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Modeled foraminiferal calcification and strontium
partitioning in benthic foraminifera helps
reconstruct calcifying fluid composition
Qicui Jia1, Shuo Zhang 1✉, James M. Watkins2, Laurent S. Devriendt3, Yuefei Huang1,4 & Guangqian Wang1

Foraminifera are unicellular organisms that inhabit the oceans. They play an important role in

the global carbon cycle and record valuable paleoclimate information through the uptake of

trace elements such as strontium into their calcitic shells. Understanding how foraminifera

control their internal fluid composition to make calcite is important for predicting their

response to ocean acidification and for reliably interpreting the chemical and isotopic com-

positions of their shells. Here, we model foraminiferal calcification and strontium partitioning

in the benthic foraminifera Cibicides wuellerstorfi and Cibicidoides mundulus based on insights

from inorganic calcite experiments. The numerical model reconciles inter-ocean and taxo-

nomic differences in benthic foraminifer strontium partitioning relationships and enables us

to reconstruct the composition of the calcifying fluid. We find that strontium partitioning and

mineral growth rates of foraminiferal calcite are not strongly affected by changes in

external seawater pH (within 7.8–8.1) and dissolved inorganic carbon (DIC, within

2100–2300 μmol/kg) due to a regulated calcite saturation state at the site of shell formation.

https://doi.org/10.1038/s43247-023-01194-6 OPEN

1 State Key Laboratory of Hydroscience and Engineering, Department of Hydraulic Engineering, Tsinghua University, Beijing, China. 2 Department of Earth
Sciences, University of Oregon, Eugene, OR 97403, USA. 3 Chemical Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA.
4 State Key Laboratory of Plateau Ecology and Agriculture, Qinghai University, Xining, Qinghai 810016, China. ✉email: zhangs2019@tsinghua.edu.cn

COMMUNICATIONS EARTH & ENVIRONMENT | (2024)5:36 | https://doi.org/10.1038/s43247-023-01194-6 | www.nature.com/commsenv 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01194-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01194-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01194-6&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s43247-023-01194-6&domain=pdf
http://orcid.org/0000-0002-2170-4299
http://orcid.org/0000-0002-2170-4299
http://orcid.org/0000-0002-2170-4299
http://orcid.org/0000-0002-2170-4299
http://orcid.org/0000-0002-2170-4299
mailto:zhangs2019@tsinghua.edu.cn
www.nature.com/commsenv
www.nature.com/commsenv


Trace element uptake by calcite (CaCO3) during mineral
growth is sensitive to environmental parameters such as
solution composition, temperature and pH. This is the

basis for using trace elements to infer the conditions of carbonate
mineral formation, with the caveat that trace element con-
centrations often record a convolution of multiple environmental
variables. For example, the partitioning of strontium (Sr) into
inorganic calcite (partition coefficient DSr= [Sr/Ca]calcite/[Sr/
Ca]fluid), has long been known to be dependent on both tem-
perature (T) and growth rate (Rp)1–6. A reassessment of previous
studies has revealed that the DSr-Rp relationship for inorganic
calcite varies systematically with solution pH, and an ion-by-ion
model for crystal growth has been developed to account for this
effect7,8. These developments present an opportunity to revisit
comparisons in Sr partitioning behavior between inorganic calcite
and other calcites produced through biologically-mediated
processes.

Foraminifera are unicellular organisms that inhabit the oceans
and make calcite tests (shells). As with inorganic calcite, much
effort has been devoted to understanding the controls on DSr of
foraminiferal calcite through culturing experiments of benthic
(ocean floor and sediments) and planktonic (surface oceans)
foraminifera9–18. One of the main conclusions from these studies
is that trace element discrimination is unique to each species, due
to distinct evolutionary adaptation strategies in the biological
shell-building process. Among these adaptations is the ability to
modify seawater chemistry in a small volume near the site of
calcification that is difficult to probe directly. A longstanding
question is to what extent geochemical differences between dif-
ferent calcifying species and inorganic calcite (e.g., refs. 19–21) can
be explained by the (unknown) modified seawater composition as
opposed to additional biological effects (e.g., influences from
organic molecules22).

Here, we assess whether DSr values in foraminifera can be
explained by inorganic-like partitioning within a biologically-
modified calcifying fluid. Previous work has identified key pro-
cesses by which foraminifera control their internal fluid compo-
sition, such as seawater intake through vacuoles23, proton
pumping to increase pH24, and transmembrane ion
transport25–27. These processes are included in a model for coral
calcification28, and here we adopt this existing framework but
with a key modification: the Sr/Ca of calcite is calculated from the
modeled calcifying fluid composition ([DIC]cf, pHcf, [Ca2+]cf,
[Sr2+]cf) using the aforementioned ion-by-ion model that was
calibrated against Sr/Ca data from inorganic calcite8.

Previous studies have reported Sr/Ca ratios from cultured
foraminifera9–18, natural planktonic foraminifera29–34 and
benthic foraminifera35–44. Here, we focus our analysis to core-top
data from modern benthic foraminifera for several reasons: (1)
the temperature at depth is more constant than in the surface
waters where planktonic species thrive, (2) the depth at which
benthic foraminifera are collected can be assumed to represent
the depth at which they formed, (3) the seawater saturation state
(Ωsw= [Ca2+]sw[CO3

2-]sw/Ksp) of calcite has been reported or
can be estimated from the GLODAP database45, (4) individual
species of benthic foraminifera have been collected from all
ocean basins at a wide range of water depths (1 to 5 km), leading
to a dataset that spans a wide range in DSr, and (5) the selected
foraminiferal species have low Mg/Ca (<20 mmol/mol),
which makes it applicable to our low-Mg calcite model of Sr
partitioning (i.e., high Mg is known to affect Sr incorporation into
calcite7,46).

The core-top data from Yu et al.36 reveal a strong relationship
between DSr and seawater calcite saturation state (Ωsw) for the
benthic species Cibicidoides wuellerstorfi (C. wuellerstorfi) and
Cibicidoides mundulus (C. mundulus, Fig. 1). It is clear, however,

that Ωsw is not the primary variable controlling foraminiferal DSr,
as there are offsets in the DSr-Ωsw relationships among C. wuel-
lerstorfi samples collected from different ocean basins as well as
an offset between C. wuellerstorfi and C. mundulus for specimens
that calcified at the same locations. These variable foraminiferal
DSr-Ωsw relationships lack a clear explanation. The partitioning of
Sr between inorganic calcite and solution displays similar DSr

sensitivities to Ωsw but with lower DSr values at a given Ωsw. The
magnitude of the offset in DSr between foraminiferal and inor-
ganic calcite is consistent with a 10-fold increase in Ω at the site
of calcification (Ωcf) in the foraminifera (Fig. 1). Here, we test if
known biocalcification mechanisms can explain the offset in DSr-
Ωsw relationships: (1) between foraminiferal and inorganic calcite,
(2) between foraminifers from different ocean basins, and (3)
between foraminiferal taxa. We show that our model can explain
inter-ocean and taxonomic differences in benthic DSr relation-
ships and provides constraints on the foraminiferal calcifying
fluid composition.

In addition, DSr data from culturing experiments conducted
under a wider range of seawater chemistry conditions are used to
assess the limits of our model assumptions and applications to
both benthic and planktonic foraminifera9,17,18. In particular, we
evaluate the required rates of alkalinity pumping rate in our
model to match experimentally measured DSr values under
varying pH and DIC conditions. Results from culture experi-
ments suggest that each foraminifera species has a distinct alka-
linity pumping rate, but this parameter remains relatively
constant under varying seawater pH. Finally, assuming time-
independent model parameters, we apply our model to infer past
and future changes in foraminiferal calcifying fluid composition,
calcite growth rate and Sr partitioning based on historical and
projected atmospheric CO2 concentrations.

Fig. 1 The Sr partition coefficient between calcite and solution (DSr) for
foraminifers and inorganic calcite as a function of the environmental
calcite saturation state (ΩSW). The foraminifera samples36 come from C.
wuellerstorfi in the Norwegian Sea (red circle), the Atlantic Ocean (blue
rhombus), the Indian Ocean (yellow triangle) and the Pacific Ocean
(orange star), and C.mundulus in the Atlantic Ocean (green square). The
offset in Sr partition coefficient (DSr) between foraminiferal and inorganic
calcite1–3 (gray triangle, blue cross and purple cross) may be caused by
elevated calcite saturation state (Ω) at the site of calcification in the
foraminifera. Errors in foraminiferal DSr data36 represent ±1σ of replicates.
Errors in inorganic data3 are ±0.07*DSr.
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Results and discussion
Processes involved in foraminiferal calcification. Foraminifers
precipitate their shells from modified seawater within a closed or
semi-closed environment25. Previously identified biomineraliza-
tion processes relevant to calcite growth kinetics and trace ele-
ment partitioning include: (1) transfer of seawater to the
calcifying space through passive leakage or active vacuolization,
or transmembrane transport of ions (through pumps or channels)
to the site of calcification25,47, (2) a diffusive flux of CO2(g) from
the high [CO2] cellular space20 and/or environmental seawater48

towards the calcifying fluid, (3) active H+ removal from the
calcifying fluid coupled with cation pumping to the calcifying
space for charge balance (e.g., Ca2+24,48), and (4) the presence of
the enzyme carbonic anhydrase, which rapidly converts CO2(aq)

into HCO3
- in the calcifying fluid49. Processes 1 and 2 act to

transport DIC from seawater25. A comparison of foraminiferal
DSr values36 with the environmental concentrations of individual
DIC species (see Supplementary Notes 1) suggests environmental
DIC and/or HCO3

- (process 1) is/are the main source(s) of car-
bon for calcite precipitation in these taxa while environmental or
metabolic CO2(aq) (process 2) is not, consistent with previous
observations in decoupled carbonate-system experiments14,18 and
biomineralization models based on oxygen isotope data50,51.

The above processes are accounted for in the model with some
simplifications:

1. We cast the flux of ions from seawater or seawater vacuoles
to the calcifying fluid as being proportional to the concentration
gradient through a membrane permeability coefficient (m s−1):

Pcell ¼
k � D
Δx

ð1Þ

where k is a dimensionless quantity that characterizes the
interaction between the ion and membrane, D is a diffusion
coefficient (m2 s−1), and Δx is membrane thickness (m). We treat
Pcell as being the same for all ions that we track (i.e., Ca2+, Sr2+,
HCO3

-, CO3
2-, H+, and OH-) as membrane ionic affinities

remain unknown. Although our model does not include Mg, we
note that Pcell would need to be much smaller for Mg2+ in order
to explain the extremely low Mg/Ca (2-6 mmol/mol at 5 °C47)
relative to seawater Mg/Ca (5200 mmol/mol). Our treatment of
the ion flux does not distinguish explicitly between seawater

vacuolization and transmembrane transport of ions because we
use the same values of Pcell for HCO3

- and CO3
2-. The

mathematical representation of HCO3
- and CO3

2- through
transmembrane transport (terms with Pcell in Eq. 2) is equivalent
to that for direct uptake of seawater DIC and alkalinity (terms
with τsw in Eq. 2) insofar as the ion flux is proportional to the
concentration difference between seawater and the calcifying
fluid. Analysis of the Mg content of foraminiferal calcite (see
Supplementary Notes 2) suggests that transmembrane transport
is the dominant process through which foraminifera gains ions
for calcification in low-Mg foraminifera. We, therefore, set the
vacuolization terms to zero and only include transmembrane
transport. Toyofuku et al.48 shows that seawater pH is lower in a
boundary layer surrounding foraminifera due to pumping of H+,
and therefore, a fraction of the DIC may enter the site of
calcification via CO2 diffusion from this layer. Similarly to their
model48, the uptake of DIC for calcification in our model is
strongly dependent on the concentration gradient between
seawater and the calcifying fluid, although we do not address
explicitly differences in the proportions of DIC species between
seawater and a boundary layer.

2. The high [CO2] cellular space is assumed to have a
concentration of 13 μmol/kg, as was assumed for a coral
calcification model28. This is a similar value as seawater [CO2]
at pH= 8.2 and T= 5 °C. Hence, our model does not distinguish
between CO2 from the cellular space versus that from seawater.

3. A cation alkalinity pump increases the pH of the calcifying
fluid by exchanging two H+ for one Ca2+ or Sr2+24,48. The
proportions of exchanged Ca2+ and Sr2+ are assumed to follow
their ratios in seawater, i.e., there is no Sr/Ca fractionation during
pumping. If other cations were to be involved in exchanging for
H+, then the Sr2+ and Ca2+ fractions of the alkalinity pump (f)
could be decreased accordingly.

4. We treat the DIC species as being instantaneously
equilibrated, implying that the concentration of carbonic
anhydrase is sufficient for the DIC equilibration time to be much
shorter than the residence time of DIC in the calcifying fluid52.

A schematic of the model is presented in Fig. 2. Mathemati-
cally, the model involves four coupled ordinary differential
equations (ODEs) that track the concentrations of Ca2+, Sr2+,
alkalinity, and DIC in the calcifying fluid as they are subjected to

Fig. 2 Schematic diagram of foraminiferal calcification. The site of calcification is conceptualized as a box with unit surface area and a height of z. Active
proton pumping (FALK), CO2 diffusion, transmembrane transport of ions (characterized by the cell permeability Pcell), calcite precipitation (Rp), and
carbonic anhydrase (CA) are considered in this model.
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the effects of alkalinity pumping (terms involving FALK),
transmembrane ion transport (terms involving cell permeability
Pcell), and carbonate precipitation (terms involving Rp). The only
tunable parameters in our model are the cell permeability (Pcell)
and efficiency of the proton pump (FALK) (see Method section)
because we treat the parameters in the ion-by-ion model of
inorganic calcite precipitation as known quantities. These include
the kinetic (attachment/detachment frequencies) and thermo-
dynamic parameters, which are calculated from previously
characterized temperature and pressure conditions in the four
oceans (Supplementary Table 1).

Known model inputs are the seawater temperature, pressure,
pH, and DIC at different water depths of the Norwegian Sea, the
Atlantic Ocean, the Indian Ocean and the Pacific Ocean
(Fig. 3a–c). Both seawater pH and DIC change systematically
with water depth in each of the four oceans and can thus be
interpolated linearly with depth. The variation of seawater pH
with depth is generally smaller than 0.1 unit, and the variation of
seawater DIC with depth is about 50 μM36. Environmental Ωsw

mostly depends on water depth and varies from 2 at 1000m, to
<1 at 5000 m36. The depth-dependence of Ωsw is caused by an
increase in the calcite solubility product (Ksp) with increasing

pressure. Outputs of the model are the steady state composition
of the calcifying fluid (e.g., pHcf, [DIC]cf, Ωcf), calcite growth rate
(Rp), and growth rate-dependent partitioning coefficient (DSr) in
the foraminiferal calcite (Fig. 3d–i).

Foraminiferal calcification and Sr/Ca were also modeled using
data from cultured studies9,17,18. For these, the model inputs are
seawater temperature, pressure, pH and DIC as reported from the
experimental studies. The experimental temperature ranges from
11.5 to 25.6 °C and pressure is 1 atmosphere. The variations of
pH and DIC are larger than those in natural seawater, with pH
varying between 7.5 to 8.6, and DIC varying between 1000 to
7000 μM (see Supplementary Notes 3).

Modeled chemistry of calcifying fluid and Sr partitioning in
natural benthic foraminifera. We vary the parameters Pcell and
FALK to match the measured DSr and then retrieve the steady state
water composition of the calcifying fluid. There is a range of
combinations of Pcell and FALK values that approach the measured
DSr with different r2 values, and we select the model parameters
that result in the largest r2 value (see Supplementary Notes 4).
The model-inferred pH of 9.1–9.4 for the calcifying fluid is in
good agreement with measurements from ref. 24, who reported

Fig. 3 Measured seawater chemistry and foraminiferal Sr partition coefficient (DSr), together with and modeled foraminiferal parameters. Measured
and/or modeled (a) seawater pH, (b) seawater DIC, (c) calcite saturation state of seawater, (d) pH of the calcifying fluid, (e) DIC of the calcifying fluid, (f)
calcite saturation state of the calcifying fluid, (g) calcite precipitation rate Rp, (h) foraminiferal Sr partition coefficient DSr, and (i) Sr/Ca ratio of the
calcifying fluid at steady state. The data points are measured values36 and the solid lines are model outputs at steady state. Red, blue, yellow and orange
color represent C. wuellerstorfi in the Norwegian Sea, the Atlantic Ocean, the Indian Ocean and the Pacific Ocean, respectively. Green color represents
C.mundulus in the Atlantic Ocean. Errors in (h) represent ±1σ of replicates.
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that foraminiferal calcite is precipitated in the hyaline species
Cibicides lobatulus at pH >9.0, using the ratiometric fluorescent
probe HPTS to visualize the intracellular pH.

Model outputs of Rp and DSr and associated carbonate
chemistry in the calcifying fluid are plotted against the data in
Fig. 3. The concentrations of individual DIC species are
provided in Supplementary Notes 4, Fig. S5. A key result is
that geographic and taxonomic differences in the foraminiferal
DSr vs Ωsw relationships are resolved by applying the same Pcell
value (4 × 10−6 m/s) to both C. wuellerstorfi and C. mundulus
but slightly different FALK values for C. wuellerstorfi
(4.7 × 10−6 mol/m2/s) and C. mundulus (3.9 × 10−6 mol/m2/s).
The modeled DSr versus Ωsw (Fig. 4) indicate that although
there are differences in Ωsw in the four oceans, proton pumping
by the foraminifera modifies the composition of the calcifying
fluid leading to similar Ωcf (and DSr) vs depth relationships for
C. wuellerstorfi in the four oceans (Fig. 3f–h). The slightly lower
FALK value for C. mundulus leads to lower Ωcf and DSr for the
same range of water depths.

In the model, the DIC in the calcifying fluid decreases by
about 300 μM relative to environmental seawater due to calcite
precipitation outpacing the DIC flux to the calcifying fluid.
However, Ωcf increases by about a factor of 10 due to the high
pHcf. The model precipitation rates of calcite range from 0.3 to
1.5 × 10−6 mol/m2/s. We note that these are instantaneous rates,
which are different from the average growth rates of
foraminifera because the growth of foraminiferal calcite is
episodic and intermittent53. Devriendt et al.54 and Geerken
et al.55 independently estimated that the instantaneous rate of
calcite precipitation for the low-Mg benthic foraminifera
Ammonia sp. to be around 3.3 to 5.0 × 10−6 mol/m2/s. This
range is comparable to the inferred precipitation rate for C.
wuellerstorfi and C. mundulus using our model. The higher
inferred precipitation rate for Ammonia sp. relative to C.

wuellerstorfi and C. mundulus could potentially be explained by
a stronger alkalinity pump. In fact, a modeled precipitation rate
of 4.6 × 10−6 mol/m2/s (which is within the range obtained by
Geerken et al.55) is attained when fitting the average DSr in
Geerken et al.55 at 25 °C and 1 atm with an identical Pcell value
(4 × 10−6 m/s) but with FALK increased by a factor of 2
(8.0 × 10−6 mol/m2/s).

Modeled Sr partitioning in culturing experiments. Culturing
experiments of benthic18 and planktonic9,17 foraminifera provide
more data on the influence of environmental changes on Sr
partitioning in foraminifera beyond the modern natural varia-
tions of seawater pH and DIC. Supplementary Notes 3 provides a
compilation of DSr data obtained from cultured foraminifera.
There is a general increase in foraminiferal DSr with increasing
seawater DIC, although differences in the DSr -DIC relationship
exist between different cultured foraminifera species.

In our model for core top benthic foraminifera, the DSr data36

can be fit using the same FALK and Pcell values for a given species
across the range of seawater [DIC] and pH. In applying our
model to benthic and planktonic foraminifera from culturing
studies, we use the same Pcell value as applied to the field
samples (4 × 10−6 m/s) and vary FALK until the model DSr

matches the measured value (see Supplementary Notes 5 for an
example calculation). Figure 5 shows the FALK values required
to exactly fit the DSr data obtained from cultured foraminifera
under more variable environmental conditions. Results indicate
some inter-species variability in FALK, but for a given species
FALK remains relatively constant across a broad range of
external [DIC] and pH.

Implications for foraminiferal calcification, past and future.
Assuming constant foraminiferal physiology through time, our
model can be used to estimate how precipitation of foraminiferal
calcite (Rp) may be affected by changes in atmospheric CO2

concentration via the influence on seawater pH and DIC
(Fig. 6a, b). Here, we apply constant Pcell (4 × 10−6 m/s) and FALK
(5.8 × 10−6 mol/m2/s, the average FALK of different planktic
species9,17) values for our simulations to show how calcification
and Sr partitioning of planktic foraminifera may have varied in
the past or will vary in the future. The assumption of constant
Pcell and FALK parameters in time is supported by a good data-
model agreement when using a constant species-specific FALK
value over a wide pH range (7.5–8.6; Fig. 5 and Supplementary
Notes 5)9,17.

The emission of anthropogenic CO2 since the Industrial
Revolution has led to ocean acidification with the average surface
ocean pH decreasing from 8.2 (pre-industrialization) to 8.05
(in 2020)56, DIC concentration increasing from 2000 to
2100 μmol/kg57, and Ω decreasing from of 5.58 to 4.29. A 23%
decrease in seawater Ω is associated with a 46% decrease (from
9.8 × 10−9 to 5.3 × 10−9 mol/m2/s) in Rp for inorganic calcite58

while our model indicates foraminiferal Rp would have decreased
by about 2% (from 3.29 × 10−6 to 3.23 × 10−6 mol/m2/s) in the
upper part of the water column.

End of 21st century projections under the ‘business-as-usual’
scenario56 imply an average surface ocean pH further decreasing
to 7.73, DIC concentration increasing to 2360 μmol/kg, and Ω
further decreasing to 2.39. These ocean conditions are associated
with an 89% decrease in inorganic calcite precipitation rate58

while the modeled foraminiferal Rp (~3.14 × 10−6 mol/m2/s)
decrease is only 5%.

These relatively small reductions in foraminiferal calcification
rates in comparison to expected outcomes for inorganic calcite
reflect homeostasis of the foraminiferal calcification fluid

Fig. 4 Modeled and measured Sr partition coefficient between
foraminifera calcite and environmental seawater (DSr) as a function of
the seawater calcite saturation state (Ωsw). The data points are measured
values36 and the solid lines are model outputs at steady state. Red, blue,
yellow and orange color represent C. wuellerstorfi in the Norwegian Sea, the
Atlantic Ocean, the Indian Ocean and the Pacific Ocean, respectively. Green
color represents C.mundulus in the Atlantic Ocean. Error bars represent ±1σ
of replicate analyses.
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composition. This resilience of foraminifera calcification to ocean
acidification is explained by the active proton pumping mechan-
ism and by higher seawater DIC under increasing atmospheric
CO2 concentrations. This is because a higher DIC concentration
in a foraminifer calcifying fluid leads to more HCO3

- conversion
to CO3

2- when subject to the alkalinity pump. This compensates
for the negative effect of a lower seawater pH on [CO3

2-]cf, and
results in a near-constant Ωcf and Rp.

Assuming the foraminiferal biomineralization model holds in
the geological past, times of high atmospheric CO2 (1000 ppmv)
and surface ocean DIC (3900 μmol/kg) concentrations in the late
Eocene59 (ca. 35Ma) may have favored foraminiferal calcification
as our model indicates Rp values would have increased to
3.98 × 10−6 mol/m2/s, up by some 21% compared to the recent
pre-industrial time. This supports evidence for the large
planktonic foraminiferal test size and high number of species
during the Late Eocene60.

The model may also be used to estimate foraminiferal DSr

values and seawater Sr/Ca throughout geological history. For
example, Lear et al.35 calibrated DSr values using modern benthic
foraminifera against water depth for different foraminifera
species. They then calculated the Cenozoic seawater Sr/Ca ratio
using measured foraminiferal Sr/Ca with calibrated DSr values.
However, in the early and middle Cenozoic, the seawater
temperature was higher and seawater pH was lower, possibly
leading to lower DSr than the calibrations based on modern
foraminifera would indicate61. Taking these temperature and pH
effects into account, the modeled DSr value of foraminifera that
calcified 50Ma ago (pH= 7.5, DIC= 2200 μmol/kg, surface
seawater temperature= 35.2 °C62) is 0.122 which is 24% lower
than the modeled DSr value of modern foraminifera (0.160) that

live in surface seawater with pH of about 8.1, DIC of about
2100 μmol/kg and temperature of about 18 °C57,63 (Fig. 6c). It is
worth noting that within the 24% decrease in DSr only 2.5% is due
to the lower pH and higher DIC at 50Ma and the rest of the
decrease in DSr is due to the higher temperature (Fig. 6c). As a
result, previous work35 may have underestimated seawater Sr/Ca
in the Cenozoic by assuming a Sr partitioning coefficient that is
only depth- and species-dependent. Assuming an average Sr/Ca
ratio of 2.3 mM/M in rock weathering inputs to oceans, a
partition coefficient of 0.15 for calcite and 1.0 for aragonite, and
seawater Sr/Ca ratio around 8 mM/M at 50 Ma64, an under-
estimated seawater Sr/Ca by 24% leads to an underestimation of
the fraction of oceanic Ca removal by calcite by about 8% (0.83
compared to 0.90).

Several caveats require attention in the above calculations.
First, our model is a simplified description of the calcification
process. Additional processes are thought to occur in for-
aminifera that affect trace element partitioning and isotope
fractionation, such as cross membrane transport of ions that
may be discriminating against certain elements25 and precipita-
tion of metastable amorphous calcium carbonate65 and/or
vaterite and their recrystallization to calcite66. Our model does
not invoke precursor phases, but relies on the elevation of pH in
the calcifying fluid (and exclusion of Mg2+) and Sr/Ca
partitioning information from inorganic calcite to explain the
observed DSr data. Second, an adaption of foraminifera
calcification strategies through geological history and possibly
in the future is possible and was not considered in the
calculation above. Variable FALK and Pcell values in deep time
and in the future cannot be excluded, although our result
indicates that Sr uptake by foraminifers under a wide range of

Fig. 5 Modeled alkalinity pump values (FALK) inferred from Sr partition coefficient (DSr) data obtained from cultured foraminifera under various
environmental conditions. The cultured benthic foraminifera species are Ammonia T618 (pink cross), B. margina18 (dark green cross) and
C.laevigata18 (light green cross). The cultured planktonic foraminifera species are G. bulloides9 (purple cross), G. ruber17 (gray asterisk),
G.sacculifer17 (pink asterisk), and O.universa17 (purple asterisk). The cell permeability (Pcell) value for both benthic and planktonic foraminifera is
4 × 10−6m/s. The dashed line represents the average proton pump rate (FALK) value (5.8 × 10−6 mol/m2/s) across different planktonic species in
changing environments. The dashdot line represents the FALK value (4.7 × 10−6 mol/m2/s) to fit Sr partition coefficient (DSr) data of natural
benthic foraminifera36.
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environmental conditions is well predicted without a change in
foraminifer physiology. In Supplementary Notes 6, we show the
effects of FALK on foraminiferal DSr and Rp and the uncertainty
in FALK (represented by one standard deviation of FALK values
of individual species derived from Fig. 5). Our conclusion that
DSr is lower during Cenozoic is largely independent of
uncertainties in FALK but predictions of Rp may be more

uncertain. Overall, the results presented here highlight the
expected trends on future and past calcification and Sr
partitioning in foraminifera based on our current under-
standing of biomineralization processes.

Conclusion
The model presented here takes seawater chemistry, temperature,
and pressure as inputs, and calculates the concentration of car-
bonate species in the calcifying fluid, the precipitation rate of
calcite, and the foraminiferal DSr value. The tunable parameters
are the alkalinity pump rate (FALK) and the cell permeability
coefficient (Pcell). The good agreement between model results and
core-top data from various ocean basins demonstrates that DSr

values in benthic foraminifera can be explained by inorganic-like
partitioning within a biologically-modified calcifying fluid. Fur-
thermore, applying our model to culturing experiments suggests
that for a given foraminifera species, the alkalinity pumping rate
remains relatively stable across a broad range of DIC and pH
levels. The proton pump in foraminifera leads to a homeostasis of
the calcifying fluid, which could explain why foraminifera have
been resilient to changes in ocean carbonate chemistry over
geological timescales. Nevertheless, our model indicates that
foraminiferal DSr values were likely lower than their modern
values during the early and middle Cenozoic due to overall higher
seawater temperature.

Method
Samples. Sr/Ca data of two calcitic benthic foraminiferal species
(C. wuellerstorfi and C. mundulus) from the global oceans were
analysed by ref. 36. To minimize the influence of shell size32, each
measurement contains 10–15 shells from the 250–500 μm size
fraction. Duplicate analyses (213 Sr/Ca measurements for 136
core tops) were made and the uncertainty of measured Sr/Ca data
is about ±1% (1σ). The data we use are the average of duplicate
measurements.

Model structure. We consider five processes during the calci-
fication of foraminiferal calcite: seawater leak, ion transport by
diffusion, active proton pumping (or alkalinity pump), CO2

diffusion and calcite precipitation. The site of calcification is
conceptualized as a box with unit surface area and a height of z
(in µm). Sr2+, Ca2+, HCO3

−, CO3
2−, OH− and H+ enter the

site of calcification through transmembrane transport with rates
that are proportional to their concentration difference inside
and outside the site of calcification25,67. A membrane perme-
ability coefficient is assigned to all the ion chemical species
(Pcell, in m/s).

Fig. 6 Effects of seawater DIC (DICsw) and pH (pHsw) on foraminiferal
and inorganic calcite precipitation, and foraminiferal Sr partitioning near
the surface (T= 18 °C or 35.2 °C, pressure= 1 atm). Blue, green and
purple circles represent the seawater chemistry in 1770, 2020 and 2100,
respectively. Bars on the 2020 circle represent spatial and seasonal
variability in pHsw (7.96–8.16) and DICsw (1900–2200 μmol/kg)56.
a Calcite saturation state of seawater (Ωsw: black solid lines) and the
calcifying fluid of C. wuellerstorfi (Ωcf: red dashed lines) as a function of
DICsw and pHsw. b Calcite growth rate (Rp in mol/m2/s) for inorganic
calcite (black solid lines) and foraminiferal calcite (red dashed lines) as a
function of DICsw and pHsw. Values of inorganic calcite Rp are calculated as
a function of temperature and Ω58. c Foraminiferal Sr partition coefficient
(DSr) at 35.2 °C62 (red dashed lines) and 18 °C (black dashed lines) as a
function of DICsw and pHsw.
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Following Chen et al.28, the differential equations for the
chemical components in the calcifying fluid (DIC, ALK, [Ca2+],
and [Sr2+]) are:

d DIC½ �
dt

¼ 1
τsw

DIC½ �sw � DIC½ �� �þ
PHCO�

3

z
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3

� �
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z
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where τsw (s) is seawater residence time in the calcifying fluid, Rp

(mol/m2/s) is calcite precipitation rate, FALK (mol/m2/s) is
proton pump rate, xc is the Sr fraction in calcite
(xc ¼ Sr½ �c=ð Sr½ �c þ Ca½ �cÞ), z (µm) is the thickness of the
calcifying fluid, DCO2

(m/s) is cell permeability of CO2, f is
fraction of Sr2+ and Ca2+ in exchange of H+, CO2

� �
cell (mol/L) is

cell CO2 concentration, xsw is the Sr2+ fraction in seawater
(xsw ¼ Sr½ �sw=ð Sr½ �sw þ Ca½ �swÞ) and the sw subscript denotes the
concentration of a chemical component in seawater. In our
default model the seawater leakage terms (term with τsw) are set
to zero because the data we fit are all from low-Mg calcite, where
transmembrane transport is the primary mechanism through
which foraminifera gains ions for calcification (see Supplemen-
tary Notes 2).

The model solves for [DIC], [ALK], [Ca2+] and [Sr2+] in the
calcifying fluid. Their initial values are set equal to those in
seawater, and Eqs. (2a–d) are solved until a steady state is
reached, i.e., when the time derivative terms on the left of the
equations are equal to zero. The final results are steady state
values of [DIC]cf, [ALK]cf, [Ca2+]cf, and [Sr2+]cf, from which the
steady state calcite precipitation rate and DSr can be retrieved by
extended ion-by-ion model for Sr partitioning8 (see Supplemen-
tary Notes 7). Our model assumes that the speciation of DIC is
instantaneous so that with the modeled DIC and ALK values in
Eqs. (2a, b) it is possible to calculate the full carbonate chemistry
of the fluid. This assumption is supported by the fact that the
chemical equilibration time for DIC species is on the order of

seconds57 and the presence of enzyme carbonic anhydrase in
foraminifera further shorten the equilibration time49.

Data availability
Sample data associated with this article can be accessed at the Github repository https://
github.com/shuozhangthu/Dsr_foram.

Code availability
All analysis was conducted in MATLAB R2020b. Model code associated with this article
can be accessed at the Github repository https://github.com/shuozhangthu/Dsr_foram.
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