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Abstract

The reconstruction of seawater calcium concentration ([Ca2+]SW) in the geologic past is crucial to our understanding of
biogeochemical processes and elemental cycling as linked to long-term climate change. Published [Ca2+]SW estimates for
the Cenozoic differ from each other in both the direction and magnitude of the change, and are associated with large uncer-
tainties. Here we demonstrate the potential of Na/Ca in planktic foraminifera as a new proxy for reconstructing Cenozoic
variations in seawater Na/Ca. Because of the long oceanic residence time of Na+ (�50 Myr), variations in foraminiferal
Na/Ca should in principle reflect changes in [Ca2+]SW. Our culture experiments on live planktic species validate the approach,
showing that foraminiferal Na/Ca responds to changes in [Ca2+]SW when [Na+]SW is kept constant, consistent with previous
experiments on a shallow water benthic foraminifer and on inorganic calcite. The culture study suggests that planktic Na/Ca
is affected, to a small extent, by calcite saturation state (Xcalcite) but not resolvably affected by temperature or salinity. A core
tops transect of the planktic foraminifer Trilobatus sacculifer shows similar decreasing trends in Na/Ca and Sr/Ca with water
depth that can be associated with dissolution of the tests. The strong covariance with Sr supports the hypothesis that a dom-
inant fraction of the Na resides in lattice positions within the calcite test.

Down core planktic foraminiferal records from the Atlantic and Pacific Oceans consistently show 13–28% lower Na/Ca
during the mid-Miocene than during the late Pleistocene. After considering the effects of temperature, salinity and diagenesis,
we conclude that the observed down core decrease in Na/Ca primarily reflects changes in seawater calcium concentration.
Using the calibrations generated from our culture experiments and core top data we reconstructed [Ca2+]SW, suggesting
[Ca2+]SW in the mid-Miocene was 46 ± 22% higher than at present, and decreased toward present with a pattern resembling
the Neogene climate evolution represented by the benthic d18O record. The new reconstruction of [Ca2+]SW for the past 16
Myr narrows the range suggested by other [Ca2+]SW proxies, and potentially offers a new way to generate continuous records
of seawater calcium concentration at sub-million years resolution.
� 2021 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Reconstructions of seawater calcium concentration
([Ca2+]SW) are key to better understanding long-term cli-
mate change because of their links to chemical weathering
of silicate rocks on land and the precipitation and dissolu-
tion of carbonate minerals in the ocean, two processes that
regulate long-term changes in atmospheric CO2 (Berner and
Kothavala, 2001). Because Ca has the shortest oceanic res-
idence time (~1 Myr) of the major ions in seawater, varia-
tions in [Ca2+]SW could have evolved with late Neogene
climate and the global carbon system, including ocean alka-
linity and atmospheric CO2 (Urey, 1952). Discrete estimates
from fluid inclusions in halites formed from brine solutions
have provided the most widely cited reconstructions of
[Ca2+]SW (e.g., Horita et al., 2002; Lowenstein et al.,
2003; Brennan et al., 2013) (Fig. 1). This method is, how-
ever, limited by the low temporal sample coverage of evap-
orite sequences (e.g., only a few in the Neogene) and the
fact that the calcium concentration was estimated indirectly
from K+ and SO4

2- concentrations, because most Ca is
removed in the form of CaCO3 and CaSO4 from Cenozoic
halite-hosted fluid inclusions (Horita et al., 2002; Brennan
et al., 2013). Subsequent reconstructions of [Ca2+]SW are
based on modeling of Ca-isotope records in nannofossil
ooze, planktic foraminifera, and marine barite (Heuser
et al., 2005; Griffith et al., 2008a; Fantle, 2010). Within
errors, these reconstructions either showed a local high
at ~ 10–11 Ma or decreased gradually with cyclic changes
over the late Neogene, with individual proxies differing
from each other by as much as 10 mmol/kg in the mid-
to late-Miocene (Fig. 1). The difference between these
records may reflect multiple controls on the calcium iso-
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Fig. 1. Existing Ca proxies based on fluid inclusions and Ca isotopes (Horit
Brennan et al., 2013). The thick line represents the average value of the th
standard error of the mean and the standard deviation of the mean values
discrete fluid inclusion records with errors, and the square denotes moder
figure legend, the reader is referred to the web version of this article.)
topic composition of seawater, such as temporal variations
in the magnitude and the Ca isotope of continental weath-
ering, dolomitization, isotope fractionation between seawa-
ter and carbonate, decoupled Ca and carbonate influxes to
the ocean, and shifts in depositional mode of CaCO3 in the
ocean (Heuser et al., 2005; Griffith et al., 2008a; Fantle,
2010). Thus, a more direct proxy of seawater calcium con-
centration with a higher temporal resolution is needed. This
will allow more accurate corrections on other proxy records
that is affected by [Ca2+]SW. For instance, high-resolution
[Ca2+]SW record, combined with [Mg2+]SW record, can be
used to estimate the effect of seawater Mg/Ca on the
Mg/Ca thermometer. Reconstructing the concentrations
of calcium and other major ions also provides an important
constraint allowing, together with other data, progression
towards a robust reconstruction of the atmospheric CO2

concentration (and therefore Earth’s climate) over geologi-
cal time.

In contrast to Ca, sodium (Na+) has a much longer
oceanic residence time (sNa is ~ 50–100 Myr; Broecker
and Peng, 1982; Sarmiento and Gruber, 2006), such that
its concentration has likely not changed significantly
throughout the Cenozoic. Based on fluid inclusion data
and charge balance, Zeebe and Tyrrell (2019) suggests that
[Na+]SW was constant within 2% during the past ~ 60 mil-
lion years. A novel opportunity for reconstructing [Ca2+]SW
comes from a recent culturing study, which demonstrates
that the Na/Ca ratio in the shallow water benthic foramini-
fer Operculina ammonoides changes when solution [Ca2+]
varies at constant [Na+] (Hauzer et al., 2018). Thus, on
million-year time scales, variations in foraminiferal Na/Ca
should, in principle, reflect changes in [Ca2+]SW, potentially
offering an independent approach for studying the oceanic
Modern
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Ca budget from the same samples as used for reconstruct-
ing other seawater properties (e.g., temperature and pH).

Here we combine culture experiments of three species of
planktic foraminifera grown under variable solution [Ca2+]
with core top and down core studies to test the potential of
using planktic foraminiferal Na/Ca as a proxy for seawater
Ca2+ concentration. We use the culture results to demon-
strate the response of planktic Na/Ca to changes in solution
[Ca2+], and investigate the possible influence of other envi-
ronmental variables on Na/Ca (e.g., temperature, salinity,
and carbonate saturation state). Core top and down core
Na/Ca records from Trilobatus sacculifer, a planktic species
that evolved in the mid-Miocene, are used to assess the
proxy’s potential for reconstructing seawater [Ca2+] over
the last 16 Myr. To better understand the controls on the
incorporation and preservation of Na/Ca in the planktic
tests and its reliability as a proxy for seawater [Ca2+], we
compare our Na/Ca data with Sr/Ca ratios measured on
the same samples, which allows us to evaluate the impor-
tance of diagenetic vs. primary effects.

2. MATERIALS AND METHODS

2.1. Culture experiments with planktic foraminifera

The first order response of foraminiferal Na/Ca to
changes in [Ca2+]SW was investigated via culture experi-
ments with three planktic foraminifera species – Globigeri-

noides ruber (pink), T. sacculifer, and Orbulina universa.
The culture experiments were initially designed to investi-
gate the response of trace element content in foraminifera
to changes in solution chemistry, including major ions
[Mg2+] and [Ca2+], total boron concentration ([B]T) and
carbonate chemistry such as DIC and pH. The experiment
results on foraminiferal B/Ca were published in Haynes
et al. (2017, 2019) and the culturing procedures and exper-
imental setup were discussed in detail in these papers. Here
we only discuss procedures that are relevant to solution
[Ca2+] and foraminiferal Na/Ca.

Culture experiments with variable solution [Ca2+] were
carried out at the Wrigley Institute for Environmental
Studies on Santa Catalina Island in the summer of 2013
and at the Isla Magueyes Marine Science Laboratory in
Puerto Rico in the spring of 2010 and 2015. For all three
species, solution [Ca2+] was increased from ~ 10 (modern
seawater concentration) to 20 mmol/kg by adding CaCl2∙6-
H2O to natural filtered seawater, while keeping all other ion
concentrations the same as modern seawater. For O. uni-

versa, an additional experiment was conducted at
15 mmol/kg [Ca2+]. We also discuss here the results from
experiments where [Ca2+] was varied in tandem with
[Mg2+], pH, and DIC concentrations in all three species.
In these experiments, solutions were prepared by mixing
natural and artificial seawater at a 1:1 ratio to reach target
values of 20 mmol/kg [Ca2+] and 30 mmol/kg [Mg2+].
Salinity in these experiments was held constant at 33.1–
33.4 in experiments on Santa Catalina Island and at 35.7–
36.0 in Puerto Rico experiments. The addition of CaCl2
salts in the high [Ca2+] experiments caused a slight increase
in salinity of < 1.
The solution DIC was varied via addition of NaHCO3

to reach target values of 1500–3000 lmol/kg for G. ruber

and T. sacculifer and 1000–4000 lmol/kg for O. universa.
Target pH values were altered via subsequent addition with
NaOH or HCl. For DIC experiments, pH was held con-
stant at ~ 7.9; for pH experiments, pH ranged from 7.5-
8.2 on the total scale. Consequently, alkalinity varied in
both our pH and DIC experiments. The small variation
in solution [Na+] imposed by addition of NaOH was
insignificant relative to the large amount of Na+ in the
sea water medium.

Elemental compositions of seawater solutions were
determined via simultaneous ICP-Optical Emission Spec-
trometer at the Australian National University (Varian
Vista Pro Axial). Initial and final seawater Na/Ca values
were averaged to determine experimental values for Puerto
Rico experiments. The relative standard deviation on all
seawater [Na+] measurements across the experiments was
only 1.3%. [Na+] data were not measured from Santa Cat-
alina Island experiments, but [Ca2+] was measured. Solu-
tion Na/Ca for these experiments is estimated based on
Na/Ca measurements made on Puerto Rico seawaters,
assuming a constant Na/Ca ratio of seawater and correct-
ing for differences in salinity. Because [Ca2+] and [Mg2+]
were the only variable ion concentrations in these experi-
ments, and Na+ and Ca2+ both behave conservatively in
natural seawater (Broecker and Peng, 1982), we are confi-
dent in these estimates. Details of the solution Na/Ca and
foraminiferal Na/Ca measurements are given in the Supple-
mentary Table (Table S2). We also compiled some impor-
tant data about the culture solution chemistry other than
solution Na/Ca from the published literature (Haynes
et al., 2017, 2019).

Before being placed into their respective experimental
seawater jars, the initial size of each individual foraminifer
was measured. After the foraminifera completed gametoge-
nesis, tests were rinsed with Milli-Q water, their largest
diameter was measured, and tests were archived for later
analysis. The juvenile trochospiral of O. universa shells is
negligible relative to the much larger and heavier adult
spherical chamber and entire shells were therefore analyzed
for this species. In contrast, the chambers of G. ruber and T.

sacculifer secreted in laboratory culture were amputated
from the juvenile chambers grown in the ocean prior to col-
lection, and their sizes were determined by comparing final
and collection shell diameters.

Species-specific chambers from each experiment were
pooled and cleaned according to the methods of Russell
et al. (2004) and Allen et al. (2012). Briefly, samples were
oxidized twice with a solution composed of equal parts
0.1 N NaOH and 30% H2O2 at 70-80 �C to remove
organic matter. Samples were rinsed 3x with MilliQ-
H2O, transferred to acid-cleaned vials, weak acid leached
for 30 s, and rinsed 3x more with MilliQ-H2O. Reductive
cleaning was omitted because unlike sedimentary mate-
rial, the only contaminant on these samples is remnant
organic matter. Samples were then dissolved in 100 mL
0.065 N HNO3, diluted to 350–400 mL with 0.5 N
HNO3 and analyzed for trace element ratios as described
in Section 2.4.
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2.2. Core top and down core studies

Na/Ca and Sr/Ca ratios were measured in T. sacculifer

in 35 core top samples (300–355 mm size) from depth tran-
sects on the Ontong Java Plateau (OJP) and in the South
China Sea (SCS), and in 164 down core samples from the
Pacific (ODP 806, 807, 804, 1237, and IODP U1337),
Atlantic (DSDP 608, ODP 667, 925, 926 and 1264,) and
Indian (ODP 758) Ocean (Fig. S1). The core top samples
span water depths of 1618–3710 meters from the OJP and
of 329–2841 meters from the SCS; all samples are from
the top 11 cm of the sediments. The down core samples
span water depths of 2505–4463 meters in the modern
ocean, and cover a temporal range of 0–16 Ma. Age models
for all sites are from Si and Rosenthal (2019) except for
Sites U1337 and 926, which are based on the biostrati-
graphic, paleomagnetic, and benthic foraminiferal isotope
records (Shipboard Scientific Party, 1995; Expedition
320/321 Scientists, 2010; Wilkens et al., 2017).

Hydrographic data for OJP and all the down core sam-
ples were derived from world ocean databases GLODAP
v1.1 and v2 (Key et al., 2004; Olsen et al., 2016). Consider-
ing the low resolution of available hydrographic data in
GLODAP dataset near each site, we compiled hydro-
graphic data ± 1–5 degrees of latitude and longitude nearby
each site from GLODAP v2, and anthropogenic CO2 data
from nearby sites from GLODAP v1.1, which was sub-
tracted from DIC in an attempt to account for anthro-
pogenic influences. Hydrographic data for SCS samples
are from the SEATS time-series in the northern SCS
(Chou et al., 2007). The carbonate saturation (Xcalcite)
was calculated by CO2SYS_v2.3.xls (Pelletier et al., 2007)
using dissociation constants of carbonic acid from Hansson
and Mehrbach refit by Dickson and Millero (1987), that of
HSO4

- , HF, and total [B] from Dickson (1990), Perez and
Fraga (1987), and Lee et al. (2010), respectively. Thereafter,
LOWESS analysis with a smoothing factor between 0.1–0.2
was performed in MATLAB to generate water column pro-
files for Xcalcite, which were subsequently used to estimate
in situ values for our samples by linear interpolation
(Table S1).

2.3. Cleaning methods

The core top and down core sediments were disaggre-
gated over the course of ~ 8 hours by shaking in deionized
water, and then washed through a 63 lm mesh to remove
silt and clay. Trilobatus sacculifer specimens were hand-
picked under a microscope from the > 250 mm fraction;
when available, relatively large specimens were preferen-
tially picked. Samples from the South China Sea were
picked from the 300–355 mm fraction. Each sample was
composed of 10–20 individual tests, which were weighed
except for samples from the Ontong Java Plateau, from
which a separate set of specimens from the 300–355 mm
fraction were handpicked and weighed. After weighing,
samples were crushed and cleaned for trace metal analysis
following the full reductive-oxidative protocol of Boyle
and Keigwin (1985) modified by Rosenthal et al. (1997).
Organic matter was oxidized following these methods using
a 30 mL mixed solution containing 100 lL of 30% H2O2

and an alkaline buffer. In some of the samples that were
previously analyzed specifically for Mg/Ca studies, the oxi-
dizing solution was buffered with 0.1 N NaOH, followed by
3x Milli-Q water rinses to eliminate any trace of NaOH.
Later, once we started to develop the Na/Ca proxy, we
replaced NaOH with 5% NH4OH for oxidizing solution,
intended to reduce the risk of potential contamination from
NaOH. This new cleaning method is also followed by 3x
Milli-Q water rinses.

To verify that samples treated with the NaOH buffer
were not contaminated, we compared Na/Ca ratios of sev-
eral species of planktic foraminifera from a box core col-
lected on the Ontong Java Plateau. The samples were
either cleaned with the traditional 0.1 M NaOH-buffer
method or with the 5% NH4OH buffer. Our test shows the
Na/Ca ratios obtained by the two methods are consistent
within ~ 5% without any systematic offset (Fig. S2), suggest-
ing that the Milli-Q water rinses efficiently removed the buf-
fer. For each cleaning method, the reproducibility obtained
from measurements on splits of the same sample is typically
better than 2%. Thus, we conclude that data generated by
the two methods applied here are not affected by the clean-
ing process. The comparison of other trace element data
such as Mg/Ca and B/Ca suggests that the NH4OH buffer
is as effective as the NaOH buffer in terms of removing
organic matter. Therefore, for future work on Na/Ca we
recommend the use of NH4OH as a buffer solution.

2.4. Analytical methods

Following cleaning, samples were dissolved in 100 lL
0.065 N HNO3 and centrifuged for 10 minutes at
10,000 rpm to concentrate any undissolved solids to the
bottom of the vials. Roughly 95 lL of the supernatant
was diluted to 350–400 lL with 0.5 N HNO3 and analyzed
for trace elements using an Element-XR sector-field ICP-
MS following the method developed by Rosenthal et al.
(1999). Repeat analyses of standard solutions with the same
elemental ratios (El/Ca) but different Ca2+ concentrations
([Ca2+] = 1.5 mM to 8 mM) were used to quantify and cor-
rect for matrix effects. Repeat analyses of standard solu-
tions with different Na/Ca ratios (Na/Ca = 6 to
16 mmol/mol) were used to assess long-term reproducibil-
ity. The long-term accuracy is less than 4% for Na/Ca rang-
ing between 6 and 16 mmol/mol and the precision is ~ 1%
RSD for Na/Ca = 1.45 mmol/mol.

3. RESULTS

3.1. Culture experiments with planktic foraminifera

Elemental analysis of chambers secreted under experi-
mental conditions shows a decrease in the (Na/Ca)test of
all three species with increasing [Ca2+]SW (decreasing (Na/
Ca)SW) in the culturing media (Tables S2 and S5,
Fig. 2A). We observe that the (Na/Ca)test in the tests of
G. ruber is significantly higher than in T. sacculifer and O.

universa, which show similar ratios. However, all three
species exhibit a similar sensitivity (i.e., slope) of Na/Ca



Fig. 2. Planktic Na/Ca and Sr/Ca records from the culture experiments. In A and B, Na/Ca and Sr/Ca in G. ruber ( squares, this study and data
from the ambient experiment in Allen et al. (2016)), T. sacculifer (circles, this study and data from the ambient experiments in Allen et al.
(2016)), and O. universa (diamonds, this study) are plotted with Na/Ca and Sr/Ca of the culture solutions, respectively. Open symbols
represent data from Allen et al. (2016). Linear regression for each species suggest positive correlations between Na/Ca and Sr/Ca in
foraminifera versus in the solution. In C and D, foraminiferal Na/Ca and Sr/Ca in G. ruber and T. sacculifer from Allen et al. (2016) are
normalized to their average values and plotted with Ocalcite that is also normalized to its average value for each species. Data from the two
species are combined to yield linear regression for Na/Ca and Sr/Ca versus the normalized Ocalcite, respectively, suggesting a positive
correlation between Na/Ca and Ocalcite but an insignificant correlation between Sr/Ca and Ocalcite. For details in statistical analysis, please
refer to Table S5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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versus [Ca2+] in the culture solutions, though with different
non-zero intercepts. Sr/Ca in the three planktic species also
shows a decreasing trend with increasing [Ca2+]SW (i.e.,
decreasing (Sr/Ca)SW; Table S5). Unlike Na/Ca, Sr/Ca
exhibits nonsignificant interspecies differences and all the
specific regressions nearly go through the origin (Fig. 2B).

Carbonate system variables were also modified in the
high [Ca2+]/low [Mg2+] ([Ca2+] = 18.4 ± 0.3 mmol/kg,
(Mg/Ca)SW = 1.5 mol/mol) experiments. To isolate the
influence of changes in the carbonate system, we use data
from Allen et al. (2016) to estimate the sensitivity of (Na/
Ca)test and (Sr/Ca)test to changes in calcite saturation of
the growing medium (Xcalcite) under modern [Ca2+]SW
(Table S5, Fig. 2C-D).

3.2. Core top and down core records of planktic foraminifera

Core tops Na/Ca and Sr/Ca in T. sacculifer both
decrease with increasing water depth, but to a different
degree (Table S3). Na/Ca decreases at a rate of 0.40 mmol/-
mol per kilometer from 329 to 2841 meters in the South
China Sea and 0.26 mmol/mol per kilometer from 1618
to 3710 meters on the Ontong Java Plateau (Fig. 3). In
the same samples as for Na/Ca, Sr/Ca decreases at a rate
of 0.033 and 0.024 mmol/mol per kilometer in the South
China Sea and on the Ontong Java Plateau, respectively.
The average test weight of the analyzed T. sacculifer speci-
mens decreases with water depth at a rate of 3.5 mg/km in
both transects.

The down core Na/Ca and Sr/Ca records from multiple
sites display coherent long-term trends, increasing from 16
to 12–14 Ma, reaching a local high, then decreasing
to ~ 8 Ma, and monotonically increasing toward the present
(Fig. 4A-B; Table S4). For Na/Ca, the records from the
Atlantic Ocean are slightly higher than those from the Paci-
fic Ocean, whereas an inter-basin difference is less promi-
nent for Sr/Ca, especially between 7 Ma and present
(Fig. 4A-B).



Fig. 3. Na/Ca and Sr/Ca records and the average test weight of core top T. sacculifer.Water depth profiles are plotted for Na/Ca (A), Sr/Ca (B)
and the average test weight (C) of T. sacculifer from core top sediments from the Ontong Java Plateau (open circles) and the South China Sea
(filled circles). The decrease of test weight with water depth (C) indicates a dissolution trend that is significant below 2000 m. Similarly, with
increased water depth and weight loss the Na/Ca (A) and Sr/Ca (B) decrease significantly (see main text). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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4. DISCUSSION

In order to interpret our foraminiferal Na/Ca records in
terms of changes in seawater [Ca2+], we first discuss the
incorporation of Na into foraminiferal test, then use the
culture data to calibrate the sensitivity of foraminiferal
Na/Ca to changes in seawater [Ca2+] (i.e., the slope of that
relationship). We then assess the possibility that diagenetic
processes, such as dissolution and recrystallization, might
have compromised the reliability of foraminiferal Na/Ca
as a proxy for past seawater [Ca2+]. Combining all the
information, we evaluate the down core data obtained from
T. sacculifer. We also compare Na/Ca with Sr/Ca data to
better constrain the geochemical controls on planktic fora-
miniferal Na/Ca.

4.1. Incorporation of Na into calcite

Early inorganic precipitation experiments focused on the
co-precipitation of Na in CaCO3 as a potential proxy for
paleo-salinity. Among those were Ishikawa and Ichikuni
(1984), who concluded that Na+ inhabits interstitial lattice
positions in the inorganic calcite based on their argument
that Na/Ca ratios in precipitated calcite were independent
of calcium concentration. However, pH was also varied in
their experiments, which may have compromised the
response of Na/Ca in synthetic calcite to the changes in
solution [Ca2+] (Ishikawa and Ichikuni, 1984). White
(1978) and Okumura and Kitano (1986) observed an
increase in Na+ content in synthetic calcite with increasing
Mg2+ content, arguing that the substitution of Mg2+ for
Ca2+ creates significant distortion favoring the incorpora-
tion of Na+ (Busenberg and Plummer, 1985). The influence
of Mg2+ on Na+ incorporation is substantiated by culture
studies that also display a strong co-variation between the
distribution coefficients of Na/Ca and Mg/Ca in high-Mg
calcite foraminiferal tests of Operculina ammonoides

(Evans et al., 2015; Hauzer et al., 2018). A possible mecha-
nism for this observation is proposed by the mineralogical
studies of Yoshimura et al. (2017) who suggested substitu-
tion of Na+ for Ca2+ sites in the lattice structures, involving
charge compensation through the creation of CO3

2– vacan-
cies. The strong covariance between Na and Sr observed
in our core top and down core data (Figs. 3 and 4) supports
this hypothesis suggesting that, similar to Sr2+, a large por-
tion of the Na+ content in fossil tests of T. sacculifer is also
in the calcite lattice. We note that the relative changes in
Na/Ca and Sr/Ca in response to the changes in [Ca2+] of
the solutions are similar in all three species (Fig. 2A-B).
A likely explanation is that like Sr2+, the changes in Na+

are also due to substitution with Ca2+ in the lattice. How-
ever, differences in the absolute Na/Ca values among the
species and the enriched Na/Ca relative to Sr/Ca in the high
[Ca2+]SW culture experiments raise the possibility of an
additional, Na-enriched phase in pristine foraminifera, such
as those collected in laboratory culture (Figs. 2A and S4).

Minor amounts of Na+ may also occur in organic mat-
ter or in seawater inclusions in foraminiferal tests
(Yoshimura et al., 2017). In fact, Na-, and Mg-rich bands
have been observed in the tests of several cultured planktic
foraminifera species, where they are associated with organic
layers such as the primary organic sheet (POS) and alter-
nate with low-Na bands (Branson et al., 2016; Bonnin
et al., 2019). Na/Ca profiles of foraminiferal test walls of
cultured O. universa show that Na/Ca in the POS is ~ 25–
30% higher than background values (Branson et al., 2016;
Bonnin et al., 2019). The thickness of the POS is estimated
to be less than 1 mm (Branson et al., 2016), and the thick-
ness of foraminiferal test walls roughly ranges between
10–30 mm according to the image scales of foraminiferal test
walls (Bonnin et al. 2019). As a result, the high Na/Ca val-
ues at the POS in this species can only raise the bulk Na/Ca
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Fig. 4. Down core foraminiferal Na/Ca and Sr/Ca records. In A and B, the colored symbols represent Na/Ca and Sr/Ca records in T. sacculifer

from multiple sites in the Atlantic, Pacific and Indian Oceans, respectively. In C the black open circles represent benthic Sr/Ca records of
multiple species normalized to P. wuellerstorfi from Lear et al. (2003). The planktic Na/Ca and Sr/Ca records display similar trends over the
last 16 Myr, suggesting a common cause such as the long term decrease in seawater [Ca2+] toward present. The similar trends of the planktic
and benthic Sr/Ca records and the constant offset between the two records imply that the planktic Sr/Ca records are not impaired significantly
by post-depositional alterations, although planktic foraminifera are more susceptible to diagenesis than benthics.
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value by 1–3%. The other Na/Ca bands are less enriched in
Na than the POS (Bonnin et al., 2019), thus they are less
likely to cause great changes in the bulk test Na/Ca values.

Recently, Mezger et al. (2018) reported that Na/Ca
ratios measured in foraminifera collected by plankton tows
in the Red Sea are notably higher than those observed in
core top samples thereby questioning the downcore applica-
bility of an earlier study, based on plankton tow material,
reporting a strong Na/Ca-salinity relationship (Mezger
et al., 2016). The discrepancy has been attributed to the
possible contribution of spines in the tow samples, which
are made of calcite enriched in Na, but are quickly lost
by dissolution once the tests settle on the seafloor. Unlike
plankton tow samples that collect mostly live foraminifera,
our cultured specimens underwent gametogenesis and shed
their spines in the process. Even if some parts of them were
left on the tests, it is unlikely to be the prime cause for sub-
stantial enrichments in Na/Ca in our culture samples. While
further work should explore the nature of Na enrichments
in foraminiferal tests, current studies provide evidence that
the Na in secondary phases is preferentially lost during the
early stages of diagenesis, and therefore is unlikely to
impact the downcore record presented here.

4.2. Culture calibrations

In our culture experiments, the response of planktic for-
aminiferal Na/Ca and Sr/Ca to changes in seawater [Ca2+]
is generally consistent with recent culture experiments on
the high-Mg calcitic benthic foraminifer O. ammonoides

(Hauzer et al., 2018), although the sensitivities of the low-
Mg planktic species are lower. In order to accurately
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quantify the sensitivities to changes in seawater [Ca2+],
however, we first need to assess and correct for other sec-
ondary influences, which may be related to changes in salin-
ity and carbonate system parameters.

In this study, temperature is not varied intentionally in
the culture experiments. Previous culture experiments with
limited data (n = 3) suggest a slightly decreasing trend in
G. ruber Na/Ca with temperature but an insignificant
change in T. sacculifer Na/Ca (Allen et al., 2016). Further
studies are needed to evaluate the temperature effect on
planktic Na/Ca before any robust conclusion can be
reached.

The addition of CaCl2 salts in the high [Ca2+] experi-
ments caused a slight increase in salinity of < 1 relative to
ambient conditions. It has been previously proposed that
foraminiferal Na/Ca increases with salinity (Wit et al.,
2013; Mezger et al., 2016), but recent studies have ques-
tioned the applicability of these observations to downcore
records (e.g., Allen et al., 2016; Hauzer et al., 2018;
Mezger et al., 2018). The sensitivity of foraminiferal
Na/Ca to salinity changes is a matter of ongoing debate
beyond the scope of this paper, and can be found elsewhere
(Allen et al., 2016; Mezger et al., 2016; Bertlich et al., 2018;
Mezger et al., 2018). However, even if we apply the highest
sensitivity to our culture results, an increase of 1 salinity
unit would only lead to an increase in Na/Ca of ~ 0.1 mmol/-
mol, which is much smaller than our observed influence of
seawater [Ca2+] and should at most have a negligible influ-
ence on the culture calibrations.

In experiments that contain 20 mmol/kg [Ca2+], the car-
bonate chemistry was also modified, thus complicating the
responses of trace elements contents in foraminifera to
[Ca2+]. Previous culture experiments examined the depen-
dence of Na/Ca and Sr/Ca on changes in solution [CO3

2–]
with modern [Ca2+] and [Mg2+] (Allen et al., 2016). Here
we formulate the relationship as a function of the calcite
saturation (Ocalcite) to account for the fact that both
[Ca2+] and [CO3

2–] are changing in our experiments and over
geologic times. This is important to test because calcite sat-
uration controls crystal growth rate, which in turn can
influence the incorporation of trace elements into the inor-
ganic precipitates (Watson, 1996). Using data from the pH
experiments on G. ruber and T. sacculifer of Allen et al.
(2016), we quantify the influence of Ocalcite on (Na/Ca)test
and (Sr/Ca)test at modern seawater [Ca2+]. Because the
ranges of Ocalcite, (Na/Ca)test and (Sr/Ca)test for the two
foraminiferal species may show inter-species difference, we
calculate the average values for Ocalcite, (Na/Ca)test, and
(Sr/Ca)test in each species, and normalize the data by
subtracting the corresponding average values. Given the
similarity of the pH effects on G. ruber and T. sacculifer,
we then combine the normalized data from the two species.
The normalized data suggest (Na/Ca)test increases by
0.067 ± 0.011 mmol/mol per unit change in Ocalcite

(R2 = 0.80, p = 0.0002; Table S5, Fig. 2C), but the correla-
tion for (Sr/Ca)test is much weaker (slope = 0.007 ± 0.003,
R2 = 0.26, p = 0.0175; Table S5, Fig. 2D). We use these
relationships to correct foraminiferal Na/Ca from our cul-
ture experiments for the variability in carbonate system
parameters. Foraminiferal Na/Ca data are normalized to
Ocalcite equaling 6, which is close to the modern sea surface
value. Applying these corrections to the Na/Ca data yields
the Na/Ca sensitivity to changes in dissolved [Ca2+]SW for
each species:

G. ruber (Na/Ca)test = 3.96 ± 0.45 + 0.072 ± 0.010�(Na/
Ca)SW (R2 = 0.82)
T. sacculifer (Na/Ca)test = 2.68 ± 0.30 + 0.075 ± 0.010�
(Na/Ca)SW (R2 = 0.79)
O. universa (Na/Ca)test = 2.47 ± 0.14 + 0.072 ± 0.004�
(Na/Ca)SW (R2 = 0.91)

where (Na/Ca)SW ratios are in mol/mol (Fig. 5A). The
calibration for T. sacculifer, the species we are using
for the down core reconstruction, is not significantly dif-
ferent from the pooled sensitivity for the three species:

D(Na/Ca)test = 0.073 ± 0.002�D(Na/Ca)SW; (R2 = 0.84)

Given a non-zero intercept, Hauzer et al. (2018) sug-
gested using a distribution function between Na/Ca in the
test and that in the solution defined by a power function
y = a�xH, where y is Na/Ca in the test, x is Na/Ca in the
solution, and a and H are constants obtained from the
power curve fit to the experimental data. This equation fol-
lows the formulation previously suggested to account for
the effect of changes in seawater Mg/Ca on foraminiferal
Mg/Ca (Segev and Erez, 2006; Hasiuk and Lohmann,
2010; Evans and Müller, 2012). For comparison with the
linear functions, we calculate the following power functions
for the three species with 1 SD uncertainty based on the
corrected data:

G. ruber (Na/Ca)test = 1.74 ± 0.42�(Na/Ca)SW
0.373±0.069

(R2 = 0.83)
T. sacculifer (Na/Ca)test = 0.98 ± 0.20�(Na/Ca)SW

0.478±0.060

(R2 = 0.79)
O. universa (Na/Ca)test = 0.89 ± 0.08�(Na/Ca)SW

0.490±0.027

(R2 = 0.92)

In contrast with Na/Ca that has non-zero intercepts, the
regressions for Sr/Ca go through the origin within uncer-
tainty, implying that the distribution coefficients of Sr in
these planktic foraminiferal species are independent of the
Sr/Ca in the solutions (Fig. 2B). The multispecies regression
suggests a distribution coefficient of DSr = 0.16 ± 0.02
(R2 = 0.99), which is higher than observed for inorganic
calcites (Mucci and Morse, 1983; Elderfield, 1996) but in
agreement with other culture experiments performed under
changing [Sr2+]SW and constant [Ca2+]SW (DSr = 0.17 ± 0.
03; Delaney et al., 1985) or under changing Sr/Ca of the
growth medium (DSr = 0.16 ± 0.01; Allen et al., 2016).

In summary, the culture results of the three planktic spe-
cies support the hypothesis that changes in the elemental
compositions of Na and Sr in the tests, vary proportionally
to changes in seawater [Ca2+] concentrations. In the follow-
ing sections we primarily focus on the utility of Na/Ca in
T. sacculifer as a potential proxy for reconstructing
paleo-seawater [Ca2+].



Fig. 5. Distribution coefficients of Na (DNa) in planktic foraminifera. A shows the culture experiment results on three planktic species. Na/Ca in
G. ruber, T. sacculifer, and O. universa (open symbols) and that after correcting for Ocalcite effects (closed symbols; correction referring to
Fig. 2C) are plotted with Na/Ca in the culture solutions. Linear regression is performed for each species. B displays the DNa for T. sacculifer in
the down core sediments. The uncorrected (open circles) and the Ocalcite-corrected Na/Ca (filled circles) in T. sacculifer from the culture
experiments are both plotted, and linear regression (solid line) is performed on the corrected Na/Ca data. Core top Na/Ca data from the
Ontong Java Plateau (open diamonds) and the South China Sea (filled diamonds) and Na/Ca data from the inorganic calcite growth
experiments (plus symbols; Kitano et al., 1975) are also plotted for comparison. The regression line based on the corrected Na/Ca data from
the culture experiments is shifted down by 1.02 mmol/mol to reflect the offset between the average of the culture experiments data at modern
ocean Na/Ca value and the average of the core top data from the Ontong Java Plateau. The new regression is represented by a dashed line,
which is used for reconstructing seawater [Ca2+] from the down core T. sacculiferNa/Ca records. For details in statistical analysis, please refer
to Table S5. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.3. Dissolution effects on core top foraminiferal Na/Ca

records

Na/Ca and Sr/Ca in the tests of T. sacculifer from core
top samples along bathymetric transects in the South China
Sea (SCS) and Ontong Java Plateau (OJP) decrease with
increasing water depth, concomitant with the decrease in
the average test weight (Fig. 3). The decreasing trends in
these elemental concentrations are attributed to post-
depositional dissolution as previously proposed to explain
the loss in Mg/Ca (e.g., Brown & Elderfield, 1996;
Johnstone et al., 2016; Rosenthal et al., 2000; Rosenthal
& Lohmann, 2002; Sadekov et al., 2010). Mineralogical
studies on inorganically precipitated calcite suggest that at
low [Sr2+] of the solution, Sr2+ substitutes Ca2+ in the cal-
cite lattice (Tesoriero and Pankow, 1996; Parkman et al.,
1998; Gabitov and Watson, 2006). Assuming that these
results also apply to foraminiferal calcite (based on the sim-
ilarity in distribution coefficients), it is reasonable to assume
that the depth-related decrease in core tops Sr/Ca is due to
preferential dissolution of parts of the calcitic test enriched
in trace elements including Mg, Sr and likely Na rather
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than a loss from interstitial sites or other phases. The strong
covariance between the trends in the core tops and down
core Na/Ca and Sr/Ca suggests that the distribution of
Na+ in the calcitic test may be mechanistically linked to
that of Sr2+ (Figs. 3 and 4).

Statistical analysis on the correlations of Na/Ca and Sr/
Ca with Ocalcite supports our inference above that the
decreases in Na/Ca and Sr/Ca are due to dissolution. The
core tops planktic Na/Ca decreases with decreasing seawa-
ter Ocalcite at a rate of 1.90 ± 0.21 mmol/mol per unit
change in Ocalcite (Table S5, Fig. S3A). The Sr/Ca also
decreases with decreasing Ocalcite, but there are offsets
between the two sets of Sr/Ca data from the SCS and
OJP at the same Ocalcite, and the correlations seem to be
slightly different from the two regions (Table S5,
Fig. S3B), suggesting that Sr/Ca may respond to other
hydrographic variables indirectly such as pressure rather
than Ocalcite.

The relationships between foraminiferal Na/Ca and Sr/
Ca in the core top and down core T. sacculifer tests are sta-
tistically similar, i.e., the slopes are 7.17 ± 2.60 and
5.62 ± 0.43, respectively (Table S5, Fig. S4), implying that
either the downcore records solely reflect dissolution, or
that the incorporation of Na and Sr into the test and diage-
netic removal of them from foraminiferal calcite are tightly
coupled. However, several lines of evidence suggest that the
down core records are not dominated by dissolution effect.
First, neither Sr/Ca nor Na/Ca decreases monotonically
with sediment depth as could be expected based on the core
top trends. Additionally, the Na/Ca and Sr/Ca maxima in
the down core records occur at different sediment depths
at different sites but are contemporaneous (Figs. 4 and
S5). The large changes in both ratios occur at relatively
shallow burial depth (<250 mbsf), but the SEM photos of
foraminifera and coccolithophores show no major signs
of dissolution or recrystallization through this interval
(Appendix A). Moreover, the down core planktic Sr/Ca
compilation exhibits a similar trend to the records from
benthic foraminifera (Lear et al., 2003), increasing from
16 to 12–14 Ma, reaching a local high, then decreasing
to ~ 8 Ma, and finally increasing toward the present (Fig. 4-
B-C). Remarkably, the offset between the planktic and ben-
thic Sr/Ca records, which are based on multiple benthic
species, is relatively constant throughout the entire time
period. Given the different susceptibility of benthic and
planktic tests to dissolution and the constant interspecies
offsets, it seems that a strong dissolution overprint is unli-
kely the primary cause of the down core changes in Sr/Ca.

Finally, we note that the Na/Ca in the culture experi-
ments is higher than that in both the core top and down
core samples, showing a weaker relationship (lower slope)
with Sr/Ca (Table S5, Fig. S4). The similar slopes of the
core top and down core records suggest that [Sr2+]SW
should not have played a significant role, otherwise the
two slopes would have been more different (Fig. S4). This
is also supported by the similar magnitudes of the long-
term variations in down core Na/Ca and Sr/Ca records
(Fig. 4). Therefore, the difference between the culture and
the fossil records may be due to the occurrence of addi-
tional phases enriched with Na in fresh foraminiferal tests,
that are likely lost soon after deposition on the seafloor. As
is discussed in Section 4.1, preferential losses of Na-
enriched bands within foraminiferal tests should not cause
a significant change in the bulk test Na/Ca. Alternatively,
the enriched Na may also be related to high carbonate sat-
uration state in the culture experiments (Haynes et al.,
2019), similar to Li/Ca and Sr/Ca, which have higher distri-
bution coefficients in calcite when the crystal growth rate is
driven by high omega values (Tang et al., 2008; Füger et al.,
2019). In the following sections, we discuss the effects of dis-
solution and recrystallization on the down core Na/Ca
records.

4.4. Dissolution effects on down core planktic Na/Ca records

We note that the down core Na/Ca records from Pacific
sites are generally lower than those from Atlantic sites dur-
ing the same time intervals, and we attribute the offset to
greater dissolution effects at the Pacific sites. Therefore,
we correct for dissolution effects on down core Na/Ca
records at each site, using the slope of 1.90 ± 0.21 mmol/
mol per unit difference in modern ocean Xcalcite (Table S5,
Fig. S3A) between each site and Site 806, where the Xcalcite

is close to unity and the temporal range is the widest among
all the sites. Given that core top Na/Ca values at specific
Xcalcite values vary by up to 0.4 mmol/mol (Fig. S3A), the
Xcalcite difference that is less than 0.2 unit may not be distin-
guished from the inherent variability in Na/Ca values.
Therefore, only the sites with Xcalcite values higher by 0.2
unit than that at Site 806 are corrected, including all the five
sites from the Atlantic Ocean. Sites 804 and U1337 are both
located in regions with highly undersaturated seawater, and
the Na/Ca records from these two sites may have been
influenced dramatically due to dissolution. Therefore, they
are excluded from the compilation of the down core Na/Ca
records in Fig. 6.

Alternatively, we assess the possibility that the difference
between the Pacific and Atlantic sites is due to salinity dif-
ference. The sea surface salinities at Atlantic sites are on
average 1.01 ± 0.16 higher than that at Site 806
(Table S1). Using a sensitivity of 0.115 mmol/mol Na/Ca
per unit change in salinity (Bertlich et al., 2018), this trans-
lates to a salinity effect of 0.12 ± 0.02 mmol/mol on Atlan-
tic data. This is less than one fourth of the dissolution effect,
which is 0.53 ± 0.16 mmol/mol on average. Therefore, the
difference between the Pacific and Atlantic sites is more
likely due to the dissolution effect than the salinity effect.

The dissolution-corrected down core Na/Ca records
from different sites are more consistent with each other than
before the correction (Fig. 6). The Na/Ca records from the
Atlantic Ocean are lowered to various extents because the
bottom water in the Atlantic is generally more saturated
than in the Pacific Ocean at present. Notably, the long-
term trend is retained after the correction, exhibiting an
increasing trend toward present with a local high between
12 and 13 Ma (Fig. 6), suggesting that the down core Na/
Ca records are not severely compromised by carbonate
dissolution.
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Fig. 6. Down core Na/Ca data correcting for the Ocalcite effect.

Because the Ocalcite at ODP Site 806 is close to unity, the down core
Na/Ca records from other sites (Fig. 4A) are normalized to this
site, correcting for the Ocalcite effect displayed in Fig. S3A. For
details on the correction, please refer to Section 4.4. The uncor-
rected and corrected data are represented by plus signs and filled
circles, respectively. Largely, Na/Ca records from the Atlantic sites
are lowered, lowering the average value of the corrected Na/Ca
data from all sites.
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4.5. Recrystallization effects on down core planktic Na/Ca

records

In down core sediments, foraminiferal tests are suscep-
tible not only to dissolution, but also to recrystallization
of the primary test and precipitation of secondary over-
growth of CaCO3 from the pore water. Here we use the
numerical model developed by Fantle and DePaolo
(2006) to estimate the effect of recrystallization on down
core T. sacculifer Na/Ca records. A full discussion of the
implementation of the model is given in appendix B below.
The following provides a summary of the procedure. In
Fantle and DePaolo (2006), the time-dependent recrystal-

lization rate (R = aþ be�time=c) of the bulk carbonate is
derived by the model using down core Sr/Ca and Sr iso-
tope data from ODP Site 807. The variable ‘‘time” in R

is the time in Myr that passed since the sediment deposition
rather than its absolute age, suggesting that recrystalliza-
tion decreases exponentially with deposition time. We
adopted the R (=0.035*e-time/11) used in Fantle and
DePaolo (2006) to assess implications to the down core for-
aminiferal Na/Ca records at Sites 807 and 806 on the
Ontong Java Plateau, where the down core data range over
the last 16 Myr.

Assuming the recrystallization rate of the bulk carbon-
ate follows the function R = 0.035*e-time/11, then a maxi-
mum of 30% of the bulk carbonate would have been
recrystallized over the last 16 Myr. In addition, because
nannofossil ooze dominates the carbonate sediment in this
study (Si and Rosenthal, 2019), recrystallization should
have mostly happened on coccolithophores rather than for-
aminifera. Considering that initial recrystallization of the
surface of carbonate could impede subsequent recrystalliza-
tion of the inner layers (Honjo and Erez, 1978), the fraction
of recrystallized carbonate in the real condition should be
smaller than we estimated.

To assess the impact of recrystallization on the down
core Na/Ca record we test the hypothesis that over the past
16 Myr, seawater Na/Ca did not change (i.e., seawater
[Ca2+] was constant) and therefore the pristine value of for-
aminiferal Na/Ca should have also been constant through
time at the core top value (the dashed lines in Fig. S6).
Based on this hypothesis, down core changes in foraminif-
eral Na/Ca are modeled. The deviation of the modeled
result from the core top value should reflect diagenetic
effects (the solid lines in Fig. S6). Because no core top value
is available at the water depths of the two sites, the pristine
value of foraminiferal Na/Ca is set to the value of the
youngest sample that is available at each site, both of which
are younger than 1 Ma.

The modeled Na/Ca profiles display different trends
than the measured data, showing monotonic decreasing
trends that are significantly smaller than the changes in
measured data. In turn, the results suggest that recrystal-
lization cannot fully explain the down core variations in
foraminiferal Na/Ca (Fig. S6). Recrystallization effects
increase with sediment depth, but the maximum effect at
the depth is less than 3%, suggesting that most of the vari-
ations in the down core Na/Ca reflect changes in seawater
[Ca2+] rather than recrystallization. We note, however, that
this estimate is sensitive to the choice of distribution coeffi-
cient of Na into the recrystallized calcite. We discuss the
influence of recrystallization on the reconstructed seawater
[Ca2+] in the next section.

Several lines of evidence corroborate the inference
derived from the model results that the down core planktic
records of Na/Ca are not strongly compromised by recrys-
tallization or calcite overgrowth. The study of Pearson et al.
(2001) shows that the d18O of planktic foraminifera from
Eocene sediments is strongly biased by diagenesis, suggest-
ing that about 50% of the test can be recrystallized. Simi-
larly, using secondary ion mass spectrometry (SIMS),
Kozdon et al. (2013) report about 50% of the test of plank-
tic foraminifera from the PETM (~56 Ma) sediments is
affected by diagenesis. Both studies support their conclu-
sions with scanning electron microscope (SEM) pictures
showing strong evidence for inorganically precipitated crys-
tals. In contrast, our samples are much younger and come
from shallower burial depths with presumably less diage-
netic overprint as suggested by the model results. SEM
inspection of the foraminiferal tests from our down core
records shows a high degree of preservation with no clear
evidence of recrystallized or secondary precipitates (Appen-
dix A1), as seen in the older samples. Furthermore, there is
no evidence for significant calcite or dolomite overgrowth
on cocoliths from these samples, suggesting minimum sec-
ondary precipitation (Appendix A2). A close look at the
wall-structure of T. sacculifer test, however, shows signs
of dissolution in Miocene samples especially from Pacific
cores (Appendix A3). Overall, we conclude that the primary
geochemical signals are preserved in these samples, despite
some diagenetic overprint, which is discussed above.
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5. PALEOCEANOGRAPHIC IMPLICATIONS FOR

DOWN CORE PLANKTIC NA/CA RECORDS

As discussed above, based on the similarity between the
Na/Ca and Sr/Ca records for the past 16 Myr (Fig. 4) and
our assessment of the diagenetic effects, including dissolu-
tion of primary test calcite or recrystallization, we argue
that the down core records primarily reflect changes in sea-
water composition during the past 16 Myr. To interpret the
down core records in terms of changes in [Ca2+]SW, we first
estimate the partition coefficient of Na (DNa) in the forami-
niferal calcite of T. sacculifer. Although we displayed the
power functions in Section 4.2, given the limited available
dataset for T. sacculifer, we prefer to use the linear equation
at the moment. The Na/Ca values in the core top and down
core samples are generally lower than those from the culture
experiments under modern [Ca2+]SW conditions (Fig. S4),
which is likely due to the loss of Na phases that are only
present in live specimens (see Section 4.1). Therefore, we
adopt the same slope from the culture calibration for T.

sacculifer but adjusted the intercept by –1.02 mmol/mol,
which is the difference between the average Ocalcite-
corrected Na/Ca from the culture experiments under
modern [Ca2+] conditions and the average Na/Ca from
the core top samples on the Ontong Java Plateau. The
corrected regression, which was applied to the down core
Na/Ca records to reconstruct paleo-[Ca2+]SW yields the
following equation:

(Na/Ca)test = 1.66 ± 0.30 + 0.075 ± 0.010�(Na/Ca)SW ;
(R2 = 0.79; Fig. 5B)

Due to its very long residence time in the ocean, the
seawater [Na+] during the past 16 Myr was most likely
the same as at present. Based on the results from the cul-
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complies with the other records. Furthermore, it provides a continuous hi
in this figure legend, the reader is referred to the web version of this arti
ture experiments, we posit that the observed down core
decrease in foraminiferal Na/Ca is dominantly due to pro-
gressively higher seawater [Ca2+] concentration in the past.
In our reconstruction, we do not correct for any changes
in surface saturation state through time, because although
seawater [Ca2+] likely changed, [CO3

2–] also likely changed
in tandem to maintain a constant saturation state (Zeebe
and Tyrrell 2019). We estimate the changes in [Ca2+]SW
using the culture calibration suggested above (Figs. 5
and 7) with uncertainties from Na/Ca measurement, the
estimate of DNa, diagenesis, and data smoothing. To con-
sider the diagenetic effects on reconstructed [Ca2+]SW, we
derive the difference between the modeled result and the
‘‘core top” value at Site 806 (Fig. S6) and assume other
sites have gone through similar diagenetic processes. This
uncertainty is added to the analytical error, the total of
which counted as uncertainties associated with Na/Ca
data. The results suggest that the uncertainty due to diage-
netic effects on the reconstructed [Ca2+]SW is comparable,
though lower than the uncertainty associated with the cal-
ibration (Fig. 7).

The reconstructed [Ca2+]SW displays a generally decreas-
ing trend from 16 Ma toward the present, except for a local
high between 8 and 9 Ma. Our [Ca2+]SW record is consistent
with the fluid inclusion estimates available for the past 16
Myr (Horita et al., 2002; Brennan et al., 2013), which also
suggest much higher [Ca2+]SW in the Miocene and Pliocene
than in recent. However, this study not only offers indepen-
dent validation to the fluid inclusion results but also pro-
vides a [Ca2+]SW record at the sub-million-year temporal
resolution, comparable with other Neogene paleoceano-
graphic and climatic records such as the benthic foraminif-
eral d18O records.
Modern
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6. SUMMARY AND CONCLUSIONS

This study presents the results of culture experiments
with planktic foraminifera as a proof of concept for the
interpretation of planktic foraminiferal Na/Ca records, in
terms of long-term changes in seawater calcium concentra-
tion ([Ca2+]SW). The new culturing data confirm earlier
results from culturing of the benthic foraminifer Operculina

ammonoides (Hauzer et al., 2018), both showing that Na/Ca
is negatively correlated to [Ca2+]SW. Our study also agrees
with the benthic study in that foraminiferal Na/Ca is
weakly correlated with calcite saturation state (Ocalcite) dur-
ing shell formation. As we assume the surface water Ocalcite

was relatively constant throughout the Cenozoic Era
(Zeebe and Tyrell, 2019), we did not consider that effect
on the down core foraminiferal Na/Ca records but instead
assess the effects of possible shell dissolution and recrystal-
lization in the sediment column. Core top data of Trilobatus
sacculifer show similar decreasing trends in foraminiferal
Na/Ca and Sr/Ca with water depth due to the dissolution
of their tests as indicated by the concomitant decrease in
the average test weight. The strong covariance with Sr is
consistent with a recent study suggesting substitution of
Na+ for Ca2+ sites in the lattice structures (Yoshimura
et al., 2017). After considering the effects of temperature,
salinity and diagenetic alteration, we conclude that the
down core decrease in Na/Ca, which parallels the trend in
Sr/Ca and is observed at multiple ocean sites, most likely
reflects changes in [Ca2+]SW. Based on the calibrations gen-
erated in this study, our down core planktic Na/Ca record
suggests 46 ± 22% higher [Ca2+]SW in the mid-Miocene
(11.6–16.0 Ma) than at present, with most of the change
occurring at the mid-Miocene and since the beginning of
the Pliocene. Our [Ca2+]SW record is different from the
results based on Ca isotopes in that the other records sug-
gest [Ca2+]SW increased from the early Miocene
to ~ 12 Ma, but our record suggests [Ca2+]SW decreased
continuously from the mid-Miocene toward the present.
The range of our reconstructed [Ca2+]SW is generally con-
sistent with the records derived from fluid inclusions, dis-
playing an offset of ~ 1 mmol/kg within uncertainty,
which adds confidence to both reconstructions. Foraminif-
eral Na/Ca offers a new method for generating a temporally
continuous record of seawater calcium concentration and
much higher resolution than offered by the fluid inclusion
data. The new [Ca2+]SW reconstruction shows resemblance
with Neogene climate-related records (e.g., the benthic for-
aminiferal d18O records), which likely reflects on the causes
of changes in seawater chemistry by point-to-point compar-
ison. We note, however, that at this point it would be
important to confirm our planktic foraminiferal record with
other independent reconstructions, such as using benthic
foraminifera.
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APPENDIX A. SEM PHOTOS OF FORAMINIFERA

AND COCCOLITHOPHORES

Plate A1. SEM photos of test walls of down core T. sac-
culifer from Sites 806, 1237, and 925. The photos show high
degree of preservation with no strong evidence of recrystal-
lization. Sample labels are as follows: A. Site 806B, 1H1,
41–45 cm, 0.02 Ma; B: Site 925B, 1H2, 50–52 cm,
0.05 Ma; C. Site 806B, 55X2, 80–85 cm, 14.62 Ma; D. Site
925B, 17H2, 47–49 cm, 5.40 Ma; E. Site 1237B, 21H2, 101–
103 cm, 12.19 Ma; F. Site 925B, 27H2, 50–52 cm, 9.58 Ma.

Plate A2. SEM photos of nannofossils from down core
sites 806 and 1264. The photos show minimum secondary
precipitation on the nannofossils. Sample labels are as fol-
lows: A. Site 806B, 3H1, 53–54 cm, 0.81 Ma; B. Site 1264B,
1H1, 89 cm, 0.18 Ma; C. Site 806B, 10H1, 49–50 cm,
3.53 Ma; D. Site 1264B, 8H3, 50 cm, 5.65 Ma; E. Site
806B, 39X4, 61 cm, 10.44 Ma; F. Site 1264B, 20H1,
48 cm, 15.84 Ma.

Plate A3. SEM photos of the cross sections of T. sac-
culifer tests from core top site MW91-9 (OJP) and down
core sites 806, 1237, and 925. The photos show good preser-
vation of the younger samples but signs of dissolution in
older samples. Sample labels are as follows: A. MW91-9,
GGC-15, 5–6 cm, 2311 m in water depth; B. Site 925B,
1H2, 50–52 cm, 0.05 Ma; C. Site 806B, 1H1, 41–45 cm,
0.02 Ma; D. Site 925B, 17H2, 47–49 cm, 5.40 Ma; E. Site
1237B, 21H2, 101–103 cm, 12.19 Ma; F. Site 925B, 27H2,
50–52 cm, 9.58 Ma.

APPENDIX B. DIAGENETIC MODEL

B.1. Estimating the recrystallization rates (R)

The depositional diffusion–reaction model that we
adopted in this study is described in detail in Fantle and
DePaolo (2006). Parameters in this model are varied to fit
the pore water [Sr2+] and 87Sr/86Sr records. The evolution
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of the concentration of an element in pore water (Cf) and
sediments (Cs) are described by general diagenetic equa-
tions as follows:

@Cf

@t
¼ DI

@2Cf

@z2
� v

@Cf

@z
þ RM Cs � KCf

� � ð1Þ
@Cs

@t
¼ �V

@Cs

@z
� R Cs � KCf

� � ð2Þ

where DI is the diffusion coefficient of the element in the
pore water in m2/Myr, v is the advection velocity in
m/Myr, V is the compaction velocity in m/Myr due to
sediment accumulation, R is the recrystallization rate in
1/Myr, M (=qs(1 – /)/qf//) is the local solid/fluid mass
wratio, and K is the equilibrium distribution coefficient of
the element between the solid and the fluid. As discussed
in Fantle and DePaolo (2006) for Sr, DISr is 7500 m2/Myr,
and KSr scales with pore water Ca concentration, with the
highest KSr equaling 20.5 at the basalt-sediment interface
and decreasing upward as pore water [Ca2+] decreases.
The spatial framework is defined as z = 0 at the basalt-
sediment interface and z is positive upward.

After solving Eq. (1) using a modified centered finite dif-
ference approach, the evolution of an isotope i in the fluid is
described as follows:

Cnþ1
ifj

� Cn�1
ifj

2Dt
¼ DIs

ðDtÞ2 Cn
ifjþ1

þ Cn
ifj�1

� Cnþ1
ifj

� Cn�1
ifj

h i
� v

�
Cn

ifjþ1
� Cn

ifj�1

2Dz
þ RjMj½Cn�1

isj
� KCn�1

ifj
� ð3Þ

where we solve for Cnþ1
ifj

and f and s stand for fluid and

solid, respectively, n and j stand for the temporal and spa-
tial grid, respectively, and i refers to 86Sr or 87Sr. As in
Fantle and DePaolo (2006), we set the grid spacing Dz as
25 meters and the time step Dt as 0.025 Myr, so that the sta-
bility requirement for the model is met. The advection
velocity v and compaction rate V are set to zero for simpli-
fication, as advection due to compaction is insignificant
(Richter, 1993). Previous studies have suggested that the
recrystallization rate (R in 1/Myr), which is the estimate
of the fraction of carbonate that is recrystallized every mil-
lion years, is highest right after deposition and decreases
rapidly with deposition time (Richter and DePaolo, 1987;
Richter and Liang, 1993; Fantle and DePaolo, 2006).
Therefore, following Fantle and DePaolo (2006), R is
described as a function of deposition age by an exponential
equation constrained by three variables (a, b, c) as follows:

R ¼ aþ be�time=c ð4Þ
where ‘‘time” is the time in Myr that passed since the sedi-
ment deposition rather than its absolute age, implying that
the down core profile of R is the same at any geologic time
that is discussed in this study (see the solid lines in Fig. 5b
and e in Fantle and DePaolo (2006)). The content of 86Sr in
the solids is assumed constant at 9.86% of the mean value of
the Sr content in the down core sediments in accord with its
natural abundance (Richter and DePaolo, 1987). Likewise,
the concentration of 86Sr in the seawater-pore water inter-
face is held constant at 9.0 lmol/kg throughout the mod-
eled time interval. The content of 87Sr in the solids and
the concentration of 87Sr in the pore water at the
seawater-pore water interface are calculated by multiplying
the content or concentration of 86Sr and the 87Sr/86Sr
record of the sediment or pore water, respectively. When
the down core 87Sr/86Sr data are unavailable from our tar-
get sites, values from the global 87Sr/86Sr curve were
adopted (Hess et al., 1986; Richter and DePaolo, 1988;
Hess et al., 1989). The Sr concentration and isotopic data
in pore waters and sediments at Sites 807 and 806 are from
published literature (Shipboard Scientific Party, 1991;
Fantle and DePaolo, 2006). Because the Sr content in bulk
sediment at these two sites does not display any obvious
trends at either site, it is assumed constant throughout the
sediment column.

The best fit of the modeled result to the measured data is
determined by minimizing the relative difference between
the model and the data. As described in Fantle and
DePaolo (2006), the best fit yields R = 0.035*e-time/11 for
Site 807, which is adopted in the next step to assess recrys-
tallization effect on the down core Na/Ca at Sites 807 and
806.

B.2. Recrystallization effect on Na/Ca

Pore water [Na+] and foraminiferal Na/Ca are modeled
using the R estimated by fitting the Sr concentration and
isotopic composition as in Fantle and DePaolo (2006).
Solving Eq. (2) using finite difference approach yields the
solution describing the evolution of an isotope i in the solid
as follows:

Cnþ1
isj

� Cn�1
isj

2Dt
¼ �Rj½Cn�1

isj
� KCn�1

ifj
� ð4Þ

where we solve for Cnþ1
isj

: The diffusion coefficient of Na

in the pore water (DINa) is estimated to be 11875 m2/Myr
for the down core sediments (Li and Gregory, 1974;
Berner, 1980). Previous inorganic CaCO3 precipitation
experiments suggest that the partition coefficient KNa aver-
ages at 0.091 ± 0.013 (Kitano et al., 1975; Busenberg and
Plummer, 1985; Kawabata et al., 2021). M is the same as
in the model for Sr. Cs at the sediment-rock interface is
set to the Na content in T. sacculifer of the shallowest depth
that is available at each site. Once the pore water [Na+] in
the upper and lower boundary of the sediment column is
given, the evolution of [Na+] in the pore water and carbon-
ate can be solved through Eqs. (3) and (4).

When constant seawater [Na+] is used as the upper
boundary condition through time, the modeled pore water
[Na+] is too low and the down core trend is opposite to that
of the measured values. We suppose such a mismatch of the
model and the data likely reflects additional Na sources to
the pore water other than the dissolution of foraminiferal
tests. Given its long residence time, it is unlikely that seawa-
ter [Na+] has decreased significantly from early Neogene to
present. Indeed, the pore water [Na+] at other sites such as
ODP 1264 does not show a similar trend to Sites 807 and
806. We posit that reactions of the pore water with volcanic
minerals at Sites 807 and 806 may have contributed to the
high [Na+] at depths. This is supported by the relatively
high Na2O content in the basalts at ODP 807C (Kroenke
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et al., 1991). To simplify the model settings, although we do
not think seawater [Na+] has varied by more than a few
percent, dynamic seawater [Na+] records are used as the
upper boundary condition, reflecting other potential Na
sources to the pore water and thus higher [Na+] in the pore
water than in seawater.

APPENDIX C. SUPPLEMENTARY MATERIAL

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gca.2021.04.012.
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