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Abstract Boron to calcium (B/Ca) records in benthic foraminifera, used for reconstructing the carbonate
ion saturation state (ΔCO3) of the deep ocean, suggest that carbon sequestration in the Southern Pacific
contributed to lowering atmospheric CO2 during the last glacial interval. However, the spatial and temporal
extent of this storage is debated due to limited ΔCO3 records. To increase available ΔCO3 records, we explored
using strontium and sulfur to calcium (Sr/Ca, S/Ca) in Planulina wuellerstorfi as additional proxies for ΔCO3
based on comparison with paired B/Ca down‐core records from Pacific Sites U1486 (1,332 m depth) and U1487
(874 m depth) cored during the International Ocean Discovery Program Expedition 363. The Sr/Ca and S/Ca
records from P. wuellerstorfi closely covary with the B/Ca‐derived ΔCO3 records. Temperature, reconstructed
using Uvigerina peregrina magnesium to calcium (Mg/Ca), has no discernible effect on Sr/Ca, whereas S/Ca
also varies with Mg/Ca in both U. peregrina and P. wuellerstorfi, suggesting an additional temperature effect.
Mg/Ca records from P. wuellerstorfi are affected by both temperature and ΔCO3. We assess calibrations of Sr/
Ca to ΔCO3 for the Atlantic, Pacific, and Indian Oceans and recommend using the down‐core rather than core‐
top calibrations as they yield consistent sensitivity, though with offsets, in all ocean basins. Reconstructing
Pacific ΔCO3 records from sites U1486, U1487, and DSDP 593, we demonstrate the benefit of using Sr/Ca as an
additional ΔCO3 proxy to assess the contribution of the Southern Pacific to the increase of atmospheric CO2 at
glacial terminations.

Plain Language Summary Burning of fossil fuels has increased since the industrial revolution,
resulting in the addition of CO2, a gas which retains heat, to the atmosphere. Understanding how the earth's
oceans work to regulate levels of atmospheric CO2 is key to understanding the effects of increased atmospheric
CO2 on the earth's climate. The carbonate system in the ocean, of which CO2 is a component, is complex.
Carbonate saturation state (ΔCO3) is a measure of how close the carbonate ion concentration is to the level at
which calcite (which makes up the shell or test of some single‐cell organisms) will dissolve. It is related to the
level of ocean storage of CO2. Boron to calcium ratios (B/Ca) found in test calcite have been used as a proxy for
past ocean ΔCO3, but these records are limited. Here, to increase presently available ΔCO3 proxy records, we
explore using strontium and sulfur to calcium (Sr/Ca, S/Ca) as additional proxies for ΔCO3. Unlike S/Ca, Sr/Ca
shows no temperature influence, so makes a useable proxy for change in ΔCO3. Sr/Ca records can be used to
infer the progressive release of oceanic CO2 to the atmospheric at three terminations, periods in the past when
atmospheric CO2 increased dramatically.

1. Introduction
As the ocean is the largest carbon reservoir that can explain glacial‐interglacial changes in atmospheric carbon
dioxide, reconstruction of carbonate saturation in seawater is critical for understanding past changes in the carbon
cycle. Such reconstructions have become available because carbonate saturation may influence the incorporation
of trace elements into foraminiferal test calcite (Elderfield et al., 2006; Rosenthal et al., 2006; van Dijk
et al., 2017; Yu& Elderfield, 2007; Yu, Elderfield, et al., 2014). Specifically, previous studies have shown that the
incorporation of trace elements into foraminiferal tests is not strictly controlled by thermodynamic effects but is
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also influenced by biological or kinetic effects (Erez, 2003; Rosenthal et al., 1997). Because the exact mecha-
nisms are presently not fully understood, empirical calibrations have been used to establish the use of trace el-
ements in benthic foraminifera as proxies for seawater properties, such as magnesium/calcium (Mg/Ca) and
boron/calcium (B/Ca) for temperature and carbonate saturation state, respectively (e.g., Lear et al., 2002;
Nürnberg et al., 1996; Rosenthal et al., 1997; Yu & Elderfield, 2007). Since culturing experiments of deep‐sea
benthic foraminifera conducted in pressurized chambers are novel (Wollenburg et al., 2015), the calibrations
rely on either core‐top or down‐core records. These have shown that the effects of temperature and saturation
(where saturation is expressed as ΔCO3 = [CO2−3 ] observed − [CO2−3 ] saturated) on distribution coefficients are
intertwined for benthic foraminifera found in cold deep waters with minimally saturated to unsaturated carbonate
ion conditions (Elderfield et al., 2006; Rosenthal et al., 2006; Yu & Elderfield, 2008).

To date, B/Ca has been established as a carbonate saturation proxy for ΔCO3, calibrated empirically for Planulina
wuellerstorfi using global core‐top data (Yu & Elderfield, 2007), and used to reconstruct glacial‐interglacial
variations in deep ocean carbonate chemistry with implications for atmospheric CO2 (Allen et al., 2020; Yu
et al., 2010; Yu, Anderson, & Rohling, 2014; among others). Inorganic precipitation experiments suggest that (a)
borate, B(OH)−4 , substitutes for carbonate, CO

2−
3 , in calcite; (b) the partition coefficient depends on bicarbonate

concentration, [HCO−3 ] ; and (c) calcite B/Ca is influenced by seawater [B(OH)
−
4 ]/ [HCO

−
3 ] (Hemming &

Hanson, 1992). However, B/Ca measurements from core‐top P. wuellerstorfi calcite do not show a pattern similar
to seawater [B(OH)−4 ]/ [HCO

−
3 ] (Yu & Elderfield, 2007). Though controls on the partitioning of boron into

foraminiferal calcite are uncertain (Allen et al., 2012; Uchikawa et al., 2015), and calcification is probably not
taking place directly from seawater but from an internal pool under biological control (Erez, 2003), there is strong
empirical evidence of B/Ca dependence on seawater ΔCO3 (Yu & Elderfield, 2007).

Postulated control of seawater ΔCO3 on strontium/calcium (Sr/Ca) in foraminiferal calcite has led to the sug-
gestion that Sr/Ca records, which are more readily available than B/Ca, may be used as an auxiliary carbonate
system proxy (Keul et al., 2017; Yu, Elderfield, et al., 2014). The mechanism behind this effect is not clear, and
unlike boron, Sr2+ is substituting for Ca2+ in the calcite lattice with no obvious dependence on CO2−3 . Moreover,
calibrations using paired core‐top Sr/Ca and B/Ca from P. wuellerstorfi are offset between the Atlantic and
Pacific Oceans, raising the possibility of secondary effects (Lo Giudice Cappelli et al., 2015; Yu, Elderfield,
et al., 2014). Yu and Elderfield et al. (2014) found no correlation between temperature and Sr/Ca in core‐top
foraminiferal calcite. Studying Indo‐Pacific core tops, Lo Giudice Cappelli et al. (2015) reported that tempera-
ture exhibits negligible control on Sr/Ca when temperatures are above 3°C, and that below 3°C, the higher
sensitivity of Sr/Ca to temperature reflects a carbonate ion effect. For now, the temperature effect on Sr/Ca in
benthic foraminiferal test calcite remains unclear.

It has also been argued that foraminiferal sulfur/calcium (S/Ca) reflects changes in the carbonate system (van Dijk
et al., 2017), although a temperature effect on S/Ca cannot be ruled out (Berry, 1998). Like borate, sulfate, SO2−4 ,
may substitute for CO2−3 in test calcite (Pingitore et al., 1995). If SO2−4 from seawater is the immediate source of
the S/Ca found in foraminiferal calcite, S/Ca would have a distribution coefficient proportional to seawater
[SO2−4 ] /[CO

2−
3 ] , decreasing as [CO

2−
3 ] increases if [SO

2−
4 ] in seawater remains constant. In a culturing study

using shallow benthic foraminifera, S/Ca correlated negatively with [CO2−3 ], consistent with the substitution of a
lattice carbonate ion with a sulfate ion directly from seawater (van Dijk et al., 2017). However, in benthic
foraminiferal calcite living deeper than 600 m, the S/Ca positively correlates with seawater temperature or
[CO2−3 ] (Berry, 1998), demonstrating that the biomineralization process that incorporates sulfur into benthic test
calcite is not well understood, and suggesting that deep benthic foraminifera may control the calcification process
differently than shallow benthic or planktic foraminifera.

Mg/Ca from the infaunal Uvigerina spp. is thought to reliably record the bottom temperature with no significant
carbon saturation state effects (Elderfield et al., 2006, 2010; McClymont et al., 2016; Stirpe et al., 2021). In
contrast, Mg/Ca ratios in P. wuellerstorfi, which show temperature effects (Lear et al., 2002) and have been used
as a proxy for deep ocean temperature in the Atlantic (Ford et al., 2016; Martin et al., 2002; Sosdian &
Rosenthal, 2009), also show carbonate saturation effects under low saturation state conditions. The effect of the
carbon saturation state on epifaunal P. wuellerstorfiMg/Ca in the Pacific and Indian oceans where the saturation
state conditions are low, however, remains unclear (Lo Giudice Cappelli et al., 2015).
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Here, we reconstruct the western equatorial Pacific intermediate and upper deep water carbonate saturation state
from P. wuellerstorfi B/Ca records, and bottom water temperature (BWT) from Uvigerina peregrina Mg/Ca
records spanning the last three glacial to interglacial (G‐IG) cycles (350–0 ky). Then, we used these records to test
the intertwined effects of carbonate saturation state and temperature on Sr/Ca, S/Ca, and Mg/Ca in P. wueller-
storfi calcite obtained from the same down‐core samples. The down‐core covariance among all the trace element
records is used to determine the sensitivity of Sr/Ca and S/Ca to both ΔCO3 and temperature.We further add core‐
top and additional down‐core Sr/Ca data to generate specific calibrations to ΔCO3 and demonstrate the advantage
of using multiple ΔCO3 proxies in understanding the contributions of the Southern Pacific Ocean to G‐IG var-
iations in atmospheric CO2 over the past 350 ky.

2. Materials and Methods
2.1. Oceanographic Setting

International Ocean Discovery Program Expedition 363 Sites U1486 and U1487 are located in the western
Bismarck Sea north of Papua New Guinea (PNG) and southwest of Manus Island (Rosenthal et al., 2018)
(Figure 1). Site U1486 (2.37°S, 144.60°E, 1,332 m) on the northern slope of theManus Basin is located∼25 km to
the southwest and 458 m deeper than Site U1487 (2.33°S, 144.82°E, 874 m). Both sites receive large detrital
contributions from the Sepik and Ramu Rivers, which drain the highlands of PNG into the Bismarck Sea, thus
supporting relatively high sedimentation rates. Site U1487 is bathed by modified Antarctic Intermediate Water
(mAAIW), which enters the Bismarck Sea through the Vitiaz Strait from the east and flows to the northwest
(Tsuchiya, 1991). Site U1486 is bathed by modified Upper Pacific Deep Water characterized by higher salinity,
lower oxygen and higher nutrients than the mAAIW (Tsuchiya, 1991; Wyrtki, 1961). Present bottom water
temperatures at Sites U1487 and U1486 are ∼5 and 3.4°C, and salinities are 34.5 and 34.6, respectively (Figure 1,
Table S1 in Supporting Information S1).

2.2. Analytical Methods

U1486 was sampled on the splice at 20 cm intervals except between depths 8.8–11.0 m and 23.7–24.5 m which
were sampled at 5 cm intervals. Site U1487, with a lower sedimentation rate, was sampled on the splice at 5 cm
intervals in the top 2.5 m, and at 10 cm intervals between 2.5 and 9.0 m. These samples (∼30 cm3 volume, 2 cm
width) were washed and picked for benthic foraminifera from the >212 μm fraction.

2.2.1. Isotope Analysis

Well‐preserved benthic foraminifera, 2–3 tests per sample, were processed and analyzed for δ18O and δ13C with
mass spectrometers using carbonate prep inlet devices. U1486 samples, alternating by depth betweenCibicidoides
mundulus and P. wuellerstorfi, were analyzed at the Rutgers University Stable Isotope Lab using a Micromass
Optima.U1487 samples,P. wuellerstorfi, were analyzed at the LamontDoherty EarthObservatory using a Thermo
DeltaV+with a Kiel IV carbonate reaction device. Analysis of in‐house laboratory referencematerials at both labs
yielded 1‐sigma standard deviations of 0.09% or better for δ18O, and 0.05‰ or better for δ13C.

2.2.2. Trace Element Analysis

Benthic foraminifera for trace element analysis were selected from the same samples used for isotope analysis
from the >212 μm fraction. For all P. wuellerstorfi trace element analysis, glassy, well‐formed tests were selected
to be used (Rae et al., 2011). Generally, 2–6 tests provided sample weights of 200–400 μg for trace element
processing; however, some samples with small tests required up to 11 foraminifera. Some samples with few
glassy, well‐formed tests had sample weights as low as 150 μg, and samples lacking enough glassy well‐formed
tests were skipped. U. peregrina for trace elements analysis were selected from morphotypes A, B, and/or C, as
described in Stirpe et al. (2021), who report no consistent pattern or offset in Mg/Ca ratios versus temperature
between these morphotypes. Generally, 3–15 tests provided sample weights of 160–450 μg for trace element
processing. All tests were sonicated for 1 min in double distilled water, gently cracked open between glass slides
to expose chamber interiors, and checked under an optical microscope to remove, when possible, potentially
contaminating material such as pyrite. Samples were processed using the modified boron free “Cd cleaning”
procedures for clay, reductive, and oxidative cleaning, followed by a 0.001 N nitric acid rinse (Rosenthal
et al., 2004). After dissolution of the cleaned test calcite in 100 μl of 0.065 N nitric acid followed by
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Figure 1. Bathymetry of the study region and hydrographic profiles. (a) Sites U1486 and U1487 indicated by yellow dots and
cast locations by yellow stars. Sepik and Ramu Rivers (black lines) empty into the Bismarck Sea southwest of Manus Island.
Figure made with GeoMapApp (www.geomapapp.org)/CC BY/CC BY (Ryan et al., 2009). Profile data from
GLODAPv2.2020 (Olsen et al., 2019, 2020) were accessed through Ocean Data View (ODV) (Schlitzer, 2018).
Hydrographic profiles from ODV 46306 near the study sites are of (b) temperature, (c) salinity, (d) oxygen and (e) derived
carbonate saturation state (ΔCO3). Lines on profiles are at depths of U1487 (green, 874 m) and U1486 (blue, 1,332 m).
Hydrographic data were interpolated to U1486 and U1487 site depths and used to find ΔCO3 with respect to calcite using
CO2SYS.v3 (Sharp et al., 2020). Data fromODV 46316 and 55123 show the modern consistency between the study sites and
the western equatorial Pacific (Text S1 and Table S1 in Supporting Information S1).
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centrifugation, 90 μl of solution was removed and added to 350 μl of 0.5 N
nitric acid. Analysis was run on an Element XR at the Rutgers Inorganic
Analytical Laboratory following the Rosenthal et al. (1999) method and
modified for boron analysis with the addition of anhydrous ammonia gas
(Babila et al., 2014). Relative standard deviations for B/Ca at 163 and
243 μmol/mol are 3.3% and 2.8%, respectively; for Sr/Ca at 0.96 mmol/mol,
0.4%; for S/Ca at 4.0 mmol/mol, 1.5%; and for Mg/Ca at 1.4 mmol/mol, 0.5%.
See Text S2 and Table S2 in Supporting Information S1 for consistency
values, natural variability of replicates, and monitoring for cleaning, non‐
temperature effects, and outliers.

2.3. Age Models

The published age model for U1486 uses a core‐top AMS 14C date and
alignment of U1486 XRF records with those from nearby site MD05‐2920,
which is bound by 10 AMS 14C dates (Lambert et al., 2022; Tachikawa
et al., 2011). The benthic δ18O U1486 record beyond the range of radio
carbon dating was aligned to the LR04 benthic stack (Lambert et al., 2023;
Lisiecki & Raymo, 2005) (Figure 2). The U1487 age model is bound to
U1486 at four depths, where sharp peaks in magnetic susceptibility and
troughs in L* reflectance are inferred to be ash layers deposited directly at
both sites (Rosenthal et al., 2018). The benthic δ18O U1487 was also aligned
to the LR04 benthic stack (Text S3, Figures S1–S3, and Table S3 in Sup-
porting Information S1). The U1486 sedimentation rate averages 7.3 cm/ky
over the last 350 ky while at U1487 the mean rate is 2.5 cm/ky. The generally
coarser particle size and lower sedimentation rate at U1487 compared with
U1486 suggests greater winnowing at the shallower site (Rosenthal
et al., 2018). The 20 cm sampling interval at U1486 provides resolution of 2–
5 ky, and the 5 cm sampling interval, 0.5–1.2 ky resolution. At U1487, the
10 cm interval yields 3.0–5.6 ky resolution and the 5 cm interval yields 1.5–
2.8 ky resolution.

3. Results
Benthic foraminiferal B/Ca, Sr/Ca, and S/Ca records from U1486 and U1487
covary with benthic δ18O records from the same cores, showing G‐IG vari-
ability (Figure 2). The δ18O records at U1486 and U1487 show less offset
during terminations and early interglacial intervals, and more offset during
glacial periods, suggesting a greater difference between water at intermediate

and deeper depths during glacials. This offset pattern is also reflected in the element ratio records. At U1486, B/Ca
is generally higher during glacial intervals and lower during interglacials. Also, U1486 B/Ca tends to increase
toward the end of glacial periods, reaching maxima at Terminations III and II, and spiking to a maximum value of
230 μmol/mol at the last deglaciation. In contrast, G‐IG B/Ca variability at shallower site U1487 is muted,
changing between 230 and 200 μmol/mol and lacking the abrupt late deglaciation maxima observed at U1486.

Interestingly, the Sr/Ca records at both sites covary with the δ18O records more closely than either B/Ca or S/Ca.
Sr/Ca at U1486 showed deglacial spikes at all three terminations without similar concurrent abrupt maxima at
U1487. During Terminations I and II, Sr/Ca values at the sites are not offset. The G‐IG variability in S/Ca at the
two sites showed similar variability to B/Ca. The only discernible S/Ca spike appears in U1486 during Termi-
nation I. Notably, all three elemental ratios exhibit a weak increasing trend at U1487 over the 350 ky record. We
also note that the infaunalU. peregrina Sr/Ca records at U1486 and U1487 show similar covariance with Sr/Ca in
the epifaunal P. wuellerstorfi (Figures 3a and 3b).

The Mg/Ca records from U. peregrina covary with δ18O records during marine isotope stage (MIS) 9 when both
sites have maximum Mg/Ca and during MIS 2 and 3 when they have minimum Mg/Ca before rising to modern
values. However, at both sites during MIS 6 Mg/Ca is relatively high, and in MIS 8 the amplitude of the G‐IG

Figure 2. U1487 (green) and U1486 (blue) Boron/Calcium, Strontium/
Calcium, and Sulfur/Calcium records from P. wuellerstorfi, with benthic
δ18O records. (a) B/Ca and derived ΔCO3 using the global calibration of Yu
and Elderfield (2007), B/Ca = 1.14 × ΔCO3 + 177.1. (b) Sr/Ca. (c) S/Ca.
(d) Benthic δ18O records from U1487 (green), U1486 (blue, Lambert
et al., 2023) and the LR04 stack (black) (Lisiecki & Raymo, 2005). Age
models for U1486 and U1487 were constructed by matching benthic oxygen
isotopes to LR04. Vertical gray bars mark glacial intervals identified by
marine isotope stage (Lisiecki & Raymo, 2005).
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cycles are quite different (Figures 3c and 3e), and there is little correlation
between the Mg/Ca and δ18O records (U1486, r2 = 0.18; U1487, r2 = 0.14).
Unlike δ18O, the Mg/Ca records from U. peregrina do not show a variable G‐
IG offset between the shallow and deeper sites. The range of U. peregrina
Mg/Ca for both sites is similar (0.85–1.6 mmol/mol).

The Mg/Ca records from P. wuellerstorfi show little G‐IG covariance with
Mg/Ca records from U. peregrina or with δ18O records, with an overall range
for P. wuellerstorfi Mg/Ca of ∼0.6 mmol/mol at both sites (1.1–1.7 mmol/
mol, Figures 3c–3e). At U1487, the highest Mg/Ca is in recent glacial cycles
and lowest Mg/Ca in MIS 8 and 9. At U1486, Mg/Ca is higher in MIS 6 and
older, while more recent Mg/Ca is lower, reaching a record minimum in
MIS 5.

4. Discussion
The Sr/Ca and S/Ca records from U1486 and U1487 covary with B/Ca
(Figures 2a,b,c), suggesting that Sr/Ca and S/Ca in test calcite are also pri-
marily driven by changes in ∆CO3 and possibly may be used to supplement
B/Ca as proxies for ∆CO3 (van Dijk et al., 2017; Yu, Elderfield, et al., 2014).
By comparing these records with ∆CO3 estimates derived from B/Ca
measured concurrently on P. wuellerstorfi, and with BWT estimates derived
from U. peregrinaMg/Ca, we assessed the effects of ∆CO3 and temperature
on Sr/Ca, S/Ca, and Mg/Ca.

4.1. ΔCO3 and Temperature Records

We have generated down‐core ΔCO3 records for U1486 and U1487
(Figure 2a, right axis) from the B/Ca P. wuellerstorfi record using the cali-
bration B/Ca = (1.14 ± 0.048) × ΔCO3 + (177.1 ± 1.41) (Yu & Elder-
field, 2007). Throughout the past 350 ky, the ΔCO3 variability derived from
P. wuellerstorfi B/Ca (ΔCO3‐B/Ca) at U1486 ranged from 0 to 55 μmol/kg. At
U1487, the upper range is similar but the lower range rarely goes below
20 μmol/kg. The mean ΔCO3‐B/Ca over 350 ky at U1486 (23 μmol/kg) is less
than that at U1487 (38 μmol/kg) by 15 μmol/kg. The ΔCO3‐B/Ca at U1486 is
usually lower, but with a prominent exception at the end of MIS 2 and con-
current with Heinrich Stadial 1 (HS1, 18–14 ky) when the ΔCO3‐B/Ca at
U1486 is ∼12 μmol/kg higher than at U1487. U1486 ΔCO3‐B/Ca has greater
amplitude in G‐IG changes, tends to increase toward the end of glacials, and
decreases to a record minimum during interglacial MIS 5. U1487 ΔCO3‐B/Ca
shows less G‐IG amplitude and an overall trend toward increasing ΔCO3‐B/Ca
over the 350 ky period.

Bottom water temperatures for U1486 and U1487 were estimated from Mg/Ca in U. peregrina using the cali-
bration of Mg/Ca = 0.1 × BWT + 0.94, based on (Elderfield et al., 2010) after adjustment for a 10% offset since
we used an additional reductive cleaning step (Rosenthal et al., 2004). At both U1486 and U1487, the temper-
atures (Figure 3e, right axis) range from ∼0–6.5°C, and have minimum temperatures in MIS 2 and 3 before rising
to present values of about 4°C in the late Holocene, consistent with present bottom water temperatures (3.4, and
∼5°C, respectively) and within the estimated uncertainty (±1°C) of the calibration (Elderfield et al., 2012). Both
sites generally covary with maximum temperatures near 6.5°C in MIS 9; during MIS 6, temperatures rise from a
low at the beginning of the glacial to around 3°C before decreasing through MIS 5 into glacial MIS 4. An
exception is around Termination II when U1486 temperatures rise to around 4°C, while U1487 temperatures
remain around 2°C.

Figure 3. U1487 (green) and U1486 (blue) Strontium/Calcium and
Magnesium/Calcium records from epifaunal P. wuellerstorfi and infaunalU.
peregrina with benthic δ18O records. (a) U1487 and (b) U1486 show Sr/Ca
from P. wuellerstorfi (solid line, left axis) and U. peregrina (dashed line,
right axis). Note that the left axis is shifted between (a) and (b); the right axis
is not. (c) U1487 (green) and U1486 (blue) benthic δ18O records. Vertical
gray bars indicate glacials identified by marine isotope stage number
(Lisiecki & Raymo, 2005). (d) P. wuellerstorfiMg/Ca records from U1487
(green) and U1486 (blue). (e) U. peregrina Mg/Ca records (left axis) from
U1487 (green) and U1486 (blue) and derived bottom water temperature
(BWT) (right axis) using Mg/Ca = 0.1 × BWT + 0.94 (Elderfield
et al., 2012, adjusted for this study per Section 4.1).
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4.2. ΔCO3 and Temperature Effects on Strontium/Calcium

Strontium/Calcium correlated with ΔCO3‐B/Ca at U1486 and U1487
(r2 = 0.44, 0.43, respectively, Figure 4a). The regressions from both sites are
indistinguishable, yielding almost identical sensitivity of Sr/Ca to ΔCO3 and
offsets. The lack of an offset in Sr/Ca between the two sites allows us to use
data from both sites for a combined linear down‐core calibration (n = 273,
r2 = 0.58, Figure 4a, Table S4 in Supporting Information S1, reported errors
are 1‐sigma standard deviation):

Sr/Ca = (0.0027 ± 0.0001) × ΔCO3‐B/Ca + (1.344 ± 0.004) (1)

The bivariate regression from the combined down‐coreΔCO3 and temperature
data yields a sensitivity to ΔCO3 (0.0027 ± 0.0002) and an intercept
(1.35 ± 0.01) statistically indistinguishable from those in the univariate
regression (Table S4, S5 in Supporting Information S1). The inclusion of
temperature, derived fromU. peregrinaMg/Ca, in the linear regression model
does not significantly change the model nor improve the correlation, giving
evidence that temperature does not influence the distribution coefficient of Sr/
Ca into calcite. As a further test, we used the regression from U1486, Sr/
Ca = (0.0025 ± 0.0002) × ΔCO3‐B/Ca + (1.35 ± 0.01); n = 158, r

2 = 0.44
(Table S4 in Supporting Information S1) to predict Sr/Ca values atU1487 from
the paired B/Ca measurements. The test yields a close agreement between the
measured Sr/Ca and the predicted Sr/Ca (Figure S4a in Supporting Informa-
tion S1). Additionally, it has been suggested that Sr may be linked to Mg
through defects in the crystalline lattice as the cations both replace Ca2+ in
calcite, and that the Sr/Ca partition coefficient is kinetically controlled by the
calciteMg content (Carpenter&Lohmann, 1992).We tested a possible kinetic
effect of Mg/Ca on Sr/Ca by regressing to ΔCO3‐B/Ca and Mg/Ca from the
same P. wuellerstorfi samples. This combined bivariate regression also does
not significantly change the sensitivity of Sr/Ca to ΔCO3 (0.0027 ± 0.0001,
Table S6 in Supporting Information S1), giving evidence that there is no
significant kineticMg/Ca effect on Sr/Ca in calcite. For additional evidence, at
each site Sr/Ca from U. peregrina covaries with Sr/Ca from P. wuellerstorfi,
while Mg/Ca from the two species does not (Figures 3 and 5).

4.3. ΔCO3 and Temperature Effects on Sulfur/Calcium

Sulfur/Calcium in P. wuellerstorfi, despite the visual similarity, shows little
correlation with ΔCO3‐B/Ca at U1486, and even less so at U1487 (Figure 4b).
Additionally, the regressions for S/Ca from U1486 and U1487 are offset,
suggesting the possibility of secondary effects on S/Ca, such as temperature
(Berry, 1998) or the Mg content of the P. wuellerstorfi shells (van Dijk
et al., 2017). Additionally, since the temperature records of the two sites are
the same within the calibration uncertainty and yet the δ18O records are offset,
salinity may have a secondary influence.

As with the single linear regressions of S/Ca against ΔCO3, the bivariate re-
gressions including temperature show little correlation at U1486 (r2 = 0.15,
n= 89) and slightly better correlation at U1487 (r2= 0.25, n= 103).When the
suites of data from the two sites for the interval 150–0 ky are combined into one
bivariate regression, we obtain the following calibration (n = 92, r2 = 0.53):

S/Ca = (− 0.020 ± 0.010) × BWT + (0.011 ± 0.001) × ΔCO3‐B/Ca
+ (0.60 ± 0.04) (2)

Figure 4. Regressions of Strontium/Calcium, Sulfur/Calcium, and
Magnesium/CalciumwithΔCO3‐B/Ca inP. wuellerstorfi at U1486 (blue dots)
and U1487 (green squares). (a) Sr/Ca: regression lines for U1486 (solid blue,
Sr/Ca = 0.0025 × (ΔCO3‐B/Ca) + 1.35, r

2 = 0.44); U1487 (solid green, Sr/
Ca = 0.0027 × (ΔCO3‐B/Ca) + 1.35, r

2 = 0.43); and both sites combined
(dashed black, Sr/Ca= 0.0027× (ΔCO3‐B/Ca)+ 1.34, r

2= 0.58). (b) S/Ca and
regression lines for U1486 (solid blue, S/Ca= 0.0044 × (ΔCO3‐B/Ca)+ 0.64,
r2 = 0.19) and U1487 (solid green, S/Ca = 0.0041 × (ΔCO3‐B/Ca) + 0.86,
r2= 0.09) showing an offset in S/Ca between the regression lines. (c) Mg/Ca
from P. wuellerstorfi shows no apparent correlation with ΔCO3‐B/Ca at either
U1486 (dashed blue, r2 = 0.00) or U1487 (dashed green, r2 = 0.03).
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which explains 53% of the variability. Despite the insignificant tempera-
ture difference between the sites, including the U. peregrina‐derived
temperature in the combined bivariate regression increases the ability of
the model to explain the S/Ca variability at U1486 and U1487 (Tables S4
and S5 in Supporting Information S1). To test the above regression that
uses data from both sites (for the interval 150–0 ky), we use it to predict
S/Ca from B/Ca derived ΔCO3 from P. wuellerstorfi and Mg/Ca derived
temperature from U. peregrina from each site (for the interval 350–
150 ky) and compare it with the S/Ca from the same analysis derived
from P. wuellerstorfi at that site (Figures S2b and S2c in Supporting
Information S1). The amplitude, offset, and progression of the predicted S/
Ca (350–150 ky) are similar to those of the S/Ca data at both U1486 and
U1487. These observations support a possible additional temperature ef-
fect on the distribution coefficient of S/Ca. The S/Ca bivariate regressions
at U1486 and U1487 and the regression combining both sites have
negative coefficients for temperature and positive coefficients for ΔCO3
indicating that temperature and ΔCO3 have opposing effects on S/Ca.
From this we arrive at a contrasting conclusion from that of van Dijk
et al. (2017) and suggest that S/Ca would not make a good proxy for
ΔCO3 reconstruction.

It has been suggested that Mg and S are mechanistically linked during
calcification as higher S and Mg concentrations co‐occur in bands in benthic
foraminiferal calcite (van Dijk et al., 2017). Thus, we also tested for a Mg/Ca
effect on S/Ca by regressing to ΔCO3‐B/Ca and Mg/Ca from P. wuellerstorfi
for the interval 150–0 ky, obtaining the following calibration (n = 149,
r2 = 0.53):

S/Ca = (0.38 ± 0.08) ×Mg/Ca + (0.0093 ± 0.0008) × ΔCO3‐B/Ca + (0.07 ± 0.11) (3)

which also explains 53% of the variability. As before, we use this regression to predict S/Ca from derived ΔCO3
and Mg/Ca from P. wuellerstorfi from each site for the interval 350–150 ky and compare it with the S/Ca (Figure
S5 in Supporting Information S1). The amplitude, offset, and progression of the predicted S/Ca (350–150 ky)
using Mg/Ca are similar to those of the S/Ca data at both U1486 and U1487. At this time, using the records in this
study, we cannot determine whether temperature or a mechanistic link to Mg/Ca influences S/Ca in the fora-
miniferal calcite. However, since Mg/Ca in P. wuellerstorfi is understood to be affected by both ΔCO3 and
temperature, and assuming the relationships with ΔCO3 and temperature remain the same in the past, there is a
potential for using sulfur in foraminiferal calcite to reconstruct a long‐term (e.g., Cenozoic) record of sulfate in the
ocean. Using paired B/Ca and Mg/Ca from P. wuellerstorfi would eliminate the need for additionally measuring
Mg/Ca from U. peregrina for temperature.

4.4. ΔCO3 and Temperature Effects on Mg/Ca

Magnesium/Calcium in the epifaunal P. wuellerstorfi can be affected by changes in bottom water ΔCO3 in
addition to temperature (Yu & Elderfield, 2008). At low ΔCO3 (<30 μmol/kg) and low temperatures (<3°C),
less Mg is incorporated into P. wuellerstorfi test calcite than would be expected from a global temperature
calibration (Martin et al., 2002). At both U1486 and U1487, the Mg/Ca in P. wuellerstorfi shows stronger
covariation with changes in the ΔCO3‐B/Ca record than with changes in temperature derived from U. peregrina
Mg/Ca. This suggests that control of Mg/Ca in P. wuellerstorfi calcite is dominated by ΔCO3 at these sites,
although the correlation between P. wuellerstorfi Mg/Ca and ΔCO3‐B/Ca is not statistically significant
(Figure 4c). The saturation state and temperature at times oppose each other, and at other times work together.
To make the temporally varying relationships noted above more apparent, the records in Figure 5 are
smoothed using a three‐point running mean. The effect of opposing forcing is clearly seen after ∼75 ky when
at U1486 the temperature decreases while the ΔCO3 increases: the Mg/Ca from P. wuellerstorfi remains at
moderate levels (Figure 5b). At U1487 after ∼75 ky, the effects of ΔCO3 and temperature work together:

Figure 5. Covariation of Mg/Ca from P. wuellerstorfi with ΔCO3 derived
using B/Ca from P. wuellerstorfi (black) and temperature derived from U.
peregrina Mg/Ca (red) at (a) U1487 (green) and (b) U1486 (blue). ΔCO3
estimates derived using B/Ca = 1.14 × ΔCO3 + 177.1 (Yu &
Elderfield, 2007). Temperature estimates derived using Mg/
Ca= 0.1 × bottomwater temperature+0.94 (Elderfield et al., 2012, adjusted
for this study per Section 4.1). All records are smoothed using a three‐point
running mean to show trends (data, Figures 2 and 3). Vertical gray bars
indicate glacials identified by marine isotope stage number (Lisiecki &
Raymo, 2005).
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when temperatures rise, ΔCO3 is also high, and the Mg/Ca P. wuellerstorfi record reaches a maximum in the
350 ky record (Figure 5a). At both U1486 and U1487, the P. wuellerstorfi Mg/Ca records show variability,
little change in amplitude over G‐IG cycles, and a tendency to follow ΔCO3 over temperature on G‐IG time
scales. Opposing forcing by ΔCO3 and temperature in the western equatorial Pacific mutes the G‐IG Mg/Ca
changes and thus complicates the reconstruction of bottom water temperatures from P. wuellerstorfi Mg/Ca.
These results are distinct from those in the North Atlantic, where variations in ΔCO3 and temperature work in
concert to generate an apparent higher sensitivity of Mg/Ca to temperature (Ford et al., 2016; Sosdian &
Rosenthal, 2009, 2010).

Bivariate regressions for P. wuellerstorfi Mg/Ca from U. peregrina‐derived temperature and ΔCO3‐B/Ca also
yield no correlation (U1486, r2 = 0.06; U1487 r2 = 0.02; U1486 and U1487 combined, r2 = 0.01). However,
general trends over the entire 350 ky records seem to follow forcing by ΔCO3 (Figure 5). Both the P. wuellerstorfi
Mg/Ca and the ΔCO3‐B/Ca records at U1487 have broad increasing trends. At U1486, the lowest P. wuellerstorfi
Mg/Ca ratios are during interglacial MIS 5 when ΔCO3‐B/Ca is also at a minimum. At U1486 and U1487 in the
western equatorial Pacific, ΔCO3 and temperature have an opposing influence on the variability of Mg/Ca in
epifaunal P. wuellerstorfi calcite, and the influence of ΔCO3 is apparently stronger.

5. Application of Benthic Foraminiferal Sr/Ca as a Proxy for ΔCO3

5.1. Core‐Tops Regressions for Sr/Ca

Yu and Elderfield et al. (2014) regressed benthic foraminiferal Sr/Ca to ΔCO3 and report significant offsets in
both down‐core and core‐top calibrations from Atlantic, Pacific and Indian basins. We add new paired Sr/Ca and
ΔCO3 core‐top data (n = 165) to the published core‐top data of Yu and Elderfield et al. (2014) and Lo Giudice
Cappelli et al. (2015). The regressions from the combined core‐top data show variable sensitivities for P.
wuellerstorfi in the Atlantic, Pacific, and Indian Oceans, and forCibicidoides spp. (C. mundulus, also known asC.
kullenbergi and C. pachyderma) in the Atlantic and Indo‐Pacific, consistent with previously published calibra-
tions (Figure 6, Table 1). The species offset in the Atlantic between P. wuellerstorfi and the Cibicidoides spp. is
0.10 mmol/mol (Figure 6c and Table 1).

Figure 6. Regressions of down‐core paired Sr/Ca to B/Ca‐derived ΔCO3 and regressions of core‐top paired Sr/Ca to modern ΔCO3. (a) Down‐core regressions of Sr/Ca
to ΔCO3 derived from B/Ca from various ocean basins show similar sensitivities but significant offsets (Table 2). U1486 (dark blue), U1487 (green), and DSDP 593
(light blue) are from this study. DSDP 593 adds new Sr/Ca data that is paired to B/Ca data from Elmore et al. (2015). VM28‐122 (gray), and WIND 28K (light brown)
are from Yu and Elderfield et al. (2014). All down‐core records are from P. wuellerstorfi. For (b) and (c) we add paired Sr/Ca from core tops and modern ΔCO3 data
from GEOSECS (Bainbridge, 1981; Broecker et al., 1982; Weiss et al., 1983) of WOCE (Chapman, 1998) to previously published core‐top records from Yu and
Elderfield et al. (2014), and Lo Giudice Cappelli et al. (2015). (b) Separate Pacific and Indian core‐top regressions of Sr/Ca to ΔCO3 for P. wuellerstorfi and a combined
Indo‐Pacific regression for Cibicidoides spp. (Table 1). (c) Atlantic core‐top regressions of Sr/Ca to ΔCO3 for P. wuellerstorfi and Cibicidoides spp. (Table 1).
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5.2. Down‐Core Regressions of Sr/Ca to ΔCO3‐B/Ca From Globally Distributed Records

The apparently variable core‐top sensitivities obtained in the different ocean basins may be an artifact of the
quality of the core‐top samples (e.g., not all are of modern age, geographical sample limitation) and/or of the
hydrographic data. Therefore, we further explored the calibrations using a globally distributed collection of down‐
core paired Sr/Ca and ΔCO3‐B/Ca records from P. wuellerstorfi. We add our combined down‐core data from the
two Pacific sites (U1486, 1,332 m; U1487, 874 m) and new Sr/Ca data from the Tasman Sea (DSPS 593, 1,089 m)
that is paired to existing down‐core B/Ca data from Elmore et al. (2015), to published records from the Atlantic
(VM28‐122, 3,623 m) and Indian Ocean (WIND 28K, 4,147 m) from Yu and Elderfield et al. (2014) (Figure 6a).
The combined U1486 and U1487 records yield a sensitivity of Sr/Ca to ΔCO3‐B/Ca of 0.0027± 0.0001 mmol/mol
per μmol/kg, consistent with the sensitivities of the records from the Atlantic (0.0028 ± 0.0002), Tasman Sea
(0.0026 ± 0.0004), and Indian Ocean (0.0023 ± 0.0003) within 2 SD (Table 2). In comparison, core‐top cali-
brations of P. wuellerstorfi yield higher and more variable sensitivities to ΔCO3 of 0.0035 ± 0.0002,
0.0043 ± 0.0004, and 0.0042 ± 0.0006 in the Atlantic, Pacific, and Indian Oceans, respectively (Table 1). As
reported previously (Yu, Elderfield, et al., 2014), significant offsets in Sr/Ca are found in both the down‐core and
core‐top records from the Atlantic, Pacific, and Indian basins (Figure 6, Tables 1 and 2). Our calibrations suggest
that these offsets are not likely from a temperature difference because there is an offset between the combined
U1486 and U1487 regression and the regression from DSDP 593, despite similar temperature ranges at all three
sites (DSDP 593 range is 1–5°C, Elmore et al., 2015). Similarly, we excluded any influence from pressure/depth
differences since the offsets do not vary according to the sites' depth (Figure 6a). Instead, the offsets in the core‐
top calibrations between the Atlantic, Pacific, and Indian basins (Figures 6b and 6c) are consistent with the pattern
of the offsets in the down‐core records, possibly indicating that the basin to basin offsets are persistent for at least
the last three G‐IG cycles. Given the offset in the Atlantic core‐top regressions of Sr/Ca to ΔCO3 between P.
wuellerstorfi and Cibicidoides spp. (Figure 6c), it may be the case that P. wuellerstorfi from different ocean
basins, although morphologically the same, are chemically different, and this difference persisted at least for the
past few hundred thousand years.

Table 1
Regressions From Paired Core‐Top Strontium/Calcium and Modern ΔCO3 Data for P. wuellerstorfi and Cibicidoides spp.
(Cib. spp.) (Figures 6b and 6c Core‐Top Data From This Study, Lo Giudice Cappelli et al., 2015; Yu, Elderfield, et al., 2014)

Atlantic, P. wuellerstorfi Sr/Ca = (0.0035 ± 0.0002) × ΔCO3 + (1.187 ± 0.006); n = 185,
r2 = 0.70

Pacific, P. wuellerstorfi Sr/Ca = (0.0043 ± 0.0004) × ΔCO3 + (1.266 ± 0.007); n = 90,
r2 = 0.62

Indian, P. wuellerstorfi Sr/Ca = (0.0042 ± 0.0006) × ΔCO3 + (1.245 ± 0.006); n = 23,
r2 = 0.71

Atlantic, Cib. spp. Sr/Ca = (0.0037 ± 0.0002) × ΔCO3 + (1.082 ± 0.011); n = 83,
r2 = 0.85

Indo‐Pacific, Cib. spp. Sr/Ca = (0.0033 ± 0.0005) × ΔCO3 + (1.185 ± 0.014); n = 38,
r2 = 0.51

Table 2
Regressions for a Globally Distributed Collection of Paired Down‐Core Records of Sr/Ca and B/Ca Derived ΔCO3 From P.
wuellerstorfi

Atlantic, VM28‐122 Sr/Ca = (0.0028 ± 0.0002) × ΔCO3‐B/Ca + (1.182 ± 0.006);
n = 123, r2 = 0.73

Pacific, U1487 and U1486 Sr/Ca = (0.0027 ± 0.0001) × ΔCO3‐B/Ca + (1.344 ± 0.004);
n = 273, r2 = 0.58

Tasman Sea, DSDP 593 Sr/Ca = (0.0026 ± 0.0004) × ΔCO3‐B/Ca + (1.407 ± 0.006);
n = 68, r2 = 0.39

Indian, WIND 28K Sr/Ca = (0.0023 ± 0.0003) × ΔCO3‐B/Ca + (1.244 ± 0.004);
n = 106, r2 = 0.38

Note. See Figure 6, Data Set S3 in Supporting Information S1, Elmore et al. (2015), Yu, Elderfield, et al. (2014).
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Since the sensitivities of the down‐core records are more consistent than those
from the core‐tops data, we suggest that the down‐core sensitivities are more
reliable for use as a potential proxy for ΔCO3 derived from Sr/Ca (Sr/Ca‐
ΔCO3). Sites U1486, U1487, and DSDP 593 are bathed in intermediate water
or upper deep water close to the present water mass transition (Figure 1, and
see Elmore et al., 2015). We use the sensitivities from these sites, which are
within 1 SD (Table 2, Table S4 in Supporting Information S1), to derive a
sensitivity for upper Pacific interior waters, 0.00266 ± 0.00022 mmol/mol
per μmol/kg (the sensitivity average weighted by the correlation for Pacific
combined sites U1486 and U1487, and Tasman Site DSDP 593). The offset is
basin specific and so needs to be determined for each site. We use 1.35 mmol/
mol for both western equatorial Pacific sites and 1.407 mmol/mol for the
Tasman Sea site (Table 2, Table S4 in Supporting Information S1). The upper
Pacific interior water sensitivity and site specific offsets were used to
reconstruct upper Pacific interior water Sr/Ca‐ΔCO3 records from U1486,
U1487, and DSDP 593 (Figure 7).

6. Paleoceanographic Implications
At present, we cannot unequivocally determine the causes for apparent inter‐
basin differences in the calibration of Sr/Ca versus ∆CO3, but the data sug-
gest that the calibrations are constant within each basin for at least ∼300 ky.
One may wonder, however, what is the benefit of using Sr/Ca when we can
instead use B/Ca as a proxy for ∆CO3? First, it is easier to measure Sr/Ca
when acquiring Mg/Ca data, compared to the difficult process of measuring
B/Ca, due to the high potential for contamination of samples with environ-
mental boron during lab work (Misra et al., 2014; Rae et al., 2011). Second,
Sr/Ca records may add fine details of the carbonate chemistry that are not
captured by the B/Ca. This can be demonstrated in the records from sites
U1487 and U1486, in which spikes show up clearly in both B/Ca and Sr/Ca at
Termination I, but peaks in Terminations II and III show up more clearly in
the Sr/Ca (Figure 2). As with ∆CO3 from B/Ca, a Sr/Ca‐∆CO3 abrupt in-
crease suggests a rapid rise in carbonate ion concentration in the water at the
site depth. The timing of the U1486 Sr/Ca‐∆CO3 peak during the last
deglaciation (16–14 ky, Figure 7) coincides with the known preservation
event of aragonitic pteropods in deep ocean sediments (Berger, 1977), which
has been attributed to venting of carbon during the deglacial rise of atmo-
spheric CO2 (Naidu et al., 2014). Below we briefly discuss the implications of
these records, but note that a full discussion of the paleoceanographic im-
plications will be offered in a follow‐up paper.

Like the∆CO3 derived from B/Ca, the Sr/Ca‐∆CO3 is relatively high during the last glacial period as compared to
the Holocene, consistent with a glacial increase in alkalinity in the Southern Ocean (Rickaby et al., 2010), and
consistent with a different glacial circulation pattern in the Pacific upper overturning cell (Clementi &
Sikes, 2019; Rafter et al., 2022; Ronge et al., 2015). The pattern of high Sr/Ca‐∆CO3 during the last glacial period
repeats from the three previous glacial periods (Figure 7b). High ∆CO3 is often associated with increased
ventilation and reduced carbon storage; however, although the glacial Sr/Ca‐∆CO3 is high relative to the in-
terglacials, glacial benthic δ13C at U1486 and U1487 is depleted, indicating enhanced glacial carbon storage, with
the greater offset in δ13C between U1486 and U1487 during glacial intervals indicating more storage of carbon at
∼1,300 m depth during glacial periods (Figure 7c). Additionally, studies inferring dissolved oxygen levels
suggest that glacial ventilation was reduced in both Pacific overturning cells relative to interglacials, increasing
carbon storage and deepening its location (Anderson et al., 2019; Jacobel et al., 2017). We suggest that enhanced
carbon storage in glacial intervals is masked in our Sr/Ca‐∆CO3 records by a glacial increase in alkalinity
(Rickaby et al., 2010), which adds carbonate ions and buffers the seawater. Glacial Pacific upper interior waters
with higher Sr/Ca‐∆CO3 relative to water at the same depth during interglacial periods may actually be less

Figure 7. Evidence for deep ocean release of carbon dioxide at three
glacial terminations inferred from multiple proxies from U1487 (green),
DSDP 593 (red), and U1486 (blue). Vertical gray bars indicate glacials
identified by marine isotope stage number (Lisiecki & Raymo, 2005).
Black vertical lines indicate Terminations I, II, and III. (a) Atmospheric
pCO2 record from EDC3 ice cores (Bereiter et al., 2015; Lüthi et al., 2008;
Petit et al., 1999; Siegenthaler et al., 2005). (b) Intermediate and upper
deep water carbonate saturation state derived from Sr/Ca records using the
down‐core derived upper Pacific P. wuellerstorfi sensitivity to ∆CO3,
0.00266± 0.00022 mmol/mol per μmol/kg, and offsets of 1.35 mmol/mol at
U1487 and U1486, and 1.407 mmol/mol at DSDP 593. (c) δ13C records from
U1487 and U1486. (d) δ18O records from U1487, DSDP 593, and U1486
(this study, Elmore et al., 2015; this study, respectively).

Geochemistry, Geophysics, Geosystems 10.1029/2024GC011508

LAWSON ET AL. 11 of 15

 15252027, 2024, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024G

C
011508 by W

elsh A
ssem

bly G
overnm

ent, W
iley O

nline L
ibrary on [12/08/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



ventilated. The higher glacial Sr/Ca‐∆CO3 may be a consequence of greater carbon storage, which led to higher
dissolution of carbonate sediments that increased carbonate ions and thus raised∆CO3. As bottom water∆CO3 at
these sites is above the level for carbonate dissolution (>>0 μmol/kg), the alkalinity should have originated
elsewhere. The waters with the lowest δ13C in the Last Glacial Maximum (LGM) are in the deep Atlantic
Southern Ocean (Hodell et al., 2003). Sosdian et al. (2018) proposed that these corrosive waters filled the Atlantic
basin during glacials, dissolving sedimentary carbonate and raising the [CO2−3 ] and alkalinity. Glacial Atlantic
overturning circulation with a shoaled flow to the Southern Ocean (Thornalley et al., 2013) may have carried these
waters with high [CO2−3 ] and increased alkalinity to the upper Pacific overturning cell by way of the Antarctic
Circumpolar Current (Sosdian et al., 2018). The higher Sr/Ca‐∆CO3 within the latter half of glacial periods may
be a signal of increased [CO2−3 ] and alkalinity from the Atlantic, rather than a ventilation signal. This pattern
shows up more clearly in the ∆CO3 derived from Sr/Ca than B/Ca. The rise in δ13C over the latter half of the
glacial at both sites may be the result of a change in the balance between remineralization of organic matter which
reduces δ13C and ventilation which increases δ13C.

Studies that infer respired carbon (Clementi & Sikes, 2019; Ronge et al., 2015), dissolved oxygen (Anderson
et al., 2019; Jacobel et al., 2017), and water‐mass ventilation age (Rafter et al., 2022; Ronge et al., 2016) suggest
increased carbon storage in the interior Pacific Ocean during the LGM (Jacobel et al., 2019). Presently, the oldest
waters in the Pacific basin are found at ∼ 2,000 m depth, but during the LGM were centered at ∼2,500–3,000 m
(Rafter et al., 2022; Ronge et al., 2016). The vertical extent of Pacific sub‐surface water masses shifted between
glacial and interglacial periods (Ronge et al., 2015), and based on offsets in δ13C and δ18O, Clementi and
Sikes (2019) proposed that intermediate depths (1.1–2.0 km) were denser and more isolated from the atmosphere
(i.e., less ventilated) compared with the modern ocean, whereas shallower mode waters freshened and remained in
communication with the atmosphere and the locus of high stratification likely shoaled during the LGM, allowing
intermediate and upper deep waters to sequester more CO2 from the atmosphere. The increased glacial offset in
δ18O between U1487 (874 m depth) and U1486 (1,332 m depth) is consistent with this proposal. In addition,
slower glacial overturning circulation increased the water‐mass age and respired carbon in these waters, which
comprised the upper cell in the glacial Pacific (Allen et al., 2020; Rafter et al., 2022). In a southwest Pacific depth
transect, a peak in offset δ13C from upper waters and a subsequent sharp rise in offset δ13C from deeper inter-
mediate waters were both coincident with a rapid atmospheric rise in CO2 during HS1 (Clementi & Sikes, 2019).
Based on benthic foraminiferal B/Ca records from this same depth transect, Allen et al. (2020) argued for
enhanced storage of respired CO2 at water depths of ∼1.2–2.5 km below the surface and showed that the major
rise in atmospheric CO2 during HS1 was associated with increases in δ

13C and peaks in the ∆CO3 record. Our
new Sr/Ca‐∆CO3 records from U1486 (1,332 m), U1487 (874 m), and DSDP 593 (1,089 m) show peaks that are
concurrent with the steep rise in atmospheric CO2 around the last Termination (Figures 7a and 7b). The peak from
the shallower site U1487 precedes the peaks from the deeper sites, implying CO2 is released from shallower ocean
depths first, consistent with the pattern noticed by Clementi and Sikes (2019). Notably, we extend the existing
records of CO2 storage in intermediate water back 350 ky and find that the same pattern in peak sequence also
occurs during the previous two terminations. The peaks appear to precede Termination III, but the timing of that
termination is not as well constrained (Raymo et al., 1997). These results suggest that intermediate depths likely
play a key role in Southern Ocean and South Pacific basin carbon cycling on G‐IG timescales.

7. Summary and Conclusions
Our down‐core and core‐top records support previous studies, suggesting that Sr/Ca ratios in the benthic fora-
minifera P. wuellerstorfi are controlled to a large degree by changes in bottom water ΔCO3, with no detectable
influence of temperature. Despite the offsets between calibrations for various basins, we conclude that Sr/Ca may
be a useful proxy for ΔCO3 as it may offer additional paleoceanographic insights to the B/Ca record of deep ocean
ΔCO3. As Sr

2+ substitutes for Ca2+ whereas B(OH)−4 substitutes for CO
2−
3 , the pathways of these trace element

ions into foraminiferal calcite and the causes for the carbonate ion sensitivity are likely different.

We demonstrate the utility of the Sr/Ca proxy through the reconstruction of the western equatorial Pacific in-
termediate and upper deep water ΔCO3 records. These reveal relatively high ΔCO3 during glacials and low ΔCO3
during interglacials, consistent with elevated alkalinity in the glacial Southern Ocean, and consistent with a
different glacial circulation pattern for the intermediate and upper deep Pacific. Coupled with benthic forami-
niferal δ13C records from these cores, we suggest that there was increased carbon storage in the western equatorial
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Pacific during the past four glacial intervals. Spikes in Sr/Ca‐derived ΔCO3 at Terminations I, II, and III in upper
deep water coincide with a rapid increase in atmospheric pCO2, indicating that carbon stored in upper deep waters
of the equatorial Pacific during glacial intervals contributed to the deglacial release of CO2 from the Southern
Ocean. Increasing intermediate water ΔCO3 before these spikes suggests that CO2 release started from upper
water and progressed deeper into the Pacific Ocean interior.

We also demonstrate that the incorporation of sulfur into P. wuellerstorfi during calcite biomineralization is
affected by both temperature and saturation state, having opposing effects, and so S/Ca would not likely yield a
useful proxy for ΔCO3. Nonetheless, assuming that the relationships with ΔCO3 and temperature remain the same
in the past, sulfur in foraminiferal calcite presents the possibility of reconstructing a long‐term (e.g., Cenozoic)
record of sulfate in the ocean.

Finally, we show that biomineralization of Mg/Ca into P. wuellerstorfi calcite is affected by both temperature and
saturation state. These effects work in opposition to mute the Mg/Ca signal from the benthic foraminiferal P.
wuellerstorfi calcite, rendering it an inaccurate proxy for bottom water temperatures in the western equatorial
Pacific.

Data Availability Statement
Upon publication, isotope and trace elemental data from this study will be made publicly available at the NOAA
World Data Service for Paleoclimatology offered through the National Centers for Environmental Information
(U1486 data, U1487 data, and new Sr/Ca core‐top data paired with modern ΔCO3: https://www.ncei.noaa.gov/
access/paleo‐search/study/39727; new DSDP 593 Sr/Ca data: https://www.ncei.noaa.gov/access/paleo‐search/
study/38819).
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