in support of a
relationship between proton pumping by Ca-ATPase and seawater carbonate chemistry.

We measured Ca isotopes in a suite of well preserved fossil aragonitic corals
(Gothmann et al., 2015), bulk pelagic carbonates from ODP Site 807 and DSDP Site 516,
and corals cultured under a range of seawater [Ca]. Collectively, the data allow us to
examine how coral Ca isotope fractionation has responded to natural variations in
seawater [Ca] and pH since the Mesozoic (Lowenstein et al., 2003; Honisch et al., 2012).
Our results provide new insights into the relationship between coral calcification and

secular variations in seawater chemistry over million-year timescales.

2. Materials and methods

2.1 Fossil coral, bulk pelagic carbonate, and cultured coral samples
The fossil coral samples (n=38) studied here were previously screened for
diagenetic alteration and described by Gothmann et al. (2015). Fossil corals measured for

Ca isotopes are as old as Jurassic in age and have been obtained from a variety of
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geologic localities to ensure that variations through time reflect global rather than local
signatures. While our sample set includes a range of different species of coral, there are
no trends in our sample set between coral taxonomy and geologic age. Details of sample
taxonomy and provenance are presented in the supplementary materials (Table S1).

Bulk pelagic carbonate samples from ODP Site 807 (Ontong Java Plateau,
~2800 m water depth) and DSDP Site 516 (Rio Grande Rise, ~1300 m water depth) were
also measured for 8****Ca. Samples range in age from Late Cretaceous to Recent. Cores
from both sites are generally carbonate-rich, although some intervals of claystone and
radiolarian siltstone are also present (Kroenke et al., 1991; Fantle and DePaolo, 2007;
Barker et al., 1983). Sediments of Eocene age and younger are dominated by foraminifer
oozes, nannofossil oozes, and chalk. Eocene and older sediments are dominated by
lithified limestone (Kroenke et al., 1991; Barker et al., 1983). Bulk carbonate samples
were washed and sieved prior to geochemical analysis as described in Higgins and
Schrag (2015).

Cultured coral samples were grown for 9 weeks under controlled laboratory
conditions at the University of Miami’s Experimental Hatchery. Concentrations of
calcium in the culture solutions were varied to assess the effect of past changes in
seawater [Ca] on coral Ca isotope discrimination. Calcium concentrations of the growth
solutions ranged from modern seawater concentrations (~10 mmol/kg) to concentrations
similar to those expected for the late Oligocene or Early Miocene (~15 mmol/kg)
(Lowenstein et al., 2003). (For reference, Early Cenozoic seawater [Ca] was ~25-30
mmol/kg, 250-300% of present: Lowenstein et al., 2003). While some colonies were only

subjected to elevated [Ca], others were also subjected to elevated [Mg] and [Sr].
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Prior to starting experiments, 2 branches (>1.5 cm in length) of Pocillopora
damicornis were fragmented from coral colonies using wire cutters. These fragments
were then glued to PVC tiles with CorAffix"™ Cyanoacrylate Adhesive and allowed to
recover for 4 weeks in flow-through seawater. Seawater was pumped from Bear Cut, a
tidal channel that connects Biscayne Bay to the Atlantic Ocean. The composition of this
water varied naturally each day. Temperature ranged from 21-25°C, with an average of
22.6°C, and salinity ranged from 31-35 psu, with an average of 34 psu. The average
alkalinity for the experiments was 2.261 £+ 0.061 meq/kg (1o S.D.) and pH varied
between 7.9-8.0.

The start of the experiment was marked with Alizarin Red S biological stain
after which fragments were moved to jars with 2.5 L of seawater. Concentrations of Ca,
Mg and Sr were increased incrementally in the seawater solutions over 24 hours by
adding calcium, magnesium, and strontium chloride salts. Flow was maintained in these
jars with aquarium pumps and seawater treatments were changed daily. Coral tissues
were removed from skeletons with an airbrush, and skeletons were oven dried at 40°C for
24 hours. Areas of new growth (above the Alizarin stain line) were ground to a powder
for Ca isotope analysis. Culture seawater solutions were also collected, filtered, and
analyzed for 5*¥*°Ca. For additional detail regarding coral culture experiments,
calculation of calcification rates, and saturation state, the reader is referred to the

supplementary text.
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2.2 Ca isotope analyses

Powders weighing 2-5 mg were drilled from fossil coral skeletons and
dissolved in IN nitric acid (HNOs3). The majority of fossil coral powders contain <1%
calcite as determined by X-ray diffractometry (Gothmann et al. 2015). However, a small
number of specimens contain between 2% and 8% calcite as noted in Table 1. For
cultured coral samples, ~100 pg of CaCOj; was dissolved in 1 mL 1N HNOj;. Bulk
carbonate samples (~5 mg) were powdered and dissolved in buffered 0.1N acetic acid
(pH = 5) to dissolve carbonate phases. Ca in dissolved carbonates and culture seawater
solutions was purified by ion exchange chromatography as described in Blittler et al.
(2012) and Blittler and Higgins (2014), and also using a Thermo Dionex DCS5000+ Ion
Chromatograph (IC). The IC system offers a more efficient means (30-50 minute
separation per sample) by which to separate and collect cations such as Ca for isotopic
analysis.

Samples were prepared for separation on the IC by diluting to ~30 ppm Ca
with 0.2% HNO3. Samples (200 pL in volume) were then injected, and Ca was separated
from other cations (Na, Mg, K, Sr) using an in-line CS16 cation exchange column. After
eluting with methanesulfonic acid (MSA), Ca fractions were collected using a Dionex
AS-AP autosampler. Cation separation and yields were verified by measurements of
sample conductivity. Sample conductivity was also monitored in 0.2% HNOj solutions
used for diluting samples in order to ensure that procedural blanks were <1%. Accuracy
and precision of the method were assessed by repeated measurements of carbonate

standards (in-house and SRM 915b) and modern seawater standards.

10
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Separated Ca fractions were analyzed for Ca isotopes (44/42, 44/43, 43/42) at
a concentration of 2 ppm Ca. Measurements were made using a ThermoFinnegan
Neptune Plus inductively-coupled plasma mass spectrometer (ICP-MS) at Princeton
University with an ESI Apex-IR sample introduction system. Beam intensities were
measured in medium resolution for masses 44, 43 and 42. Mass 43.5 was also monitored

8" vs. "% for each analytical

to check for Sr interferences. Three-isotope plots of
session were examined to check for mass-dependent behavior. Raw §**Ca results were
converted to §***°Ca and calibrated relative to modern seawaters measured in the same
analytical session (i.e., 8****Camodern seawater = 0 by definition).

The §***°Ca of an in-house Ca standard, taken through the full chemical
procedure with each batch of samples in order to monitor long-term external
reproducibility, is -1.11 £ 0.18%o (2 S.D.; n=14) relative to modern seawater.
Measurements of SRM 915b yield §*¥*°Ca values of -1.18 + 0.18%o (2 S.D.; n=11)
relative to modern seawater, indistinguishable from values reported in previous studies as
measured by MC-ICP-MS (-1.16%o: Morgan et al. 2011) and by thermal ionization mass
spectrometry (TIMS) (-1.12 %o and -1.13%o: Heuser and Eisenhauer, 2008 and Lehn et
al., 2013). A modern Porites sp. coral gives a 8**°Ca value of -1.01 £ 0.13%o (2 S.D.;

n=3) relative to modern seawater — within the range of values measured for other modern

Porites sp. (Pretet et al., 2013).

11



223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

3. Results

Results of 8***°Ca measurements in modern and fossil corals are given in
Table 1 and Fig. 2. We measure 5***°Ca compositions in modern and Late Pleistocene
corals ranging from -1.24 %o to -1.01 %o (vs. modern seawater), consistent with previous
studies (Chang et al., 2004; Pretet et al., 2013; Bohm et al., 2006; Inoue et al. 2015;
Blittler et al., 2012). Ca isotope compositions measured in fossil corals become
systematically lighter with increasing geologic age (Fig. 2). Jurassic age samples exhibit
the lightest Ca isotope compositions with an average of -2.16 %o, which is approximately
1%o lighter than the **°Ca measured for modern corals. The apparent Jurassic coral
8*%0Ca offset from modern seawater also exceeds the inorganic aragonite fractionation
factor of -1.7 %o (Blattler et al., 2012; Gussone et al., 2003). Using the average apparent
fractionation between our modern coral samples and modern seawater, we convert fossil
coral 8"**°Ca to seawater 5***°Ca values (Fig. 2a and 2b — see left-hand axis). As
imposed by our applied offsets, our inferred modern seawater 8***°Ca value from coral
overlaps with §***°Ca compositions inferred from other archives (Fig. 2a and 2b).
However, the fossil coral record departs from other records going back in time to the
Mesozoic. For example, our Mesozoic data are highly divergent from the Farkas et al.
(2007) record reconstructed from brachiopods, belemnites, and rudists (Fig. 2a).

Table 2 and Fig. 2¢ give results of 5***°Ca measurements in bulk pelagic
carbonates from ODP Site 807 and DSDP Site 516. Our bulk pelagic carbonates are
normalized to modern samples using an offset of ~1.2%o. This number was chosen based
on our Site 807 results (Table 2) and data in Fantle and DePaolo (2007). Our bulk pelagic

carbonate record is in good agreement with other pelagic carbonates from ODP Site 807

12
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and DSDP Site 590 (Fantle and DePaolo, 2005; Fantle and DePaolo, 2007). In contrast

with fossil corals, which show a large change in 8****Ca with time, our record of bulk

carbonate §***°Ca shows variability of ~ +0.20 %o over the last 80 Myr (Fig. 2¢), with an

average §*40Ca of -1.32 £ 0.2 %o (20 S.D; n=47). We also observe a minimum in the

§*4Ca of bulk carbonate at ~35 Ma.
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isotopes. (a) Records of inferred seawater 8***°Ca vs. time including our record from
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fossil corals. Evaporite data are from Bléttler and Higgins, (2014); brachiopods,
belemnites and rudists are from Farkas et al. (2007) and Steuber and Buhl (2006);

phosphate data are from Soudry et al. (2004), Soudry et al. (2006) and Schmitt et al.

(2003); barite data are from Griffith et al. (2008); foraminifera data are from Sime et al.
(2007) and Heuser et al. (2005). (b) Same as in (a), but enlarged to show only the last 40

Myr. Uncertainties in fossil coral 8***°Ca are listed in Table 1. Before the Late Eocene,
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fossil corals disagree with other archives, with the exception of authigenic phosphates.
The left-hand axis gives inferred seawater §*4%Ca compositions. The right-hand axis

gives measured coral §*¥*°Ca vs. modern seawater. (c) Records of bulk carbonates from

this study (ODP Site 807 and DSDP Site 516), Fantle and DePaolo (2005), and Fantle
and DePaolo (2007). All records are normalized to modern bulk carbonate samples.

Table 1. Results of Ca isotope analyses in Recent and fossil corals. Uncertainties are

reported as 2o S.D. where the number of replicate analyses (n) is = 2, and 26 S.E. where
n>2. Ages are based on *’Sr/**Sr isotope compositions or best estimates of the age of the

geologic formation from which samples are collected as detailed in Gothmann et al.

(2015).
Sample Name Estimated 3*%Ca vs. SW 26 S.D./S.E. n
Age (Ma)

ERP 0 -1.01 0.07 3
Ml 0 -1.22 0.02 2
P13 0.1 -1.21 0.01 3
P14 0.1 -1.24 0.10 2
P15* 0.1 -1.13 0.11 3
P12 1 -1.12 0.16 3
P17 2 -1.20 0.14 3
P18 2 -1.33 0.13 3
Pli3 2.3 -1.36 0.10 3
Pli2* 3.1 -1.04 0.14 2
Plil 3.5 -1.22 0.06 2
Mi6 5.4 -1.13 0.04 2
Mi9* 6 -1.01 0.09 3
Mill 9 -1.15 0.05 4
Mil3 11.9 -1.18 0.06 3
Mil6 12.3 -1.16 0.06 3
Mil4 13.0 -1.09 0.19 3
Mi7 14 -1.70 0.15 3
Mi2 18.0 -1.35 0.29 2
Mil 18 -1.39 0.16 3
Mi3 18.2 -1.48 0.03 3
Ol1* 28.5 -1.56 0.12 3
Ol5 30.0 -1.48 0.11 3
016 30 -1.58 0.12 2
Ol4 30 -1.53 0.21 2
012 31 -1.56 0.07 3
o13 31.8 -1.56 0.07 2
E6 35.0 -1.84 0.01 2
El 35 -1.74 0.06 2
E8 36 -1.66 0.17 2
E2 37 -1.58 0.19 3
ES5 45 -1.55 - 1
E4 45 -1.80 0.16 2
E3 50 -1.68 0.20 3
Pal 60 -1.80 0.23 3
Pa3 62 -1.69 0.21 3
K3* 84 -2.00 0.05 3
J1 160 -2.17 0.14 3
2% 160 -2.06 0.04 2
J4 161 -2.26 0.04 2

* Samples with 2-8% calcite in powders used for Ca isotope analyses. All other samples have

<1% calcite.
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Table 2. Results of Ca isotope analyses on bulk carbonates from deep sea sediments.
Ages are based on biostratigraphic markers at the depth from which the sample was
collected (Barker et al. 1983; Kroenke et al. 1991). Uncertainties are reported as 26 S.D.

where the number of replicate analyses (n) is = 2, and 26 S.E. where n > 2.

TA740
Sample Name Depth (mbsf) Age (Ma) 8 Sg;; V8. S.D2./GS.E n Notes

807A-2W-2H 7-16.9 0.5 -1.26 - 1 0oze
807A-3-4H 27.35-35.5 3 -1.20 0.09 3 00ze
807A-3W-11H 92-102 3.86 -1.22 0.09 2 00ze
807A-2-9H 74.25-83.25 4 -1.25 0.07 2 00ze
807A-2-21H 188.9-197.0 7 -1.23 0.12 2 00ze
807A-5W-42X 389-399 13.9 -1.26 0.12 2 chalk
807A-3W-50X 467.3-474.9 19 -1.28 0.03 2 chalk
807A-6W-53X 495-505 21 -1.28 0.02 2 chalk
807A-2W-72X 678.2-687.8 27.5 -1.42 0.23 2 chalk
807A-1W-84X 793-803 32.8 -1.36 0.04 2 chalk
807C-1W-2R 789-799 30 -1.39 0.11 2 chalk
807C-2W-6R 828-838 31 -1.36 0.07 2 chalk
807C-1W-17R 904.2-905.9 34 -1.44 0.28 2 chalk
807C-1W-25R 948-958 38 -1.41 0.11 2 chalk
807C-1W-38R 1073-1082 454 -1.25 0.16 2 chalk
807C-1W-42R 1101-1106 54 -1.19 0.12 3 limestone
807C-1W-44R 1116-1125 54.5 -1.33 0.18 3 limestone
807C-2W-46R 1135-1140 55 -1.24 0.13 3 limestone
807C-2W-48R 1145-1150 56.6 -1.36 0.10 3 limestone
807C-1W-50R 1155-1160 57 -1.41 0.02 3 limestone
807C-1W-51R 1160-1169 58.9 -1.28 0.13 2 limestone
807C-2W-51R 1160-1170 58.9 -1.32 0.07 2 limestone
807C-1W-52R 1169-1178 60 -1.23 - 1 limestone
807C-2W-52R 1169-1179 60 -1.39 0.09 3 limestone
807C-4W-52R 1169-1180 60 -1.37 0.11 3 limestone
807C-2W-53R 1179-1188 61.5 -1.35 0.07 2 limestone
807C-2W-54R 1188-1196 67 -1.27 0.15 2 limestone
807C-3W-54R 1188-1197 67 -1.19 0.13 3 limestone
807C-4W-54R 1188-1198 67 -1.20 0.11 3 limestone
807C-1W-55R 1196-1206 67.5 -1.17 0.15 3 limestone
807C-2W-61R 1251-1261 71 -1.32 0.16 3 limestone
807C-2W-62R 1261-1270 71 -1.33 0.08 3 limestone
807C-2W-63R 1270-1280 72 -1.51 0.20 3 limestone
807C-1W-65R 1290-1299 73 -1.34 0.06 3 limestone
807C-1W-67R 1309-1319 74 -1.44 0.07 3 limestone
807C-2W-69R 1328-1338 75 -1.25 0.15 3 limestone
807C-2W-70R 1338-1348 76 -1.28 0.10 3 limestone
807C-1W-71R 1348-1357 76 -1.27 0.11 3 limestone/claystone
516F-15-6 310-311.6 24 -1.41 0.02 2 chalk
516F-20-4 354-356 27 -1.28 0.19 2 chalk
516F-45-1 587.1-596.6 35 -1.33 0.08 2 chalk
516F-50-2 636.1-637.6 39 -1.46 0.07 2 limestone
516F-55-1 682.1-691.6 41 -1.54 0.17 2 limestone
516F-83-1 900.6-910.1 57 -1.38 0.12 2 limestone
516F-90-2 967.1-976.6 66 -1.40 0.19 2 limestone

516F 98-2 1032.6-1041.1 72 -1.43 0.12 limestone

516F-117-3 1184.1-1185.5 86 -1.22 0.09 limestone
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4. Discussion

There are three possible explanations for the apparent divergence between our
coral record and other §***°Ca records during the Mesozoic and Early Cenozoic. Fossil
coral 8***°Ca could reflect (1) progressive diagenetic alteration with increasing sample
age, (2) variations in seawater §**Ca driven by changes in the average fractionation of
the main seawater Ca sink (CaCO3), or (3) changes in coral Ca isotope discrimination
over time. In other words, if all of the records reflect primary geochemistry, there must
either have been a change in the isotope effect of corals, or a change in the isotope effect
associated with the rest of the carbonate sink (as recorded by pelagic carbonates). We
show that explanations (1) and (2) are improbable, and then discuss possible mechanisms
for (3) in the context of changes in the major element and carbonate chemistry of
seawater since the Mesozoic. We conclude that changes in seawater [Ca] and/or pH may

have an effect on coral Ca isotope discrimination.

4.1 Fossil coral and bulk pelagic carbonate preservation

It is not plausible to explain the observed trend in fossil coral §***'Ca by
invoking progressive diagenetic alteration of samples. The fossil coral samples analyzed
here for §**°Ca were previously screened for alteration by Gothmann et al. (2015) and
shown to be extremely well preserved. Techniques used to test for mineralogical changes
indicative of diagenesis include X-ray diffractometry, scanning electron microscopy,
petrographic microscopy, cathodoluminescence, and micro-raman. Tests used to
constrain preservation of sample geochemistry include measurements of *’Sr/**Sr

isotopes, carbonate clumped isotopes, and trace elements sensitive to diagenesis (e.g.,
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Mn/Ca). These corals have also been found to faithfully record other properties of
seawater chemistry (Mg/Ca, St/Ca: Gothmann et al., 2015). It is difficult to conceive how
the trace element composition of these fossil coral samples could be retained, while the
isotopic composition of Ca, which makes up 40% of coral CaCO3 by mass, is altered.
Moreover, diagenesis in platform carbonates shifts §***°Ca toward heavier values (Fantle
and Higgins, 2014). Instead, we observe a shift to lighter coral 5***°Ca with increasing
age.

Another concern associated with fossil coral preservation has to do with older
samples being biased toward restricted marine environments or epicontinental seas
because of a higher likelihood of preservation. Holmden et al. (2012) showed that high
[Ca] and low 8***°Ca of submarine groundwaters are responsible for driving a 0.7 %o
gradient in seawater 8*¥*Ca in the Florida Bay. This result suggests that, going forward
in time, a shift between samples from restricted marine environments to samples obtained
from open marine environments, could drive changes of the magnitude we observe. This
explanation, however, seems unlikely considering that our data show a monotonically
increasing trend, with no change in the spread of the data with time. For example, the
average 5***’Ca of modern and Pleistocene samples is -1.18 % 0.19 %o and the average
8*%%Ca of Eocene and Paleocene samples is -1.7 £ 0.20 %o. In addition, while samples
from the Mesozoic are all from the paleo-Tethys region, potentially raising concerns
about regional biases, samples from the Eocene and Paleocene, were collected from a
broad range of geologic localities (see Table S1), limiting the potential for local effects.

It is also unlikely that our bulk carbonate §**Ca record is reflective of

sedimentary diagenesis. The amount of isotopically heavy seawater Ca incorporated into
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bulk carbonates during diagenesis is diffusion-limited (Fantle and DePaolo, 2007; Fantle
et al., 2010). Both ODP Site 807 and DSDP Site 516 sediments range from 75 to >90

wt % carbonate (Barker et al., 1983; Kroenke et al., 1991), suggesting that pore fluids at
both sites are buffered by the high Ca content of the sediments. In other words,
recrystallization does not cause the Ca isotope composition of CaCOj to change because
the flux of “new” Ca to the sediments is small compared to the sedimentary Ca mass.
Indeed, Fantle and DePaolo (2007) modeled pore fluid and sediment geochemistry at
ODP Site 807 and calculated maximum diagenetic shifts in carbonate 8***’Ca of 0.1 to

0.15%o, which is similar to our measurement uncertainty.

4.2 The seawater Ca isotope mass balance

One possible explanation for the divergent coral and pelagic carbonate records
is that the coral record, rather than the sedimentary carbonate record, may accurately
reflect changes in the Ca isotopic composition of seawater through time (i.e., that corals
passively record seawater composition and there was a 1 %o increase in seawater 5***°Ca
between the Mesozoic and present). Existing records of §***°Ca can be considered using

a simple steady-state Ca isotope mass balance:

44/40 __ ¢44/40 __ «44/40
5 Cainput - 5 Caoutput - 6 Caseawater —&, (Eqn 1)

44/40 . . . .
where 6" Cajypu represents the Ca isotopic composition of the main source of Ca to

. 44/40 . . .. . .
seawater (rivers), 0 Caoupu represents the Ca isotopic composition of the main sink of

Ca from seawater (CaCOs), 844/40Camwateris the Ca isotopic composition of seawater, and
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¢ is the globally averaged fractionation factor for the seawater Ca sink (De La Rocha and
DePaolo, 2000; Blittler et al., 2012; Fantle and Tipper, 2014). This mass balance
indicates that, on timescales longer than the Ca residence time (~10° years), changes in
54 40Caseawmr can result either from changes in the isotopic composition of Ca inputs
(from rivers) or from changes in the average € of the seawater Ca sink.

Because pelagic carbonates are thought to constitute a large fraction of the
modern seawater Ca sink (>55% according to Milliman, 1993), our bulk pelagic §*4%Ca
record can provide a constraint on 50 Caouspur, and thus 50 Cainpue as well (Eqn. 1).
For reference, corals may represent ~20% of the total CaCOj sink according to Milliman
(1993), and this percentage has likely varied with time. Our bulk carbonate record
indicates that the Ca isotopic composition of the pelagic carbonate sink varied by up to
10.20 %o, over the last 80 Myr, with a minimum at ~35 Ma. Records of §*40Ca from
brachiopods, belemnites, and rudists (Farkas et al., 2007) and bulk forams (e.g., Sime et
al. 2007; Heuser et al., 2005) show little variability since the Mesozoic as well. As a
result, it is unlikely that 5 40Caou,pm shifted by more than 0.3-0.4 %o since the Mesozoic.
Considering Eqn. 1, then the record also suggests that 6** 40Cal~,,pm has not changed by
more than 0.3-0.4 %o. In Fig. 3a and 3b, we show a simple schematic model to
demonstrate the impact of changes in 5 40Ca,~,,pu, on &* N Cayemmarer and 5 40Ca0u,pm.

Assuming little change in 5 40Cai,,pu,, the only mechanism capable of
explaining a ~1%o change in &4 N Cayumarer would be a change in € of ~1%o (Eqn. 1; Fig. 3
c and 3d). However, evidence against a ~1%o change in 54 4°Caseawate, and € comes from
the Ca isotopic composition of seawater as inferred from CaSO, evaporites (Fig. 2;

Bléttler and Higgins, 2014; Farkas et al., 2007). This archive indicates that seawater
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isotope discrimination since the Mesozoic. Moreover, we propose that this change in

coral Ca isotope discrimination results from a response of coral calcification to variations
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in key seawater carbonate chemistry parameters such as [Ca] and pH. We choose these
variables because they empirically correlate with our coral Ca isotope record (Lowenstein
et al., 2003; Honisch et al., 2012), and both play important roles in coral biocalcification
(Al-Horani et al., 2003).

Assuming the Farkas et al. (2007) data set provides the most robust current
representation of seawater 8**’Ca since the Mesozoic, we calculate the apparent
fractionation between fossil corals and seawater, and plot those results against seawater
[Ca] estimated for the time at which each coral grew (see supplementary text for details;
Fig. 4). Inferred seawater [Ca] is calculated from a linear interpolation between seawater
[Ca] data reconstructed from brine inclusions in halite (e.g., Lowenstein et al. 2003; see
supplementary text). The overall magnitude of change in apparent Ca isotope
discrimination between modern and Mesozoic corals is ~0.8 %o.

We observe an inverse relationship between apparent coral Ca fractionation
and estimated seawater [Ca] at the time of skeletal growth (Fig. 4). Seawater [COs*] and
pH also co-vary with [Ca] over this time period (Honisch et al., 2012; Zeebe et al., 2012),
so we cannot exclude the possibility that these geochemical variables may also contribute

to the change in apparent Ca isotope fractionation observed.
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Figure 4. Fossil and cultured coral Ca isotope discrimination against seawater [Ca].
Black filled circles correspond to fossil coral samples. Estimates for seawater [Ca]
corresponding to each fossil coral sample are derived from reconstructions from fluid
inclusions in halite (Lowenstein et al. 2003; see supplementary materials for more detail).
White circles correspond to corals grown in culture experiments, which were performed
across a range of culture solution [Ca] concentrations. An enlargement of the culture
coral data (region corresponding to the grey box) is shown in Fig. 5.

Seawater [Ca] Culture Experiments

0

z 1.1
2 ==
o -1.2-
- — OO
(=] 5
3 1.3
g -1.44 T T T T T T
c
a 8 10 12 14 16 18
- $ IS SN0 S8 0 Dol

Figure 5. Enlargement of grey box from Fig. 4 showing the apparent fractionation
between culture solution and coral skeleton for experiments at modern and elevated
seawater [Ca]. Saturation state in the experiments also varied. Saturation states for
individual experiments are listed in Table 3.
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To evaluate the hypothesis that coral Ca isotope fractionation may be sensitive
to seawater [Ca], we measured Ca isotopes in cultured corals grown in solutions with
[Ca] ranging from ~10 to ~15 mmol/kg (Table 3). The apparent fractionation between
growth solution and coral skeleton for cultured corals is plotted against growth solution
[Ca] in Fig. 5. We find that corals cultured at ~15 mmol/kg show a ~0.15%o increase in
Ca isotope discrimination relative to modern controls. This change in discrimination for
cultured corals is in the same direction, but of slightly smaller magnitude, than the change
we observe for fossil corals; given the fossil coral relationship, we would have expected a
~0.3 %o increase (Figs. 4 and 5). Overall, the growth experiment results give some
support for our [Ca] hypothesis. However, additional experiments covering the full
natural range of seawater [Ca] since the Mesozoic are necessary to confirm the proposed
relationship. Although other seawater properties ([Mg] and [Sr]) were also varied in some
of the experimental cases, we see no relationship between our cultured coral §**°Ca and
these properties (see supplementary materials, Fig. S2).

Table 3 Results of Ca isotope analyses in cultured Pocillopora damicornis. Each sample
represents the average offset between pairs of seawater solution, and the coral that was

grown in that solution. Uncertainties are reported as 2 S.D. where the number of
replicate analyses (n) is = 2, and 26 S.E. where n > 2.

S0,
Sample Name [Calscawater 26 ) Offset S'Z]; N Other modiﬁcat@ons to culture
(mmol/kg) S.D. (coral - SE solution
seawater) o

Control 10.3 1.2 2.3 -1.12 013 3 -

Control_Sr 9.9 1.6 2.3 -1.14 0.29 3 culture solution [Sr] = 2x modern
Control Mg100 9.9 1.8 2.1 -1.15 0.20 3 culture solution [Mg] = 57 mmol/kg
Control Mg200 10.4 1.4 1.7 -1.12 0.14 2 culture solution [Mg] = 61 mmol/kg
25% Elevated Ca_Mg100 12.5 1 2.9 -1.27 0.03 2 culture solution [Mg] = 57 mmol/kg
25% Elevated Ca_Mg200 12.2 1 23 -1.26 0.09 3 culture solution [Mg] = 59 mmol/kg
25% Elevated Ca 12.1 2.6 2.7 -1.15 008 2 -

50% Elevated Ca_Mg100 15.2 32 3.0 -1.30 - 1 culture solution [Mg] = 59 mmol/kg
50% Elevated Ca_Mg200 153 34 3.1 -1.28 0.18 3 culture solution [Mg] = 63 mmol/kg
50% Elevated Ca 15.3 1.8 29 -1.24 011 4 -
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In the following sections, we explore various mechanisms that may lead to the
hypothesized change in coral Ca isotope discrimination over million year timescales. We
focus on those that may be dependent on seawater [Ca] and/or pH because both [Ca] and
pH may influence calcification dynamics. These mechanisms include (1) changes in coral
calcification rates and other inorganic CaCOs precipitation effects, (2) changes in proton
pumping in exchange for Ca*", (3) changes in Rayleigh distillation dynamics, and (4)
changes in the steady-state Ca mass balance of the calcifying fluid (termed here, the

“leaky Ca model”).

4.3.1 Calcification rate and inorgangic CaCQOjs precipitation effects

Carbonate precipitation experiments show that Ca isotope fractionation is
sensitive to calcification rate (Lemarchand et al., 2004; Tang et al., 2008; Gussone et al.,
2003), but different experiments give conflicting results for the §*/*°Ca-rate dependence.
The Tang et al. (2008) calibration for inorganic calcite shows an inverse relationship
between 8***'Ca and calcification rate. For this relationship, an increase in coral 5**°Ca
between the Mesozoic and present would suggest decreasing calcification rates over that
time. In contrast, the Gussone et al. (2003) calibration for inorganic aragonite and the
Lemarchand et al. (2004) calibration for calcite show a positive relationship between
calcification rate and 5*¥*°Ca. This relationship instead suggests increasing calcification
rates between the Mesozoic and present. Although the direction for the calcification rate
dependence differs between published inorganic precipitation experiments, all generally
show that the 8*/*'Ca of inorganic calcium carbonate varies by up to 1.5%o over a two

order of magnitude range in precipitation rate (Lemarchand et al. 2004; Gussone et al.
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2003; Tang et al. 2008). This observation indicates that coral calcification rates would
have needed to vary significantly — by about a factor of 10 — between the Mesozoic and
today to generate the ~0.8%o change in apparent fossil coral Ca isotope discrimination.

Such a large change in calcification rates since the Mesozoic seems unlikely.
As inferred from culture experiments, rates of coral aragonite growth seem to correlate
most strongly with the saturation state of seawater (Q = [Ca]X[CO32']/Ksp) with respect to
aragonite (e.g., Marubini et al. 2008). While seawater pH and [CO5°] have increased
significantly since the Mesozoic (Zeebe, 2012) constraints from reconstructions of the
calcium carbonate compensation depth through time suggest that seawater Q2 has not
changed significantly over this same time interval (Zeebe, 2012). As a result, we suggest
that changes in calcification rate probably cannot account for observed changes in fossil
coral 3***°Ca since the Mesozoic.

In addition, although it is difficult to draw conclusions over geologic timescales
based on short-term culture experiments, a calcification rate dependence does not seem to
explain our cultured coral data. Although calcification rates in our culture experiments
(as calculated from the alkalinity anomaly method and normalized to buoyant weights)
are inversely related to culture [Ca] we find no significant relationship between coral
8*%°Ca and calcification rate (see supplementary materials; Fig. S1).

Because the [Ca®")/[CO5*] ratio of seawater likely decreased by almost an order
of magnitude between the Mesozoic and today (Lowenstein et al. 2003; Horita et al.
2002; Honisch et al. 2012; Zeebe et al. 2012), it is also important to consider the potential
for kinetic isotope effects related to changes in seawater chemistry. Results of Nielsen

and DePaolo (2013), show that the magnitude of Ca isotope fractionation in carbonates
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increases with decreasing [Ca*"]/[CO5”]. However, this kinetic effect can explain neither
the magnitude nor direction of change in fossil coral §*¥*’Ca. The Nielsen and DePaolo
(2013) dependence would predict a decrease in coral 8***°Ca between the Mesozoic and
today — opposite from our results. It also predicts a low sensitivity of this relationship for
seawater conditions, which is insufficient to explain the ~0.8 %o difference between

Mesozoic and modern coral samples.

4.3.2 Changes in proton pumping — a dependence on external seawater pH

Corals exchange protons for Ca*” via Ca-ATPase in order to elevate their
internal ‘calcifying fluid” pH and promote calcification (Al-Horani et al., 2003; Gaetani
etal., 2011). As a result, changes in external seawater pH may drive changes in the
fraction of Ca derived from seawater relative to the amount derived from active transport.
Ca isotope fractionation associated with Ca-ATPase is estimated to be between -1.0 and -
1.7%o0 (De La Rocha and DePaolo, 2000; Gussone et al. 2006; B6hm et al. 2006). This
estimate is based on the isotope effect observed for modern coccolithophore calcite since
almost all calcium in coccolith calcite is thought to derive from active transcellular
transport (Gussone et al., 2006). If indeed there is a significant fractionation associated
with active transport, then variations in transport could drive changes in the Ca isotope
composition of the coral calcifying fluid.

A recent set of coral culture experiments with Porites australiensis, however,
suggests that a sensitivity of Ca-pumping to external pH may not be able to explain the
changes we observe in fossil coral 8**%%Ca since the Mesozoic (Inoue et al. 2015). In the

experiments, the pH of growth solutions was varied from 7.4 to 8.1 by bubbling with
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CO,. ***Ca of cultured coral skeleton precipitated in the different pH treatments shows

no relationship with culture solution pH (Inoue et al. 2015).

4.3.3 Rayleigh fractionation — a dependence on seawater [Ca]

Rayleigh distillation could fractionate Ca isotopes in a manner dependent on
seawater [Ca]. The Rayleigh fractionation hypothesis proposes that as calcification
proceeds from a seawater-like ‘calcifying fluid’, element/Ca ratios, or isotope ratios,
become progressively enriched or depleted according to their partitioning behavior into
the solid phase. For example, Mg/Ca ratios become enriched and Sr/Ca ratios become
depleted (since the Ky for Sr/Ca > 1 and the Kp for Mg/Ca << 1) (Gaetani et al. 2011).
Aragonite is isotopically depleted in the heavy isotopes of Ca relative to seawater, so the
8**%Ca of both coral aragonite and the residual fluid should become isotopically heavy
as calcification proceeds. In the Rayleigh framework, the degree of calcium drawdown
during precipitation is represented by the term f - defined as the fraction of Ca remaining
in the fluid. At an fof 1, the [Ca] of the fluid is equal to the original [Ca]. At an f'of 0, all
of the calcium present in the original fluid has been consumed. If f— on average — has
remained constant since the Mesozoic, no change in coral 3**Ca would be expected due
to Rayleigh fractionation. However, if /' varied with time, coral Ca isotope discrimination
could have varied as well.

It is currently unclear what determines the amount of Ca remaining in the
calcifying fluid (f), but it is possible that this parameter depends on the original [Ca] in
the calcifying fluid. Here, we consider the specific case wherein we assume corals

precipitate a fixed mass of Ca from their calcifying fluids regardless of external seawater
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[Ca]. We acknowledge that in reality, the extent of Ca drawdown may actually depend on
different factors, and that this scenario may not be representative. For example, it could
be that the corals precipitate CaCOj3 until a given calcifying fluid Ca concentration is
reached, or until a given saturation state is reached. The Rayleigh ‘/” has also been
hypothesized to be dependent on external seawater pH and/or alkalinity (Gagnon et al.,
2013). Such scenarios would yield different predictions for how f changes with variations
in external seawater [Ca], but we do not explore them here.

Modern Case: [Ca] = 10.6 mmol/kg Early Cenozoic Case: [Ca] = 20 mmol/kg Cretaceous Case: [Ca] = 30 mmol/kg
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Figure 6. Results of Rayleigh fractionation calculations. The solid black line corresponds
to the instantaneous product and the black dashed line corresponds to the integrated
product of §*4Ca in coral for the cases of modern, Early Cenozoic, and Cretaceous
seawater [Ca]. Modern f'is assumed to be 0.5. The kinetic isotope effect for coral is
assumed to be the same as the isotope effect for inorganic aragonite, -1.7%o (Gussone et
al., 2003; Blattler et al., 2012). The value for f for each seawater scenario is indicated
with the light gray arrows and is set by the requirement that the total mass of Ca
precipitated from each ‘batch’ of seawater during distillation remains constant. The value
for calculated coral 5*¥*°Ca in each seawater scenario is indicated by the dark grey arrow
on the y-axis.

Fig. 6 shows plots of the instantaneous and integrated products of 8***°Ca in
coral under a Rayleigh fractionation scenario for modern, Early Cenozoic, and
Cretaceous seawater [Ca] conditions. The calculations used to generate each plot assume

a Ca drawdown of 5 mmol/L such that the total mass of Ca precipitated from each ‘batch’

of seawater during distillation remains constant (as stated above) in each case. For the
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modern scenario, where [Ca] in the calcifying fluid is assumed to be equal to modern
seawater ([Ca] = 10.6 mmol/L), the total fraction of Ca remaining in the calcifying fluid,
f,1s 0.5. There have been a wide range of estimates for the value of coral fin the
literature. For example, Gagnon et al. (2007) suggest a value for deep-sea coral between
0.8 and 0.6. Cohen et al. (2009), on the other hand, suggest values much lower — close to
and f'= 0.3. We choose a value of /= 0.5 as an intermediary value that is broadly
compatible with existing estimates. The isotope effect for coral aragonite precipitation is
set to be 1.7 %o - equal to the inorganic aragonite fractionation at 15°C (Gussone et al.,
2003; Blattler et al., 2012). Fossil and modern corals likely grew at warmer temperatures
(~25°C), such that a value of 1.6 %o is more appropriate, but small changes in the choice
of isotope effect do not greatly impact our calculations. We calculate that fshifts from a
value of 0.5 for the case of modern seawater [Ca] to a value of ~0.8 for Cretaceous
seawater [Ca]. This magnitude of change in fleads to a 0.34%o depletion in the §*10Ca
integrated product between the modern and Cretaceous case. Instead, if an isotope effect
of 1.0 %o is chosen, we calculate a 0.20 %o depletion in the 8***°Ca integrated product
between the modern and Cretaceous case. These magnitudes of change cannot account
for the full, 0.8%o decrease in Ca isotope discrimination between the Mesozoic and today.
Thus, we conclude that a Rayleigh fractionation response to changes in seawater [Ca] can
contribute to the observed 8**Ca increase in fossil corals, but cannot explain the entire
change.

It is important to note that the magnitude of change between the modern and
Cretaceous case for these scenarios significantly depends on the choice of f for the

modern scenario. If fis chosen to be 0.3 or 0.2, more consistent with values of Cohen et
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al. (2009) and Gaetani et al. (2011), then we would calculate a ~0.6 %o decrease in Ca
isotope discrimination between the Cretaceous and present. While this value approaches

the ~0.8 %o decrease observed, it still cannot account for the entire change.

4.3.4 The ‘leaky calcium model’ — a dependence on seawater [Ca]

It is also possible that the calcifying fluid remains open to seawater and can be
modeled as a series of steady states with respect to Ca inputs and outputs (Fig. 7). In this
case, the isotopic composition of Ca precipitated from the calcifying fluid depends on: (1)
the exchange rate of Ca between seawater and the calcifying fluid relative to Ca
incorporation into the coral skeleton, and (2) the isotope effects associated with each
pathway. We call this model the ‘leaky calcium model’. Calcium isotope discrimination
in this framework can be likened to carbon isotope discrimination by RuBisCO in plants
— the magnitude of which is dependent on atmospheric CO, concentrations (Pagani,

2014).

(a) seawater
in

—3»(b) fluid out

calcifying fluid |

(c) aragonite
precipitation

Figure 7. Schematic showing the steady state Ca mass balance of the coral calcifying

fluid.

We assume that Ca is sourced to the calcifying fluid by direct transport of

seawater, and that contributions from Ca-ATPase are minimal (see Section 4.3.2; Figs. 1
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and 7). Ca is removed by skeletal precipitation or by advective or diffusive transport back
to seawater. As in the previous section, we also assume that the isotope effect associated
with skeletal precipitation from the calcifying fluid is equal to the fractionation factor for
inorganic aragonite, 1.7%o (Gussone et al., 2003; Blittler et al., 2012). Following
expressions for carbon isotope fractionation by RuBisCo (Pagani, 2014), we express Ca

isotope fractionation for this system as follows:

ACoral—Amg = Slransporl+ (Sppt - Stransport) xF (Eqn 2)

where €,anspore represents the isotope effect associated with transport of Ca from seawater
to the calcifying fluid, g, is the isotope effect associated with skeletal precipitation, F
represents the fraction of Ca that is transported back to seawater from the calcifying fluid,
and Acora-4rag 15 the total fractionation expressed in the coral skeleton. We assume that no
isotope effect occurs during transport of seawater into the calcifying space, such that
Eransport = 0.

If the mass of CaCOs precipitated from the calcifying fluid is constant, Acyyar-
4rag Wil increase at higher seawater [Ca] because a greater fraction of Ca will be
transported back to seawater relative to the total amount of Ca in the calcifying fluid. In
other words, F' will increase as seawater [Ca] increases. Alternatively, we can write a
steady state equation for the ‘leaky calcium’ scenario (see supplementary for full

derivation):

R44/40Cacora1 = ((X X R44/4ocaseawater)/(F Tax (1 - F))’ (Eqn 3)
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where F is the fraction of Ca that exits the calcifying fluid and is transported back to
seawater (Fig. 7, b) relative to the amount transported in (Fig. 7, a). If coral aragonite
precipitation occurs over a series of steady states ranging from F = / to F' = 0.5 (for the
modern scenario) or F' = [ to F' = (.8 (for the Cretaceous case — as assumed in Section
4.2.3), then we can integrate over Eqn. 3 to calculate a change in Ca isotope
discrimination in the bulk coral skeleton. This calculation produces results of the same
magnitude as the Rayleigh model: a ~0.25%o depletion in the integrated product between
the modern (F = 0.5) and Cretaceous case (¥ = (0.8). We conclude as above, that the
‘leaky Ca model’ can contribute to the observed **°Ca increase in fossil corals, but

cannot explain the entire change.

5. Conclusions

Fossil corals are important archives of paleoclimatic and paleoenvironmental
change, but vital effects can obscure, or lead to inaccuracies in coral-based environmental
reconstructions. Here, we present measurements of 8***°Ca in a suite of extremely well
preserved aragonitic fossil corals that, together with data from bulk pelagic carbonates,
indicate coral Ca isotope discrimination may have decreased by ~0.8%o between the
Mesozoic and today. We propose that the decrease in discrimination, going forward in
time, could result from a vital effect of calcification. Specifically, we suggest that
biomineralization dynamics respond to secular variations in seawater [Ca]. Culture
experiments that test for the dependence of coral 8***°Ca on growth solution [Ca] lend

some support for this hypothesis. However, additional experiments are necessary to
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651  confirm the sensitivity over the natural range of seawater [Ca] for the Mesozoic and

652  Cenozoic. Changes in Rayleigh fractionation, or a ‘leaky Ca model’ may be able to

653  explain part, but not all, of the apparent change. Our results provide geochemical

654  constraints on models of coral biomineralization, and emphasize the importance of

655  understanding the mechanisms driving vital effects in biogenic carbonates that are used to

656  reconstruct ancient environmental properties.
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Table Captions

Table 1. Results of Ca isotope analyses in Recent and fossil corals. Uncertainties are
reported as 26 S.D. where the number of replicate analyses (n) is = 2, and 26 S.E. where
n>2. Ages are based on *’Sr/**Sr isotope compositions or best estimates of the age of the
geologic formation from which samples are collected as detailed in Gothmann et al.

(2015).

Table 2. Results of Ca isotope analyses on bulk carbonates from deep sea sediments.

Ages are based on biostratigraphic markers at the depth from which the sample was
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834  collected (Barker et al. 1983; Kroenke et al. 1991). Uncertainties are reported as 2c S.D.
835  where the number of replicate analyses (n) is = 2, and 20 S.E. where n > 2.

836

837  Table 3. Results of Ca isotope analyses in cultured Pocillopora damicornis. Each sample
838  represents the average offset between pairs of seawater solution, and the coral that was
839  grown in that solution. Uncertainties are reported as 26 S.D. where the number of

840  replicate analyses (n) is =2, and 26 S.E. where n > 2.

841

842

843  Figure Captions

844  Figure 1. Sketch of key skeletal compartments and reservoirs that play a role in coral
845 calcification, modified from Bohm et al. (2006). Seawater transport to the site of

846 calcification can occur via direct exchange, or can occur transcellularly by active

847  transport with Ca-ATPase. The label ‘c’ denotes arrows marking calcification.

848

849  Figure 2. Records of inferred seawater, fossil coral, and bulk pelagic carbonate Ca

850 isotopes. (a) Records of inferred seawater §***°Ca vs. time including our record from
851  fossil corals. Evaporite data are from Bléttler and Higgins, (2014); brachiopods,

852  belemnites and rudists are from Farkas et al. (2007) and Steuber and Buhl (2006);

853  phosphate data are from Soudry et al. (2004), Soudry et al. (2006) and Schmitt et al.
854  (2003); barite data are from Griffith et al. (2008); foraminifera data are from Sime et al.
855  (2007) and Heuser et al. (2005). (b) Same as in (a), but enlarged to show only the last 40

856  Myr. Uncertainties in fossil coral 5*/*°Ca are listed in Table 1. Before the Late Eocene,
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fossil corals disagree with other archives, with the exception of authigenic phosphates.
The left-hand axis gives inferred seawater §*1%Ca compositions. The right-hand axis
gives measured coral §*¥*°Ca vs. modern seawater. (c) Records of bulk carbonates from
this study (ODP Site 807 and DSDP Site 516), Fantle and DePaolo (2005), and Fantle

and DePaolo (2007). All records are normalized to modern bulk carbonate samples.

Figure 3. Models of the evolution of seawater and bulk carbonate 5**°Ca in response to
perturbations in the isotopic composition of Ca inputs and the isotopic fractionation
associated with the carbonate output. (a) Response of seawater §**Catoa 0.15 %o step
increase in the 5**°Ca of rivers (the main Ca input to seawater) going forward in time,
and (b) the response of bulk carbonate §***°Ca for the same perturbation. (c) Response of
seawater 5***Ca to a 1 %o change in € — the isotopic fractionation associated with the
carbonate output, and (d) the response of bulk carbonate §***°Ca for the same
perturbation. Note the transient response in the §*¥%Ca of the bulk carbonate output,

which recovers to initial values as per the residence time of Ca (~1 My).

Figure 4. Fossil and cultured coral Ca isotope discrimination against seawater [Ca].
Black filled circles correspond to fossil coral samples. Estimates for seawater [Ca]
corresponding to each fossil coral sample are derived from reconstructions from fluid
inclusions in halite (Lowenstein et al. 2003; see supplementary materials for more detail).
White circles correspond to corals grown in culture experiments, which were performed
across a range of culture solution [Ca] concentrations. An enlargement of the culture

coral data (region corresponding to the grey box) is shown in Fig. 5.
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Figure 5. Enlargement of grey box from Fig. 4 showing the apparent fractionation
between growth solution and coral skeleton for experiments at modern and elevated
seawater [Ca]. Saturation state in the experiments also varied. Saturation states for

individual experiments are listed in Table 3.

Figure 6. Results of Rayleigh fractionation calculations. The solid black line corresponds
to the instantaneous product and the black dashed line corresponds to the integrated
product of 8*Ca in coral for the cases of modern, Early Cenozoic, and Cretaceous
seawater [Ca]. Modern f'is assumed to be 0.5. The equilibrium isotope effect for coral is
assumed to be the same as the isotope effect for inorganic aragonite, -1.7%o (Gussone et
al., 2005; Blattler et al., 2012). The value for f for each seawater scenario is indicated
with the light gray arrows and is set by the requirement that the total mass of Ca
precipitated from each ‘batch’ of seawater during distillation remains constant. The value
for calculated coral 5**Ca in each seawater scenario is indicated by the dark grey arrow

on the y-axis.

Figure 7. Schematic showing the steady state Ca mass balance of the coral calcifying

fluid.
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