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A B S T R A C T

The sulfur over calcium ratio (S/Ca) in foraminiferal shells was recently proposed as a new and independent
proxy for reconstructing marine inorganic carbon chemistry. This new approach assumes that sulfur is incor-
porated into CaCO3 predominantly in the form of sulfate (SO4

2− ) through lattice substitution for carbonate ions
(CO3

2–), and that S/Ca thus reflects seawater [CO3
2–]. Although foraminiferal growth experiments validated this

approach, field studies showed controversial results suggesting that the potential impact of [CO3
2–] may be

overwritten by one or more parameters. Hence, to better understand the inorganic processes involved, we here
investigate S/Ca values in inorganically precipitated CaCO3 (S/Ca(cc)) grown in solutions of CaCl2 − Na2CO3 −

Na2SO4 − B(OH)3 − MgCl2. Experimental results indicate the dependence of sulfate partitioning in CaCO3 on the
carbon chemistry via changing pH and suggest that faster precipitation rates increase the partition coefficient for
sulfur. The S/Ca ratios of our inorganic calcite samples show positive correlation with modelled [CaSO4

0](aq), but
not with the concentration of free SO4

2− ions. This challenges the traditional model for sulfate incorporation in
calcite and implies that the uptake of sulfate potentially occurs via ion-ion pairs rather than being incorporated
as single anions. Based on the [Ca2+] dependence via speciation, we here suggest a critical evaluation of this
potential proxy. As sulfate complexation seems to control sulfate uptake in inorganic calcite, application as a
proxy using foraminiferal calcite may be limited to periods for which seawater chemistry is well-constrained. As
foraminiferal calcite growth is modulated by inward Ca2+ flow to the site of calcification coupled to outward H+

pumping, sulfate incorporation as CaSO4
0 ion-pair in the foraminifer’s shell also provides a mechanistic link for

the observed relationship between S/Ca(cc) and [CO3
2–].

1. Introduction

Models predicting the consequences of ongoing greenhouse gas
emissions rely on our ability to reconstruct past climatic conditions, such
as quantifying the response of global temperature to changes in atmo-
spheric pCO2. Therefore, reliable proxies for past seawater temperature
(e.g., Dekens et al., 2008; Laepple and Huybers, 2013) and for CO2 (e.g.,
Martinez-Boti et al., 2015; Palmer et al., 2010; Zhou et al., 2020) are of
critical importance. The reconstruction of past pCO2 is mostly based on
estimating past seawater inorganic carbon chemistry, assuming equi-
librium partitioning between the ocean and atmosphere.

Due to their widespread occurrence, foraminifera, a group of

unicellular carbonate-shelled protists, are one of the most utilized ar-
chives for past ocean conditions. The isotopic composition of their
calcite in particular provide popular reconstruction tools: the δ18O
values of fossilized tests enable reconstruction of temperature and
salinity (e.g., Bemis et al., 1998; Epstein et al., 1953), while δ11B values
are used to reconstruct past seawater pH (e.g., Foster, 2008; Hemming
and Hanson, 1992). Minor and trace elements incorporated by the
foraminifer during shell calcification also reflect seawater conditions at
the moment of calcite precipitation, e.g., the incorporation of Mg reflects
temperature (Anand et al., 2003; Lea et al., 1999; Rosenthal et al.,
2000). Also, marine carbon chemistry has been shown to influence the
uptake of elements like B (Allen and Hönisch, 2012; Allen et al., 2012;
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Haynes et al., 2017; Yu and Elderfield, 2007; Yu et al., 2007), Sr (Keul
et al., 2017; Russell et al., 2004), U (Keul et al., 2013; Raitzsch et al.,
2011) in carbonate shells.

Ideally, any of these proxies would be sensitive to only one of the
marine inorganic carbon system parameters: pCO2, [CO3

2–](total),
[HCO3

–](total), dissolved inorganic carbon concentration ([DIC]), pH, or
total alkalinity. If the effect of temperature (T), salinity (S), and the el-
ement’s concentration in seawater can be accounted for, two of such
proxies can be used to reconstruct the complete marine inorganic carbon
system and hence, atmospheric pCO2. However, this is usually not the
case, as these parameters often covary and proxies may be affected by
more than one parameter as best exemplified by the boron over calcium
ratio (B/Ca; e.g., Allen et al., 2012; Babila et al., 2014; Evans et al., 2016;
Gray and Evans, 2019; Gray et al., 2018; Guo et al., 2019; Henehan et al.,
2015). Therefore, there is a strong need for novel proxies specific to
marine carbonate system parameters.

The foraminiferal sulfur over calcium ratio (S/Ca(cc)) could serve as a
potential proxy for dissolved carbonate ion concentration (Van Dijk
et al., 2017). The S/Ca(cc) carbonate system proxy is based on results
from cultured benthic foraminifera, which showed higher sulfur incor-
poration into their shells at lower seawater [CO3

2–](total) (Van Dijk et al.,
2017). As the main form of sulfur incorporated into the shells of fora-
minifera is sulfate anion (SO4

2− ) and it is thought to substitute for CO3
2–

(Busenberg and Plummer, 1985; Pingitore et al., 1995; Takano, 1985),
S/Ca(cc) became one of the candidates for reconstructing past changes in
the marine inorganic carbon system. However, it has been observed for
other incorporated elements that calibrations based on culture experi-
ments and core-top studies are not always in complete agreement (see e.
g., Henehan et al., 2015 for B/Ca). Data obtained from field surveys
often show covariance between multiple environmental parameters (e.
g., [CO3

2–](total) and pH), which may reflect the natural covariance within
the carbonate system. Since this covariance is inherent to the oceanic
carbonate system, these effects can be deconvolved only through well-
constrained culturing experiments in which the carbonate system is
manipulated. In addition to the multiple environmental impacts,
element incorporation in foraminiferal calcite can also be affected by
biological processes (i.e., the vital effect; de Nooijer et al., 2014; Erez,
2003), which could result in multiple factors impacting a proxy. Biology
will partially control the conditions at the site of calcification, influ-
encing the calcite precipitation rate (R) via additional kinetic controls
and consequently, element incorporation (Geerken et al., 2022).

It is crucial to understand such processes when the foraminifer’s
element/calcium (El/Ca(cc)) ratios are evaluated, but even more
fundamentally, basic chemical dependencies of El/Ca(cc) ratios in calcite
need to be well-constrained. For instance, it is suggested that some el-
ements may inhibit or enhance the uptake of other elements due to their
crystallographic distortion of the calcite lattice (Davis et al., 2004;
Mewes et al., 2015; Meyer, 1984; Nielsen et al., 2013; Nielsen et al.,
2016). This includes Mg2+ that, while substituting for Ca2+ during
calcite precipitation, causes a shrinkage in the crystal lattice due to the
difference in their ionic radius (Evans, 1966; Maslen et al., 1995). Van
Dijk et al., (2019a) similarly suggested that the incorporation of sulfate
may be enhanced by the increase in the calcite’s Mg/Ca based on their
co-distribution in the calcite banding of the foraminifera shell.
Furthermore, Uchikawa et al. (2023) found an impact of SO4

2− on the
kinetics of CaCO3 precipitation and an increase in the incorporation of B
(OH)4− in the calcite with increasing solution [SO4

2− ](total). Stretched
calcite unit cells due to the large ionic radius of SO4

2− anion may provide
space for the incorporation of B(OH)4− or other ions with a size larger
than the CO3

2– anion. This substitution mechanism is referred to as the
“cooperative incorporation” of elements.

These observations and potential linkages motivated us to investi-
gate how solution chemistry impacts S/Ca ratios during inorganic calcite
growth experiments. Therefore, to improve our understanding of the
role of carbon chemistry on incorporation of S into CaCO3, we performed
calcite growth experiments with constant total sulfate concentration

([SO4
2− ](total)) at varying carbonate system conditions. In addition to the

primary question of this study, we assessed causal relationships between
incorporation of different ions (Mg2+, B(OH)4− , Na+). As described
above, Mg/Ca(cc) and B/Ca(cc) ratios in the calcite may affect SO4

2−

incorporation via cooperative incorporation, which would have conse-
quences for the application of these individual elements (El/Ca(cc) ra-
tios) in carbon system reconstructions. As the influence of the
precipitation rate can potentially mask a primary control of the carbon
system (Busenberg and Plummer, 1985), we measured Na+ concentra-
tion in the calcite, which is shown to vary with calcite growth rate
(Devriendt et al., 2021), and explored relationships between SO4

2− and
Na+ incorporation.

2. Methods

2.1. Experimental set-up

Four sets of calcite growth experiments under various carbon
chemistry and precipitation rate conditions were performed to investi-
gate the primary controls on sulfate incorporation. These experiments
followed the approach described in Uchikawa et al. (2015). Briefly,
calcite growth took place in a reaction chamber isolated from the
ambient laboratory air (Fig. 1). A pH electrode (Thermo Scientific Orion
8172BNWP ROSS Sure-Flow) sent voltage readings of the experimental
solution to the titrator system and signaled for the addition of titrant
upon a decrease of 0.01 unit from the pre-specified solution pHNBS value.
A calibration of the pH electrode was done prior to each experimental
run by NIST pH buffers (pH 4.01, 7.00, 10.01; Thermo Scientific Orion)
with an equilibration time of ~9 min for each buffer. The titration
system dosed 0.3 M solutions of NaOH and Na2CO3 in increments of 20
µL during the pH adjustment and precipitation phase, respectively. The
titrant was dosed to the solution through ports located on top of the
reactor. All titrant solutions were prepared in a glove-bag under an N2
atmosphere and stored in plastic HDPE serum vials sealed with rubber
stoppers and aluminum covers until the start of the experiment.
Following the seeded overgrowth technique, calcite seeds (Sigma-
Aldrich #310034) were added to the solution at the start of the exper-
iment to initiate the calcite precipitation (Sanyal et al., 2000; Uchikawa
et al., 2015; Zeebe and Sanyal, 2002). As observed in previous studies
(Uchikawa et al., 2015; 2017; 2023), the isotopic composition of the
seeds was homogenous (δ13C = − 17.91 ± 0.04 ‰; δ18O = − 20.67 ±

0.05 ‰; 1σ SD; n = 5) and contained only minor amounts of S (0.03 ±

0.01 mmol mol− 1; 1σ SD; n = 3), B (0.10 ± 0.16 µmol mol− 1; 1σ SD; n =

Fig. 1. The experimental set-up (pH-stat system) modified after Fig. 2 in
Uchikawa et al. (2015). The reaction chamber is placed on a magnetic stirrer
and connected to the custom-built titrator (Zeebe and Sanyal, 2002) via the pH
electrode. All experiments were performed at near-constant room temperature,
hence additional temperature control was not applied as during the experi-
ments of Uchikawa et al. (2015). The total internal volume of the reactor is
approximately 1.06 L. After placement of 1.00 L of experimental solution, the
pH electrode, and a suspended magnetic stir bar (Nalgen), the reactor had
minimal headspace (approximately 32 mL) that was practically negligible for
significant gas exchange with the experimental solution.
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3), and Na (0.01 ± 0.01 mmol mol− 1; 1σ SD; n = 3). For Mg, the po-
tential offset to Mg associated with the seeds is somewhat larger (0.56±

0.01 mmol mol− 1; 1σ SD; n = 3). The initial seeds and the final
precipitated samples were weighed on a high-precision balance before
and after the experimental runs, which theoretically allows for con-
straining the overgrowth fraction. However, potential loss of sample can
occur during both seed addition to the parent solution as well as during
the collection of the final precipitates, and therefore 13C-spike was used
to provide a separate constraint on the overgrowth. The Na2CO3 solu-
tions used as the titrant and as the DIC source for the experimental so-
lutions were spiked with 13C to δ13CVPDB = +76 ± 0.80 ‰ and a mass
balance equation was used to calculate the amount of carbonate added
during the experiment and subsequently the El/Ca ratios of the over-
growth (see Uchikawa et al., 2015). Note that El/Ca ratios measured on
our samples (seeds and overgrowth contribution) were higher than those
of the seeds by at least an order of magnitude. Hence, the residual El/Ca
ratios and their heterogeneities confirmed for the seeds were insignifi-
cant for our 13C mass balance approach to constrain the El/Ca ratios of
the overgrowth.

2.2. Solution chemistry and experimental procedures

Parent solutions were prepared to 1 L as CaCl2 – Na2CO3 – Na2SO4 –
MgCl2 – B(OH)3 solution. First B(OH)3, and Na2SO4 were gravimetrically
added to and dissolved in Milli-Q ultra-pure deionized water in a plastic
volumetric flask. To ensure a CO2-free solution, the deionized water was
bubbled with N2 gas before use and during the addition to the chemicals.
Next, CaCl2 and MgCl2 were volumetrically added from stock solutions
of known Ca2+ and Mg2+ concentration, and the headspace of the
volumetric flask was purged with N2 several times during the prepara-
tion of the parent solution. The DIC source was added last, after which
the volume of the solution was brought to 1 L with N2 gas bubbled
deionized water. The DIC solution was prepared in a N2 glove bag with
the dilution of 13C-spiked 0.3 M Na2CO3 stock solution. To avoid
instantaneous calcite precipitation in the parent solution, 1 M HCl was
added to convert CO3

2– to HCO3
– by lowering pH. All experiments were

performed at room temperature (23 ± 0.3 ◦C; ±1σ SD).
Solution chemistry was designed for four sets of experiments, each

with constant concentrations of sulfur (4.5 mmol kg− 1), boron (1.68
mmol kg− 1) and magnesium (2.0 mmol kg− 1). Their experimental set-
tings and scopes were as follows:

#1) The [DIC] experimental series varied [DIC] between 1.5 and 3.2
mM to quantify the overall impact of changing carbonate chemistry on
the incorporation of sulfur, boron, magnesium and sodium. Due to the
changes applied to [DIC], there were concurrent and consequential
shifts in [CO3

2–], [HCO3
–] and calcite saturation state (Ω) as well, where Ω

is defined as the ratio of [CO3
2–][Ca2+] to the calcite solubility product

(Ksp*). However, we here derived Ω from the saturation index as
described below.

#2) The [Ca2+] experiment series employed solutions with total
concentration of Ca2+ ([Ca2+](total)) ranging from 9.30 to 13.5 mM,
while keeping [DIC] and pH constant. This resulted in increasing Ω with
increasing [Ca2+](total).

#3) In the [DIC]-[Ca2+] experiments, the range of [DIC] was varied
from 1.5 to 3.2 mM, while 7.5 to 17.5 mM of [Ca2+](total) was added to
maintain a constant Ω for these experiments.

#4) The pH-[Ca2+] experiments were designed likewise to keep
constant Ω values, but this time with an adjustment in pHNBS between
7.995 and 8.350 and with corresponding variation in [Ca2+](total) be-
tween 7.5 and 24 mM. As the first three experimental series (#1 to #3)
were performed at a constant pH, this last series was designed to
investigate the effect of pH on S/Ca (Table 1).

Changes in Ω and precipitation rate are naturally coupled. Therefore,
the first two experiments monitored the impact of calcite precipitation
kinetics on sulfate incorporation, while the third and fourth experiments
maintained a constant R, thereby isolating the effect of carbon chemistryTa
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on element incorporation. The solutions for inorganic calcite precipi-
tation were precisely prepared to these pre-planned experimental con-
ditions (Table 1), and each experimental condition was repeated three
times.

After mixing and dissolving all the salts described above, the solu-
tions were brought up to the pH values required for the planned ex-
periments (see above) by titration with 0.3 M NaOH. After solution pH
stabilized at the experimental value, the titrant was changed to 0.3 M
13C-spiked Na2CO3 and the pH was let to equilibrate for another 5 min
before 40 mg of pre-weighed calcite seeds were added. Sensitivity of
pHNBS changes due to CaCO3 precipitation and Na2CO3 dosage during
the titration depends on chemical composition and buffering capacity of
the experimental solutions. Variations in pHNBS were contained less than
±0.007 range (1σ SD of all pHNBS readings in a given experiment). The
experiment was terminated when the amount of calcite overgrowth
approximately doubled the original calcite mass added as the seeds,
which was estimated based on the titrated volume of the 0.3 M 13C-
spiked Na2CO3. The calcite samples were separated from parent solution
by vacuum filtration through 0.2 μm membrane filters and rinsed with
deionized water. The samples were dried for at least 24 h at 65 ◦C,
collected, and stored until geochemical analyses.

The titration with Na2CO3 solution was used to counteract the
decrease in solution pH, [DIC], and total alkalinity due to calcite pre-
cipitation. However, such replenishment for the drawdown of Ca2+ was
not possible in our experimental system. Nevertheless, based on the
mass gain of the overgrowth fraction and the total moles of Ca2+ initially
present in the growth solution, the estimates for the total loss of Ca2+

from the solution due to calcite precipitation were only on the order of
2–8 %. We also observed that the pace of titrant dosing remained
practically constant, based on which we expect no appreciable impact
on the precipitation rate by the gradual Ca2+ drawdown. While calcite
precipitated, other ions (Mg2+, SO4

2− , B) were also withdrawn from the
growth solution, but due to their very small contribution in the formed
CaCO3, reduction in their solution concentrations is negligible.

The precipitating solutions used for our experiments were simplified
and more dilute compared to the standard seawater composition.
Therefore, commonly applied programs such as CO2SYS (Lewis and
Wallace, 1998) are not suited to calculate CO2 speciation here. Instead,
we used PHREEQC solution chemistry model with the phreeqc.dat
database (Version 3; Parkhurst and Appelo, 1999) to determine the
chemical species distribution in solution in terms of activities and molal
concentrations. This model directly calculates molality of all carbon
species, including both the free and complexed forms, and thus total
concentrations of CO3

2– and HCO3
– ([CO3

2–](total), [HCO3
–](total), respec-

tively), but concentrations of these species depend on combinations of
factors and may not reflect changes in ionic strength of the solution.

By keeping [DIC] and pH constant upon solution preparation, one
would intuitively expect no variation in [CO3

2–](total) and [HCO3
–](total).

However, changing the concentrations of cations that readily form
complexes with CO3

2– and HCO3
–, such as aqueous Ca2+ ([Ca2+](aq)), will

contribute to a small variation in CO2-speciation. For instance, the in-
crease of [Ca2+](total) from 9 to 14 mM in the [Ca2+] experiments at
constant [DIC] (2.8 mM) and pHNBS (8.205) results in 46 µmol kg− 1

increase in [CO3
2–](total). Introducing more Ca2+ in the solution enhances

formation of aqueous CaCO3
0 and CaHCO3

+ complexes and inevitably
converts some of the CO2 to reestablish equilibrium. Within these ex-
periments, CO2-speciation will be affected by the Ca2+-speciation as the
increase in ionic strength at constant [DIC] and pH would contribute to
prominent change only in the activities of the CO2 species with minor
influence on their concentrations. For a consistent approach, we used
the activity-based calculations of [CO3

2–](total) and [HCO3
–](total) in all four

sets of experiments. Species activities were taken from PHREEQC to
calculate thermodynamic equilibrium constants for the dissociation of
carbonic acid, which were afterwards translated into stoichiometric
equilibrium constants using total activity coefficients as given by Zeebe
and Tyrrell (2019). These stoichiometric constants were then applied to

compute total concentrations of CO3
2– and HCO3

– (Zeebe and Wolf-
Gladrow, 2001). Errors associated with the computation of
[CO3

2–](total) and [HCO3
–](total) were derived using 500 Monte Carlo sim-

ulations in Python (version 3.11.2; NumPy; Harris et al., 2020).
PHREEQC was also used to gain insight into the free sulfate anion

concentration (i.e., [SO4
2-](aq)) and that of ion pairs such as MgSO4

0 in the
growth solution. Calcite saturation state (Ω) was determined from the
saturation index (SI) calculated in PHREEQC using the logarithmic
relation between SI and Ω.

2.3. δ13C analysis to determine the overgrowth fraction

The carbon isotopic composition of the calcite samples was measured
with a Kiel IV device coupled online to an isotope ratio mass spec-
trometer (IRMS, MAT 253 Thermo Fisher Scientific) at the Royal
Netherlands Institute for Sea Research (NIOZ). Approximately 30 μg of
calcite was pre-weighed, dissolved in orthophosphoric acid and
analyzed at 71 ℃. Analytical precision was determined by measuring
the certified standard NBS-19 (1.98 ± 0.04 ‰, ± 1σ SD, n = 11), and
two additional standards, NBS-18 (− 4.93 ± 0.07 ‰, ± 1σ SD, n = 11)
and IAEA-603 (2.53 ± 0.04 ‰, ± 1σ SD, n = 10), which provided
quality control for the analysis. Instrumental drift was monitored by
analyzing the NIOZ Foraminiferal in-House Standard (NFHS-1, 0.91 ±

0.08‰, ± 1σ SD, n= 9; Mezger et al., 2016). As the samples are heavily
13C-enriched (δ13C ~35 ‰) relative to the standards and therefore
somewhat removed from the standards in isotope space, duplicate
measurements of the samples provided slightly poorer uncertainties for
carbon compared to typical natural carbonates. The maximum standard
deviation (±1σ SD) for duplicate analysis yielded an uncertainty of 0.89
‰ for δ13C. Although this error is larger than the analytical uncertainty
for environmental samples (which is approximately 0.07 ‰), it is still
minor with respect to our purposes. Mass balance calculations indicate
that even an offset of 1‰ in δ13C will impose only a 1 % error in the El/
Ca(cc) ratios of the overgrowth fraction (Supplementary Figure S1).

2.4. Element/Ca analysis on newly grown calcite samples

The analysis of the inorganic calcite samples for B/Ca(cc), Mg/Ca(cc),
Na/Ca(cc), and S/Ca(cc) was conducted at the NIOZ using a magnetic
sector field inductively coupled plasma mass spectrometer (SF-ICP-MS,
Thermo Fisher Scientific Element 2). About 0.5 mg of calcite was dis-
solved in 0.1 M HNO3 (one-time in-house sub-boiled distilled grade,
Nitric acid 68 %, AnalaR NORMAPUR®) and diluted for a Ca concen-
tration of about 100 ppm. A low mass resolution (>300) was used to
analyze isotopes of 11B, 23Na, and 25Mg, whereas 32S was measured in
medium resolution (>4000) to resolve interferences with 16O16O (Van
Dijk et al., 2017). All samples were measured against five ratio cali-
bration standards (de Villiers et al., 2002) and an alternating order of the
samples and using a 0.1 M HNO3 rinse provided efficient wash-out
during the analytical run reducing potential carry-over. Three stan-
dards were used for quality control including NFHS-2-NP (Boer et al.,
2022), JCp (Porites sp. coral), and JCt (Tridacna gigas giant clam, Okai
et al., 2004). Additionally, NFHS-1 standard (Mezger et al., 2016) was
used to scan and correct for instrumental drift. Internal precision on the
individual measurements is 0.43 – 5.3 µmol mol− 1 for 11B, 0.0 – 0.018
mmol mol− 1 for 23Na, 0.0 – 0.055 mmol mol− 1 for 25Mg, and 0.0 – 0.28
mmol mol− 1 for 32S. Reproducibility of the duplicate El/Ca(cc) mea-
surements on the samples were better than 0.015 mmol mol− 1 for B/
Ca(cc), 0.028 mmol mol− 1 for Na/Ca(cc), 0.065 mmol mol− 1 for Mg/
Ca(cc), and 0.96 mmol mol− 1 for S/Ca(cc), expressed here as two standard
deviations (±2σ SD).

The measured El/Ca(cc) ratios were evaluated with respect to the
carbon system parameters using least squares regression analysis. Sig-
nificance test for linear regression provided validation for the observed
relationships, where the results are expressed as p-values. Using the
conventional threshold, relationships with p-value < 0.05 are
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considered here significant.

2.5. Raman spectroscopy and Scanning Electron Microscopy

Raman spectroscopic analysis was used to confirm the mineral phase
of each of the precipitated overgrowth samples. Surface measurements
were conducted using the Kaiser Optical Systems micro-Raman instru-
ment at the Hawai‘i Institute of Geophysics and Planetology in accor-
dance with the procedures described in Conner et al. (2023). A 785 nm
red laser was used as the excitation source. GRAMS/AI software
(Thermo Fisher Scientific Inc.) was used to calculate the peak positions
representing internal (ν1, ν4 peaks) and lattice (L and T peaks) vibra-
tional modes, which vary among different calcium carbonate phases like
calcite or aragonite.

Images of the calcite surface morphology were obtained by Scanning
Electron Microscope (SEM, Hitachi TM3000) at the NIOZ. The low
vacuum mode used in this device provides tolerance against moisture
and charge, which allows the observation of samples without coating.

Uncoated samples, mounted on the adhesive surface of the SEM stubs,
were analyzed at an accelerating voltage of 15 kV and the images were
generated in the standard SEM software (TM3000).

3. Results

3.1. El/Ca ratios in calcite

In the experimental solutions under various carbon chemistry con-
ditions, the S/Ca(cc) values ranged from 26.8 to 36.9 mmol mol− 1, Mg/
Ca(cc) values between 1.9 and 6.1 mmol mol− 1, B/Ca(cc) values between
340 and 486 µmol mol− 1, and Na/Ca(cc) varied between 1.7 and 2.2
mmol mol− 1. While [SO4

2− ](total), [Mg2+](total), and [B](total) remained
the same for all experiments, [Na+] did change across our experiments,
depending on the targeted solution [DIC] levels (as Na2CO3 was used as
the DIC source: Section 2.1). Because the main focus of this work is on S-
incorporation, our Mg/Ca(cc), B/Ca(cc), and Na/Ca(cc) data are briefly
discussed in the Supplementary Information (SI 1, Supplementary

Fig. 2. Calcite S/Ca(cc) ratios plotted against a) [DIC], b) [CO3
2–](total), c) [HCO3

–](total), d) pHNBS, e) [Ca2+](total), f) calcite saturation state (Ω), g) precipitation rate, h)
Mg/Ca(cc), i) B/Ca(cc), and j) Na/Ca(cc), where the subscript (total) refers to the total concentration of the parameter (instead of its free aqueous form) and the subscript
(cc) refers to the concentrations in the calcite. Data is marked by black circles from the [DIC] experiment, red triangles from the [Ca2+] experiment, yellow filled
diamonds from the [DIC] − [Ca2+] experiment and blue filled squares from the pH − [Ca2+] experiment. Datapoints from experiments are not shown in the subfigure
when the plotted parameter was kept constant during the experiment. Error bars of the El/Ca(cc) represent ± 2σ standard deviation, when no error bar is plotted, the
error is smaller than the symbol used.

Table 2
R2 and p-values calculated based on linear regressions between S/Ca(cc) ratios and [DIC], [CO3

2–](total), [HCO3
–](total), pHNBS, [Ca2+](total), calcite saturation state (Ω),

precipitation rate, Mg/Ca(cc), B/Ca(cc), Na/Ca(cc) as plotted on Fig. 2. R2 and p-values are not shown when the parameter was kept constant.

[DIC] exp. [Ca2+] exp. [DIC] – [Ca2+] exp. pH – [Ca2+] exp.

R2 p-value R2 p-value R2 p-value R2 p-value

[DIC] 0.87 0.00 − − 0.92 0.00 − −

[CO3
2–](total) 0.87 0.00 0.96 0.00 0.85 0.00 0.90 0.00

[HCO3
–](total) 0.87 0.00 0.96 0.00 0.93 0.00 0.95 0.00

pHNBS − − − − − − 0.98 0.00
[Ca2+](total) − − 0.96 0.00 0.94 0.00 0.95 0.00
Calcite saturation state 0.87 0.00 0.96 0.00 − − − −

Precipitation rate 0.82 0.00 0.92 0.00 − − − −

Mg/Ca(cc) 0.53 0.01 0.93 0.00 0.87 0.00 0.94 0.00
B/Ca(cc) 0.06 0.46 0.99 0.00 0.92 0.00 0.59 0.00
Na/Ca(cc) 0.46 0.01 0.63 0.01 0.10 0.32 0.92 0.00
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Figure S2, Figure S3, Figure S4).
The largest spread in S/Ca(cc) values (i.e. the difference between the

lowest and highest sulfate abundance in the calcite samples) were found
in the pH − [Ca2+] experiments. During this set of experiments, both pH
and [Ca2+](total) were concurrently varied to keep Ω constant, for direct
characterization of the effect of pH on sulfate incorporation without
kinetic biases. We observed a significant negative linear correlation
between S/Ca(cc) ratios of the calcite with pH (Fig. 2 d, Table 2). At the
same time, because the decrease of 0.395 pHNBS unit was compensated
with an increase of 16.5 mM [Ca2+](total), a positive trend, best described
as a logarithmic relation, could be observed between S/Ca(cc) and
[Ca2+](total) (Fig. 2 e).

Experimental conditions within the [DIC] series also had variations
in [DIC], [CO3

2–](total) and [HCO3
–](total), while [Ca2+](total) and pH were

constant. The strong impact of the carbonate system on S/Ca(cc) within
this series could be observed by a positive correlation with [DIC],
[CO3

2–](total), [HCO3
–](total), and Ω (Fig. 2 a-c, f). As Ω and R correlated

linearly in this experiment, an increase of S/Ca(cc) with R was equally
apparent.

In the [Ca2+] experiment, both [DIC] and pH were kept constant. An
increase of 4.2 mM [Ca2+](total) from the low to high [Ca2+](total) con-
ditions of this set of experiments resulted in a 35 % increase in Ω. The
incorporation of sulfate correlated positively with [Ca2+](total) and thus
also with Ω and R (Fig. 2 e-g). Variation in [CO3

2–](total) was smaller
within this experiment compared to those in which [DIC] varied, but S/
Ca(cc) still increased with higher [CO3

2–](total) values.
The [DIC] − [Ca2+] experiments aimed to investigate the impact of

carbon chemistry at a constant Ω and R. The addition of [DIC] was hence
compensated with decreasing [Ca2+](total). In this case, sulfate incor-
poration decreased at higher [DIC] and [HCO3

–](total), as opposed to the
pattern observed in the [DIC] experiments (Fig. 2 a, c). Sulfate incor-
poration in the [DIC] − [Ca2+] experiments showed a clear positive

dependence to an increase in [Ca2+](total), as observed also in the [Ca2+]
and pH − [Ca2+] experiments (Fig. 2 e).

Sulfate incorporation showed diverse trends when compared to the
other elements analyzed in this study. A significant negative linear
correlation was shown between S/Ca(cc) and Mg/Ca(cc) values of the
calcite (Fig. 2 h, Table 2). Similarly, a negative trend was observed be-
tween S/Ca(cc) and B/Ca(cc) within the pH-[Ca2+] experiments, but a
positive relationship was seen between S/Ca(cc) and B/Ca(cc) in the
[DIC]-[Ca2+] and [Ca2+] experiments (Fig. 2 i). The S/Ca(cc) ratios
generally correlated positively with Na/Ca(cc) in the [DIC], [Ca2+] and
pH-[Ca2+] experiments, although sensitivities to changes in Na/Ca(cc)
varied extensively within each experiment series (Fig. 2 j).

3.2. Sulfate partitioning in calcite

Partitioning of elements between the dissolved and the solid phase
can be expressed as DEl = ([El]/[Ca])solid / ([El]/[Ca])fluid, when sub-
stitution of the element occurs at the expense of Ca2+ in the crystal
lattice. Sulfate ions, however, substitute for CO3

2– (Pingitore et al., 1995)
so that its partitioning in CaCO3 should be expressed with respect to
[CO3

2–]. As the stoichiometry between calcium and carbonate equals one
in the crystal structure, we defined the sulfur partition coefficient as Ds
= ([SO4

2− ] / [CO3
2–])calcite / ([SO4

2− ] / [CO3
2–])solution, where we assumed

([SO4
2− ] / [CO3

2–])calcite can be approximated by our measured S/Ca(cc)
values. The Ds values responded positively and linearly to changes in
precipitation rate (p < 0.0000001; R2 = 0.71) and Ω (p < 0.0000001; R2

= 0.92; Fig. 3). As R and Ω are coupled and covaried linearly within
these experiments, isolating potentially independent effects was not
possible within this study. R correlated with Ω slightly less than how Ds
correlated with Ω, which is due to uncertainties in the estimation of R
while Ω was one of the pre-determined parameters of this study.

Ds also correlated with pH in our pH − [Ca2+] experiment (p <

Fig. 3. Sulfur partition coefficient (Ds) expressed with [CO3
2–](total) in the denominator is plotted against a) [DIC], b) [Ca2+](total), c) [HCO3

–](total), d) pHNBS, e) calcite
saturation state (Ω), and f) precipitation rate. Data is marked by black circles from the [DIC] experiment, red triangles from the [Ca2+] experiment, yellow filled
diamonds from the [DIC] − [Ca2+] experiment and blue filled squares from the pH − [Ca2+] experiment. Error bars of the Ds values represent propagated error based
on ± 1σ standard deviation of the measured S/Ca(cc) values, the carbon system calculations using Monte Carlo simulations, and the uncertainty from the preparation
of the growth solution (i.e., weighing of chemicals).
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0.000001; R2 = 0.93; Fig. 3 d). Although we observed a dependence of
Ds to pH, there was a large range in Ds values in all other experiments in
which pH was kept constant. Variation in seawater pH inherently also
affected [CO3

2–] and thus influenced Ω and precipitation rate. Within the
pH − [Ca2+] experiments, [Ca2+](total) was additionally varied in order
to keep the Ω constant and thus isolate the effect of precipitation rate
from that of pH. In this case, values of Ds decreased with increasing pH,
suggesting additional controls on sulfate partitioning beyond the influ-
ence of the Ω and R. As both pH and [Ca2+](total) were varied here,
further experiments would be required to fully decouple the effect of
these two parameters.

3.3. Raman spectroscopy and Scanning Electron Microscopy

Raman spectra of all samples showed the characteristic peak posi-
tions for calcite (Supplementary Figures S5 and S6), as well as one
additional – albeit very weak – peak at about 1017 cm− 1 that was not
indicative of calcite. No significant variation in calcite surface
morphology was observed in relation to the changing solution chemistry
(Fig. 4). The well-defined sharp edges of the rhombohedral calcite seeds,
however, could not be recognized on the calcite overgrowth. The calcite
crystals were characterized by roughened and angled edges, showing
new faces developing on the corners.

4. Discussion

4.1. CaCO3 mineralogy and precipitation pathways

All polymorphs of CaCO3 have the capacity to incorporate sulfate but
to what extent varies with the density of the CaCO3 structure (Arroyo-de
Dompablo et al., 2015; Midgley et al., 2020). The incorporation of the
tetrahedral configuration of sulfate into CaCO3 is more stable in calcite,
than in the denser aragonite crystal structure (Arroyo-de Dompablo
et al., 2015; Midgley et al., 2020). The presence of sulfur (and often in
combination with Mg2+ in solutions) will generally enhance the for-
mation of aragonite (Bots et al., 2011; Tang et al., 2012) and vaterite
(Fernández-Díaz et al., 2010; Grasby, 2003). However, [SO4

2− ](total) and
[Mg2+](total) of our experimental solutions were apparently too low to
induce the precipitation of non-calcite polymorphs (Bots et al., 2011),
since we find no trace of aragonite and vaterite in the CaCO3 samples
generated in our experiments based on Raman spectroscopy (Supple-
mentary Figure S5). Additionally to the characteristic vibrational mode
peaks of calcite, Raman spectra of our samples display a weak band at
1017 cm− 1. Note that this band aligns with the symmetric S-O stretching
mode (i.e., the ν1 peak) of type-II – or insoluble – anhydrite (Prieto-
Taboada et al., 2014; Schmid et al., 2020). However, we argue that this
peak does not point to the presence of anhydrite with calcite in our
samples because direct precipitation of anhydrite is extremely unlikely
in our low-temperature aqueous experiments without any significant
aging of the mineral-solution mixture (Ossorio et al., 2014). As all
precipitating solutions of these experiments were undersaturated with

respect to anhydrite and gypsum, the peak present close to the typical
position of the Ca-SO4 phases in the spectrum (Prieto-Taboada et al.,
2014; Schmid et al., 2020) indicates the incorporation of sulfate in the
calcite structure, rather than CaSO4 being precipitated. Also, no crystal
phase other than CaCO3 could be identified during the SEM analysis.
Surface morphological transformation from the sharp edges of the
calcite seeds to the roughened edges of the grown calcite is consistent
with Uchikawa et al. (2023), who performed calcite precipitation ex-
periments using the same approach in SO4

2− -bearing solutions (see Fig. 1
therein).

Under certain conditions, inorganic CaCO3 experiments could result
in formation of amorphous CaCO3 (ACC), which can rapidly transform
into calcite (e.g., Blue et al., 2017; Radha et al., 2010). Presence of SO4

2−

and Mg2+ ions in the solution have profound impacts on the formation
and stability of ACC, as well as on the polymorph formed after the
transformation (Blue and Dove, 2015; Goetschl et al., 2021; Konrad
et al., 2018). Incorporation of major and trace elements as a function of
changes in solution carbon chemistry parameters, such as pH, likely
follow similar patterns in inorganic calcite and ACC (Evans et al., 2020),
but composition of the crystalline CaCO3 polymorph formed from a
precursor phase depends on the transformation pathways. Hence,
whether our calcite samples were formed directly or indirectly via ACC,
has implications on how to interpret our S/Ca(cc) and Ds data. While
solid state transformation is likely to conserve much of the initial
elemental and isotopic signature of sulfate (e.g., Walker et al., 2017),
dissolution–recrystallization may increase or decrease calcite S/Ca
values depending on the sulfate concentration of the ambient solution
(e.g., Nielsen et al., 2014). The presence of ACC in CaCO3 samples is
easily identifiable by Raman spectroscopy for the lack of lattice mode
peaks compared to crystalline CaCO3 polymorphs (Supplementary
Figure S6 modified after DeCarlo, 2018). However, phase trans-
formation of ACC to more stable crystalline CaCO3 is known to occur
even in air, provided some moisture is present (Konrad et al., 2016), and
hence, the potential ACC signal could dissipate over time during sample
storage. By noting this issue, we used a sub-sample from the baseline
condition of our CaCO3 precipitation experiments to perform immediate
Raman analysis at 15 random spots within one hour after collection.
Results show no evidence of ACC, and calcite is the only identifiable
CaCO3 phase.

Although the presence and short-term transformation of ACC cannot
be completely ruled out, conditions in our experiments (e.g., low de-
grees of supersaturation and low solution Mg/Ca ratio) are more likely
to promote direct precipitation (Giuffre et al., 2015). We echo that our
experimental solutions had [SO4

2− ](total) and [Mg2+](total) apparently too
low to promote the precipitation of aragonite and vaterite over calcite,
whereas templated CaCO3 precipitation enabled by the calcite seeds also
aids continuous and exclusive calcite precipitation (Mucci et al., 1989;
Romanek et al., 1992; Zeebe and Sanyal, 2002). Consequently, our S/Ca
and Ds data should reflect sulfate incorporation explicitly for calcite
without any bias caused by other polymorphs or ACC.

Fig. 4. SEM images of a) calcite seeds used for nucleating calcite precipitation and b) calcite samples from the [DIC] experiment – Condition C and c) the pH −

[Ca2+] experiment – Condition C as described in Table 1 shown as examples for the calcite surface morphology.
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4.2. Potential relationships between different El/Ca ratios

The S/Ca(cc) values analyzed in the calcite samples grown in our
experiments show remarkably high values when compared to those
produced by Busenberg and Plummer (1985) at higher solution
[SO4

2− ](total) (approximately 20 mM difference). Although [Ca2+]total of
the experimental solutions are within the same range (7.5–24 mM),
solution pHNBS values were at least 0.58 unit lower in Busenberg and
Plummer (1985). If the experimental data from the two studies are
compared in Ds values to account for differences in solution chemistry (i.
e., [SO4

2− ](total) and [CO3
2–](total)), the Ds values recalculated for Busen-

berg and Plummer (1985; 0.1 × 103 – 0.9 × 103 at Ω: 2–15) are
consistent with the values presented here, except for the Ds obtained for
the highest Ω (1.1 × 103 at Ω = 30) which is lower than expected based
on our results. Uchikawa et al. (2023) grew calcite in solutions of CaCl2 –
Na2CO3 – B(OH)3 – Na2SO4 where the addition of [SO4

2− ](total) = 5 mM
and [Ca2+](total) = 5.4 mM contributed to similar S/Ca(cc) (28.7 mmol
mol− 1) and Ds (0.4 × 103 at Ω = 9.3) values as within this study. Wynn
et al. (2018) conducted inorganic experiments at significantly lower
[SO4

2− ](total) (20.8 µM and 208.2 µM) andΩ (<12) and reported Ds values
(0.05 × 103–1.08 × 103) that are generally comparable to the values
obtained in our experiments. While they show the equivalent pH
dependence on the overall sulfate incorporation with a negative rela-
tionship between S/Ca(cc) and pH as within this study (Fig. 2 d), the Ds
values of Wynn et al. (2018) increase with increasing pH, suggesting
multiple controls on sulfate substitution.

An important consideration for data comparison across these inde-
pendent studies is the differences in solution chemistry compositions, for
instance the presence or absence of Mg2+ and boron, that could poten-
tially modulate the incorporation of multiple elements via cooperative
incorporation. Absorption spectroscopy (Pingitore et al., 1995; Takano,
1985; Takano et al., 1980) and other lines of crystallographic evidence
(Fernández-Díaz et al., 2010; Kontrec et al., 2004; Okumura et al., 2018)
indicate that the tetrahedral SO4

2− is substituting for trigonal planar
CO3

2–, causing significant structural changes in the calcite lattice.
Considering the lattice distortion caused by the stretched apical oxygen
of the SO4

2− anion, it has been suggested that incorporation of sulfate
often occurs in close associations with other cations (Okumura and
Kitano, 1986; Takano, 1985) or anions (Uchikawa et al., 2023). Cations
with a smaller ionic radius than Ca2+, such as Mg2+ and Na+ present in
our experimental solutions can cause a contraction in the calcite cell unit
(Busenberg and Plummer, 1985; Paquette and Reeder, 1990; Takano,
1985) and thereby potentially counter-balance the calcite lattice dis-
tortions caused by SO4

2− (Kontrec et al., 2004). Studies on element in-
corporations in biogenic carbonates reported a strong positive co-
variance between these cations and sulfate (Grossman et al., 1996;
Lorens and Bender, 1980; Van Dijk et al., 2019a), supporting a coop-
erative incorporation mode. Although the data presented here also show
a co-variance between incorporated sulfate and magnesium (Fig. 2 h), as
also revealed in Goetschl et al. (2019), the trend is negative and hence
not in line with the observations for biogenic carbonates. This implies
that it is unlikely that magnesium as such is an enhancing factor for the
incorporation of SO4

2− . Similarly, the lack of unifying trend between Na/
Ca(cc) and S/Ca(cc) under the conditions of the four experimental series
(Fig. 2 j) makes a mechanistic coupling between sodium- and sulfate
incorporation unlikely. Sodium and sulfate partitioning are hence more
likely linked indirectly, for instance via changes in growth rate (Dev-
riendt et al., 2021), as also indicated for sulfate (Fig. 3 e, f) and sodium
(Supplementary Figure S4) in the current study.

Uchikawa et al. (2023) also proposed a possible crystallographic link
between sulfate and boron incorporation on the basis of lattice distor-
tion and supposedly structural support in the calcite lattice. If the
enhanced sulfate adsorption reduces the physical barrier for boron
incorporation (or vice versa), one would expect a linear increase of S/
Ca(cc) with increasing B/Ca(cc). However, such relation is not clearly
reflected in the results of this study (Fig. 2 i). For instance, for the pH –

[Ca2+] experiments, where both pH and [Ca2+](total) are varied, S/Ca(cc)
is negatively correlated to B/Ca(cc). While these observations do not rule
out the possibility of cooperative incorporation, the final patterns for
these different ions are likely overwritten by other controls, such as
changes in inorganic carbon chemistry and CaCO3 precipitation kinetics.

4.3. Dependence on calcite precipitation kinetics

The rate at which CaCO3 precipitates significantly influences the
incorporation of minor and trace elements. In our [DIC], and [Ca2+]
experiments, both S/Ca(cc) (Fig. 2 g) and Ds values (Fig. 3 f) show a
pronounced increase with an increase in R. These trends are consistent
with the results reported by Busenberg and Plummer (1985), suggesting
kinetic controls on sulfate incorporation. It is commonly thought that
higher Ω increases the defect site density on the calcite surface. Rapid
precipitation induces more structural defects, being present as unoccu-
pied kinks (Busenberg and Plummer, 1985; Teng et al., 2000). Since the
ion binding potential is likely higher at these defect sites due to the
incomplete bonding environment (Larsen et al., 2010), sulfate incor-
poration associated with the structural defects could partly explain the
impact of R on Ds observed here. Moreover, precipitation rate will likely
impact attachment and detachment rates of sulfate from the calcite
surface (DePaolo, 2011). At slow precipitation rates, any adsorbed sul-
fate has higher potential to desorb from the surface, while higher pre-
cipitation rates will result in a more likely incorporation of adsorbed
sulfate.

However, the pH − [Ca2+] and DIC − [Ca2+] series were conducted
at constantΩ, and therefore we observe hardly any difference in R across
all experiments. Yet, S/Ca(cc) ratios and Ds values show notable trends as
a function of changes in certain carbon system parameters. For example,
in the pH − [Ca2+] series, a negative linear dependence to pH is evident
for both S/Ca(cc) and Ds (Fig. 2 d and 3 d). Since R does not change in
these experiments, the observed S/Ca(cc) and Ds variations as a function
of pH within this series cannot be explained by kinetic effects and sug-
gest additional factors that influence sulfate incorporation.

4.4. Mechanistic link between sulfate incorporation and pH

Results of this study suggest that sulfate partitioning in calcite has an
inverse dependence on pH changes of the growth solution, when the
impact of pH on R are effectively compensated by concurrent
[Ca2+](total) adjustment (Fig. 2 d and 3 d). Exchange of cations and an-
ions at the calcite surface is essentially controlled by differences in
charge balance and the alterations in (and fit within) the calcite crystal
structure. The isoelectric state pH, at which the calcite surface is elec-
trically neutral, has been defined to be close to pHNBS 8.2 (Siffert and
Fimbel, 1984; Somasundaran and Agar, 1967) although it can be
affected by adsorption of ions including excess Ca2+ (e.g., Cicerone
et al., 1992; Wolthers et al., 2008). When calcite is growing in solutions
with pHNBS above ~8.2, cations will be attracted to the calcite surface,
while the calcite surface will become positively charged and anion
attachment will be enhanced in solution with pHNBS less than ~8.2
(Amankonah and Somasundaran, 1985; Siffert and Fimbel, 1984;
Somasundaran and Agar, 1967). Three of the four experimental series of
this study were performed at pHNBS = 8.205 ± 0.03, that is close to the
zero point of charge, while our pH − [Ca2+] experiment comprises a
range of pHNBS conditions between 7.995 and 8.350. Although we do not
expect significant change in charge balance within such a small range of
pH (Foxall et al., 1979; Somasundaran and Agar, 1967), we still observe
increased sulfate incorporation at lower pH than at higher pH in the pH
− [Ca2+] experimental series. This could be due partly to some differ-
ences in charge balance at the calcite surface.

The potential pH effect on sulfate incorporation may explain the
relationship between the S/Ca(cc) values and seawater [CO3

2–](total)
observed for foraminiferal CaCO3. Van Dijk et al. (2017) studied the
effect of [CO3

2–](total) and reported that the foraminifera incorporate
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more sulfate when [CO3
2–] of the ambient seawater is lower. However,

changes to the carbon system parameters were applied by the addition of
CO2, which consequently involved changes in both [CO3

2–](total) and pH
in their culturing experiments. As these parameters were coupled, an
increase of 129 µmol kg− 1 in [CO3

2–](total) involved simultaneous changes
in pHNBS between 7.6 and 8.1 (i.e., lower [CO3

2–](total) coincided with
lower seawater pH). Thus the proposed effect of [CO3

2–](total) on sulfate
partitioning in foraminifera could indirectly be caused by variation of
pH in these experiments.

Alternatively, decreasing S/Ca(cc) values with increasing pH could be
explained by changes in the ratio of free aqueous SO4

2− anion to CO3
2–

(Busenberg and Plummer, 1985). Previous inorganic CaCO3 experi-
ments indicated that the activity ratio of the respective ions (aSO4

2− /
aCO3

2− ) impacts sulfate incorporation both in calcite and aragonite
(Busenberg and Plummer, 1985; Fernández-Díaz et al., 2010) and this
influence is more prominent than the effect of precipitation rate (Barkan
et al., 2020). This is in line with Frisia et al. (2005), suggesting that the
variability in sulfate concentrations in stalagmites may result from
seasonally changing pH of seepage water, which modulates the HCO3

–

and CO3
2– speciation and thus the [SO4

2− ](total) / [CO3
2–](total) ratio.

A positive correlation between S/Ca(cc) and aSO4
2− /aCO3

2− is also
evident in our data, but only for those experiments where R is kept
constant (i.e., [DIC] − [Ca2+] and pH − [Ca2+] experiments; Supple-
mentary Figure S7). Moreover, note that variations in pH will not only
affect total concentrations of CO3

2– in solution but also the species dis-
tribution of other anions and cations (Byrne, 2003). Substantial occu-
pation of aqueous SO4

2− or other cations that may form complexes with
SO4

2− can potentially limit the availability of the preferred sulfate species
for incorporation in the calcite.

4.5. Calcite incorporation of sulfate via CaSO4
0 ion-pairs

While our data indicate some degree of S/Ca(cc) sensitivity to changes
in pH, and hence [CO3

2–](total) and the solution [SO4
2− /CO3

2–] ratio, con-
trasting patterns of S/Ca(cc) versus [CO3

2–](total) as shown in Fig. 2 b,
suggest that a large part of the variability in our S/Ca(cc) can be

explained by the differences in R (i.e., kinetic effects) and/or solution
chemistry (i.e., distribution of free and complexed ionic species).

The largest proportion of the total dissolved sulfate in seawater exists
as free sulfate ion, but a significant amount of sulfate also forms ion
pairs, such as CaSO4

0, MgSO4
0, KSO4

− , and NaSO4
− (Byrne, 2003; Garrels

and Thompson, 1962). Under our experimental conditions, 59–72 % of
the total sulfate concentration of the solution is present in the form of
free SO4

2− anions, while there are notable variations in sulfate speciation
between SO4

2− and CaSO4
0 across the pH − [Ca2+] experiments (Table 1).

The largest impact on sulfate speciation is caused by the change in
[Ca2+](total). As the total sulfate concentration is kept constant in all
experiments, the increase in [Ca2+](total) corresponds with the increase
of [CaSO4

0](aq) and concurrent decrease of [SO4
2− ](aq) (Fig. 5). If the free

sulfate anion is indeed the main species incorporated into calcite
(Pingitore et al., 1995; Takano, 1985; Takano et al., 1980), one would
expect an increase in calcite S/Ca(cc) values with an increase in
[SO4

2− ](aq) or a decrease in [Ca2+](aq). Instead, we observe the opposite
pattern − a linear negative correlation (Fig. 5 and Supplementary
Figure S8 a) − suggesting that SO4

2− is not the primary promoter for
sulfate incorporation in our experiments. Among all dissolved com-
plexes formed by sulfate under the experimental conditions of this study,
only [CaSO4

0](aq) correlates positively with calcite S/Ca(cc) values (Fig. 5,
also see Supplementary Figure S8). Though aqueous CaSO4

0 comprises
only 19–35 % of the total sulfate concentration, it might provide an
appreciable contribution to S incorporation and hence S/Ca values of the
calcite.

Only one series of experimental conditions, the [DIC] experiment,
keeps [Ca2+](total) constant, while the other three experiment series
cover a range of 7.5 to 24 mM [Ca2+](total). Calculations of the distri-
bution of sulfate species reveal a 1 % increase of the [CaSO4

0](aq) per 1
mmol kg− 1 increase in solution [Ca2+](total) (Table 1). As the pH increase
(during the pH − [Ca2+] experiment) does not contribute to any further
change in [CaSO4

0](aq) beyond the 1 % increase caused by the change in
[Ca2+]total, one may suspect that [Ca2+](total) of the solution could
impose the same, or potentially even larger, impact on sulfate parti-
tioning than pH. Elevated [Ca2+](total) contributes to the complexation of

Fig. 5. Calcite S/Ca(cc) values (black circles: [DIC] experiment, red triangles: [Ca2+] experiment, yellow filled diamonds: [DIC] − [Ca2+] experiment, blue filled
squares: pH − [Ca2+] experiment), free aqueous SO4

2− concentrations (green dash dotted line) and aqueous CaSO4
0 concentrations (pink dash dotted line) plotted

against total concentrations of Ca2+ in the solution. The plot shows the positive correlation between S/Ca(cc) values and [CaSO4
0](aq). Error bars represent ± 2σ

standard deviation of the duplicate measurement.
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a larger proportion of the solution’s sulfate content, enhancing sulfate
incorporation by providing a higher concentration of the CaSO4

0 ion pair.
Note that incorporation of sulfate as CaSO4

0 complex should result in
the same structural deformation as the substitution with a single anion
of sulfate for CO3

2– (Fernández-Díaz et al., 2010). However, due to the
difference in the charge and structure of the hydration sphere, CaSO4

0 is
expected to undergo quite different surface adsorption, desolvation, and
incorporation processes than the free SO4

2− . For example, solution en-
ergies reported by Midgley et al. (2020) suggest that the adsorption of
sulfate on the calcite surface in the form of a Ca-sulfate complex is
energetically more favorable than the adsorption of a single sulfate
anion. But the actual physical processes by which ion-pairs, such as
CaSO4

0, are incorporated into CaCO3 minerals and how those would
compare to a case where elemental uptake occurs via free uncomplexed
ions are significantly understudied and poorly characterized. Preferen-
tial adsorption and/or incorporation of ion complexes over free ions has
previously been shown for only divalent cations. A large fraction of
Mn2+ and Mg2+ attach on the calcite surface as an ion-pair formed with
CO3

2– (Mills et al., 2022). Incorporation of Mn2+ and Mg2+ as ion-pairs
with CO3

2– potentially also explains their calcite inhibiting behavior.
While dehydration of these cations through complex formation aids a
more accessible attachment on the calcite surface, this likely limits CO3

2–

reorientations at the kink sites (Mills et al., 2022). Sulfate has been
suggested to promote desolvation of cations (e.g., Piana et al., 2006;
Yang et al., 2012), and hence complex formation of SO4

2− and Ca2+ helps
dehydration of Ca2+ that is generally considered the rate determining
step for calcite growth (Wolthers et al., 2012 and references therein).
CaSO4

0 ion pair effectively results in sulfate substituting for carbonate in
the calcite crystal structure and therefore CaSO4

0 ion pair adsorption and
incorporation is a mechanistic explanation for previous observations of
this substitution.

We additionally acknowledge that Mg2+ readily forms complexes
also with SO4

2− (and not only with CO3
2– as described above) to form

MgSO4
0 (Garrels and Thompson, 1962), which could be favored over

SO4
2− incorporation into the calcite lattice (Sakuma et al., 2014). The

results of this study do not indicate a significant contribution of MgSO4
0

to the sulfate incorporation (Supplementary Figure S8 c), but it still
might provide a major contribution to the Mg2+ content of the calcite
(Kralj et al., 2004). Interestingly, the relation between S/Ca(cc) and
[MgSO4

0](aq) may vary under different temperature conditions because
magnesium incorporation is well-known to increase with increasing
temperature (e.g., Lea et al., 1999; Mejri et al., 2014). The distribution of
sulfate species is independent of temperature, but the preferred form of
incorporated sulfate complex could potentially be (indirectly) affected
by the temperature control on Mg2+ incorporation and thus the sulfate

incorporation via MgSO4
0 may be preferred over CaSO4

0. Exploring this
possibility requires further work as all experiments here were performed
at a constant temperature (23± 0.3 ◦C). Also, the current Mg/Ca ratio of
seawater is approximately 5 mol/mol, while the simplified and dilute
solutions of these experiments contained a Mg/Ca ratio < 0.3 mol/mol.
If [Mg2+](total) was higher relative to [Ca2+](total) in our experimental
solutions, free sulfate anions have a larger potential to form complexes
with Mg2+ over Ca2+. It follows that MgSO4

0 could play a more important
role for S incorporation, for example in seawater, than what is observed
in our experiments.

4.6. Sensitivity of Ds for past changes in seawater sulfate and calcium
concentrations

Sections 4.3 and 4.4 discussed the potential dependence of sulfate
incorporation on Ω and pH with the assumption that sulfate is incor-
porated into CaCO3 as the free SO4

2− anion (Pingitore et al., 1995;
Takano, 1985; Takano et al., 1980). However, as we addressed in Sec-
tion 4.5., the results from this study suggest that free aqueous SO4

2− may
not be the (only) form of sulfate taken up, and instead, complexed forms
of sulfate also contribute to sulfur incorporation. Specifically, we argue
that the availability of CaSO4

0 (or MgSO4
0) complexes will at least partly

affect the S/Ca(cc) values in inorganic calcites. The abundance of CaSO4
0

ion pairs ultimately depends on [SO4
2− ](total) and [Ca2+](total). Compu-

tations by PHREEQC (Version 3; Parkhurst and Appelo, 1999) reveal
that 1 mmol kg− 1 increase in [SO4

2− ](total) within the range of 13–35
mmol kg− 1 under approximate seawater conditions ([Ca2+](total) =

10.28 mmol kg− 1, [B(OH)4− + B(OH)3] = 0.420 mmol kg− 1, [DIC] =

2.40 mmol kg− 1, [Cl− ] = 550 mmol kg− 1, [Mg2+](total) = 52.8 mmol
kg− 1) will result in a 2.5 to 7.5 % increase in [CaSO4

0](aq) with larger
impact under low [SO4

2− ](total) conditions. Following the same seawater
concentrations, 1 mmol kg− 1 increase in [Ca2+](total) within the range of
5 to 23 mmol kg− 1 will induce an increase from 3.9 to 20 % in
[CaSO4

0](aq) and indicates a larger change in [CaSO4
0](aq) when

[Ca2+](total) is low (Fig. 6 a).
Studies investigating past seawater chemistry based on fluid in-

clusions (Horita et al., 2002 and references therein; Wortmann and
Paytan, 2012) showed that seawater [SO4

2− ](total) was lower during the
Mesozoic Era (252 – 66 Ma; https://stratigraphy.org), and during the
warmer periods of the Cenozoic (66Ma to present). At times of increased
greenhouse concentrations, [SO4

2− ](total) may have been as low as 2.1
mmol kg− 1 (Wortmann and Paytan, 2012). Such an extreme decrease in
[SO4

2− ](total) would cause a decrease of 860 µmol kg− 1 in [CaSO4
0](aq),

which could contribute to somewhat lower S/Ca values in inorganic and
biogenic carbonates. Concurrently, seawater [Ca2+](total) was shown to

Fig. 6. CaSO4
0 complex formation calculated using the PHREEQC solution chemistry model (Version 3; Parkhurst and Appelo, 1999) for constant [B(OH)4 + B(OH)3]

(0.420 mmol kg− 1), [DIC] (2.40 mmol kg− 1), [Cl− ] (550 mmol kg− 1) and various [Ca2+](total) plotted against a) [SO4
2− ](total), b) pHNBS, and c) [Mg2+](total).

[SO4
2− ](total) on plot a) and c), and [Mg2+](total) on plot a) and b) are 28.2 mmol kg− 1 and 52.8 mmol kg− 1, respectively. Light blue lines indicates lower [Ca2+](total)

and dark blue lines show high [Ca2+](total).
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be higher during the early Cenozoic and late Mesozoic and it may have
reached concentrations of 50 mmol kg− 1 between 60 Ma and 85 Ma
(Wallmann, 2001). This elevation in seawater [Ca2+](total) could result in
a major increase in [CaSO4

0](aq) as high as 2950 µmol kg− 1 and, in
combination with the reduction in [SO4

2− ](total), it could still cause a net
increase in S/Ca(cc) values. More moderate estimates suggest that
seawater [Ca2+](total) and [SO4

2− ](total) were 14 mmol kg− 1 higher and
20 mmol kg− 1 lower, respectively, at 150 Ma (Horita et al., 2002).
These, in combination with the estimated decrease in [Mg2+](total) (26
mmol kg− 1; Horita et al., 2002) would reduce [CaSO4

0](aq) by 205 µmol
kg− 1 with respect to the modern values (approximately 931 µmol kg− 1).

Our data from the pH − [Ca2+] experimental series demonstrate a
potential inverse relationship between S/Ca(cc) and pH (Fig. 2 d), which
is consistent with the results from culture experiments using benthic
foraminifera (Van Dijk et al., 2017). However, pH does not contribute to
a significant change in [CaSO4

0](aq). As shown in Fig. 6 b, within the
range from 4 to 10, a pHNBS change by 1 unit result in less than 20 µmol
kg− 1 of change in [CaSO4

0](aq). The relation found between Ds and pH is
therefore more likely related to a change in [Ca2+](total), which has
sizable impacts on [CaSO4

0](aq). More experiments, especially those with
manipulations of only pH, are required to affirm if pH has an additional
influence during the incorporation process.

Formation of sulfate complexes other than CaSO4
0 will reduce the

amount of free aqueous [SO4
2− ](aq) available, which may either cause a

decrease of the total amount of incorporated sulfate in calcite or may be
compensated for via the incorporation of various sulfate complexes,
such as MgSO4

0. Ions of Mg2+ and SO4
2− are likely incorporated in CaCO3

via linked processes (Van Dijk et al., 2019a; Van Dijk et al., 2019b)
which may even relate to their uptake as an ion pair (Sakuma et al.,
2014). Based on the calculations in PHREEQC, we indeed see decreasing
[CaSO4

0](aq) with increasing [Mg2+](total) but variation in [Mg2+](total)
alone will contribute to only a minor change in [CaSO4

0](aq) (3–7 µmol
kg− 1 per 1 mmol kg− 1 change of [Mg2+](total)) with respect to changes in
either [Ca2+](total) or [SO4

2− ](total) (Fig. 6 c).

4.7. The potential of foraminiferal S/Ca as a proxy for the carbon system

Comparison of inorganic calcite growth and foraminiferal culture
experiments is complicated by different scales of precipitation rates
typical for inorganically formed and biogenic calcium carbonates.
Similar precipitation rate as within this study (− 5.40 ± 0.1 log10 mol
m− 2 sec− 1) has been reported only from low-Mg/Ca foraminifera
(Geerken et al., 2022), as the influence of precipitation rates on element
incorporation is generally tested over a large and often higher range
during inorganic growth experiments, compared to the rate at which
foraminifera precipitate their calcite (Haynes et al., 2017 and references
therein). The preferred polymorph that forms also depends on the con-
ditions and is not necessarily the same within the calcifying space of a
foraminifer and an inorganic precipitation experiment. Foraminifera
approaching relatively high precipitation rate on their scales likely
result from a high level of supersaturation. This in turn has been hy-
pothesized to result in the formation of an amorphous precursor and
hence affects the extent of element incorporation (Evans et al., 2020).
Critically, [SO4

2− ](total) and [Mg2+](total) of our experimental solutions
were six times and twenty-five times lower than the respective con-
centration in natural seawater in order to avoid precipitation of CaCO3
polymorphs other than calcite (most importantly aragonite). Thus, the
potential contribution of free SO4

2− ions versus ion-pairs, such as CaSO4
0

for Ds is difficult to scale for foraminiferal calcification. Moreover,
certain organic molecules can interact with SO4

2− near the site of calci-
fication, adding further complications when comparing Ds or S/Ca(cc)
between inorganic and foraminiferal calcite. Combined foraminifera
culture and inorganic experiments under various [Ca2+](total),
[SO4

2− ](total), [Mg2+](total) in future studies, however, have the potential
to solidify the theoretical basis of the S/Ca(cc) as a paleo-proxy and
improve its applicability.

Even if foraminiferal S/Ca(cc) values alone cannot be used for
reconstructing seawater carbon chemistry, as the results of this study
imply, it may be used in combination with other elements that share
(some of) the same controls on their incorporations or when growth rate
and seawater chemistry is well-constrained. There is yet no proxy
available to quantitatively determine precipitation/growth rate in fossil
foraminifera, but alternative indicators are available to correct for pre-
cipitation rate effects. Sodium to calcium ratios in calcite have been
shown to be strongly dependent on precipitation rate (Devriendt et al.,
2021). If the influence of other parameters, such as salinity (Mezger
et al., 2016; Wit et al., 2013) are minor on the Na/Ca(cc) values with
respect to rate effects, this element could potentially be used to correct
for the precipitation rate and isolate the influence of the carbon chem-
istry on the S/Ca(cc) values. Alternatively, Sr/Ca(cc) has been also shown
to reflect growth rate (Cléroux et al., 2008; Keul et al., 2017; Kısakürek
et al., 2008) and provide further constraints on the precipitation rate. In
addition, the foraminiferal S/Ca(cc) values may still have an application
potential in environments where variation in precipitation/growth rate
is minor, for instance in deep sea environments (e.g., Corliss and Silva,
1993; Gooday, 1994).

Fluctuations of [Ca2+](total) and [SO4
2− ](total) over geological history

need to be taken into account when S/Ca(cc) or Ds for (biogenic) calcite is
used in pCO2 reconstructions. While SO4

2− has a residence time of about
15 million years in the ocean, Ca2+ has one of only 1.1 million years,
thus limiting downcore application to less than 1 million years. Con-
straints on past [Ca2+](total) are hence important and may be provided
based on fluid inclusions (Brennan et al., 2013; Horita et al., 2002) and
Ca isotopes in foraminifera (Griffith et al., 2008; Heuser et al., 2005),
but also based on element incorporations in foraminifera, such as Na/
Ca(cc) (Hauzer et al., 2018; Zhou et al., 2021) and K/Ca(cc) (Nambiar
et al., 2023).

Common planktonic foraminifera, such as Globigerinoides ruber,
Globigerina bulloides, Trilobatus sacculifer, and Neogloboquadrina incom-
pta, incorporate sulfate at a S/Ca(cc) ratio between 0.30 and 2.0 mmol
mol− 1 (Karancz et al., 2024a), while benthic foraminifera show larger
variability in S/Ca(cc) values (Van Dijk et al., 2017). Miliolid forami-
nifera, such as Sorites marginalis, may have sulfate concentrations as high
as 10 mmol mol− 1, whereas rotaliid foraminifera, e.g. Amphistegina
gibbosa incorporate sulfate at ratios comparable to planktonic forami-
nifera (Van Dijk et al., 2017). The experiments performed using carbon
chemistry conditions closest to natural seawater conditions ([DIC] =

2400 µmol kg− 1, pHNBS = 8.2) resulted in three times higher sulfate
incorporation compared to the high-S/Ca S. marginalis and twenty times
higher than in planktonic and benthic rotaliid species. Miliolid forami-
nifera, however, likely build their shell using an internal reservoir which
is not heavily modulated by active ion pumping, thus incorporating Mg,
Sr, Na, Ba and SO4

2− in ratios to Ca closer to the values observed for
inorganic precipitation from seawater (de Nooijer et al., 2009; Van Dijk
et al., 2017).

The lower S/Ca(cc) ratios in foraminifera with respect to the levels
observed for inorganic Ds emphasizes the microenvironmental controls
related to the foraminifer’ physiology. Calcification inherently requires
a supersaturation with respect to CaCO3 at the site of calcification,
which potentially could involve an active removal or immobilization of
ions inhibiting calcite growth, such as SO4

2− and Mg2+ (Kontrec et al.,
2004; Pokroy et al., 2006; Zeebe and Sanyal, 2002). As a consequence,
less of these ions are available for incorporation and S/Ca and Mg/Ca of
the newly formed calcite decrease.

During shell formation, Ca2+ is suggested to be pumped over the cell
membrane into the site of calcification (de Nooijer et al., 2014; Evans
et al., 2018; Higgins, 1992; Nehrke et al., 2013; Toyofuku et al., 2017).
The site of calcification is isolated via a protective envelope from the
surrounding seawater and the pH of the fluid in this site of calcification
is modified by proton removal to increase [CO3

2–] and saturation state,
promoting calcite nucleation and growth. Consequently, and at constant
seawater [DIC], the reduction in pH outside the foraminifer due to the
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proton pumping will decrease the carbonate ion concentration. The
large pH gradient (low outside, high inside the site of calcification) and
the resulting large CO2 gradient (high outside, low inside) is thought to
promote the diffusion of carbon into the calcifying fluid and is accom-
panied by an inward Ca2+ flux that is coupled to the outward H+

pumping (likely in a ratio of 1:2; Toyofuku et al., 2017). It is still un-
resolved whether some seawater, containing amongst others also SO4

2− ,
is transported to the site of calcification through vacuoles (Bentov and
Erez, 2006; Erez, 2003), or already present at the site of calcification at
the onset of shell formation (de Nooijer et al., 2014; Geerken et al.,
2022). Irrespective, it is clear from a mass balance consideration that
active acquisition of Ca2+ at the site of calcification is needed to sustain
the formation of calcium carbonate. Consequently, the elevated [Ca2+]
at the site of calcification will increase CaSO4

0 complexation and thus
subsequently sulfate incorporation in the shell’s calcite (Fig. 7). Such
process forms a mechanistic link between S/Ca(cc) and [CO3

2–](total), as at
lower pH (and thus carbonate ion concentration), more pumping is
required to reach the Ω values needed to precipitate calcium carbonate
at the rates observed. Although the total concentration of S will remain
the same, it is unlikely that sulfate uptake through the cell membrane
occurs in the form of the CaSO4

0 complex due to its large size and neutral
charge, but the formation of these complexes increases with [Ca2+]total
in the calcifying space. This could explain the negative correlation be-
tween S/Ca and [CO3

2–] (and pH) observed in benthic foraminiferal
culture experiments (Van Dijk et al., 2017). Calibrating this potential
proxy using field samples, however, showed that other parameters likely
largely overprint such a primary signal. Other potential parameters
affecting sulfate incorporation in foraminifera shells therefore remain
subject to further research. For instance, an indirect effect of tempera-
ture, via competition between CaSO4

0 and MgSO4
0 may be responsible,

but exploring the ratio of S to Mg may potentially provide an alternative
approach to develop an independent seawater carbon system proxy.

5. Conclusions

Inorganic calcite growth experiments were performed in a simplified
solution with respect to natural seawater conditions to understand the
basic relations of sulfate incorporation with the carbonate system and
growth-rate effects. The partition coefficient of sulfur shows a

dependence on calcite saturation state and / or precipitation rate, and on
the carbon system via the changing solution pH. However, it remains to
be tested whether pH or the changing solution chemistry (e.g., [SO4

2− ]/
[CO3

2–]) drives sulfate partitioning. Counterintuitively, calcite S/Ca(cc)
values do not correlate positively with free aqueous [SO4

2− ] as expected
based on former observations, but they reveal a positive trend with the
aqueous CaSO4

0 complex. These results are hinting at incorporation
pathways other than (only) substitution of SO4

2− for CO3
2– in the calcite

lattice and suggest that complexes formed with Ca2+ (and potentially
with Mg2+) in the solution may drive sulfate (and potentially also Mg2+)
uptake in calcite and likely other calcium carbonate minerals. Investi-
gating complexation affinity of cations and anions may be a key to better
understanding primary controls in element incorporation in calcium
carbonates and may provide the missing link for resolving discrepancies
in multi-proxy reconstructions.
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Fig. 7. Summary of sulfate incorporation in the form of CaSO4
0 complex within the concept of hyaline foraminifera calcification (de Nooijer et al., 2014). Sulfate is

likely taken up into the SOC via trans-membrane transport, but we here also depict the possibility of direct seawater transport and sulfate supply to the site of
calcification. The CaSO4

0 complex can be formed in the SOC fluid or be delivered to the SOC via direct seawater transport.
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Kısakürek, B., Eisenhauer, A., Böhm, F., Garbe-Schönberg, D., Erez, J., 2008. Controls on
shell Mg/Ca and Sr/Ca in cultured planktonic foraminiferan, Globigerinoides ruber
(white). Earth. Planet. Sci. Lett. 273, 260–269.

Konrad, F., Gallien, F., Gerard, D.E., Dietzel, M., 2016. Transformation of Amorphous
Calcium Carbonate in Air. Cryst. Growth Des. 16, 6310–6317.

Konrad, F., Purgstaller, B., Gallien, F., Mavromatis, V., Gane, P., Dietzel, M., 2018.
Influence of aqueous Mg concentration on the transformation of amorphous calcium
carbonate. J. Cryst. Growth 498, 381–390.
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