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ABSTRACT
Ocean acidification (OA) during the Paleocene-Eocene thermal maximum (PETM) likely 

caused a biocalcification crisis. The calcium isotope composition (δ44/40Ca) of primary car-
bonate producers may be sensitive to OA. To test this hypothesis, we constructed the first 
high-resolution, high-precision planktic foraminiferal δ44/40Ca records before and across the 
PETM. The records employed specimens of Morozovella spp. collected from Ocean Drilling 
Program Sites 1209 (Shatsky Rise, Pacific Ocean) and 1263 (Walvis Ridge, Atlantic Ocean). 
At Site 1209, δ44/40Ca values start at −1.33‰ during the Upper Paleocene and increase to a 
peak of −1.15‰ immediately before the negative carbon isotope excursion (CIE) that marks 
the PETM onset. Values remain elevated through the PETM interval and decrease into the 
earliest Eocene. A shorter-term record for Site 1263 shows a similar trend, although δ44/40Ca 
values are on average 0.22‰ lower and decrease shortly after the CIE onset. The trends 
support neither diagenetic overprinting, authigenic carbonate additions, nor changes in the 
δ44/40Ca value of seawater. Rather, they are consistent with a kinetic isotope effect, whereby 
calcite δ44/40Ca values inversely correlate with precipitation rate. Geologically rapid Ca isotope 
shifts appear to reflect the response of Morozovella to globally forced changes in the local 
carbonate geochemistry of seawater. All data combined suggest that the PETM-OA event 
occurred near the peak of a gradual reduction in seawater carbonate ion concentrations 
during a time of elevated atmospheric pCO2, potentially driven by North Atlantic igneous 
province emplacement.

INTRODUCTION
Geologic records indicate widespread envi-

ronmental disturbance during the Paleocene-Eo-
cene thermal maximum (PETM) hyperthermal 
event (ca. 56 Ma). A negative carbon isotope 
excursion (CIE) of −2‰ to −3.5‰ in marine 
biogenic carbonates marks the PETM onset and 
signifies major carbon cycle disruption (Zachos 
et al., 2003, 2005). The abrupt and transient na-
ture of the CIE points to forcing by CO2 and 
other greenhouse gases (Zachos et al., 2003). 
Rapid injection of large amounts of CO2 into the 
atmosphere causes transient decreases in ocean 
pH, carbonate ion concentrations ([CO3

2–]), and 
carbonate mineral saturation states (Ω), collec-
tively termed ocean acidification (OA) (Hönisch 
et al., 2012). Shoaling of the calcite compensa-
tion depth (Zachos et al., 2005) and decreased 
surface-ocean pH (Penman et al., 2014; Gut-

jahr et al., 2017) support OA during the PETM 
interval. The early Cenozoic ocean may have 
been particularly susceptible to OA given that 
equilibration with prevailing high-pCO2 condi-
tions reduced steady-state pH and [CO3

2–] com-
pared to other times with lower pCO2 (Kump 
et al., 2009).

The calcium isotope (δ44/40Ca) system may 
trace OA-driven calcification stress. Laborato-
ry experiments have demonstrated that the Ca 
isotope fractionation factor between inorganic 
calcite and water (ΔCaCO3–H2O = δ44/40CaCaCO3 
– δ44/40CaH2O) varies as a function of precipitation 
rate, with slower rates yielding higher δ44/40Ca 
values and vice versa for faster rates (e.g., Tang 
et al., 2008). Moreover, recent evidence shows 
that some natural biogenic carbonates work 
similarly (Wang et al., 2021). Calcium isotope 
records generated across other proposed OA 

events, such as oceanic anoxic events 1a and 
2 (Du Vivier et al., 2015; Wang et al., 2021) 
and the end-Cretaceous (Linzmeier et al., 2020), 
show positive excursions consistent with reduc-
tions in ΔCaCO3 − H2O due to volcanic CO2 emis-
sions. Bulk sediments spanning the PETM also 
show positive δ44/40Ca excursions, but these 
likely reflect authigenic carbonate formation 
(Griffith et al., 2015). Noting that lower pH and 
[CO3

2–] typically cause foraminifera to reduce 
their calcification rates (Osborne et al., 2016; 
Davis et al. 2017), and that foraminiferal tests 
provide a more accurate archive of seawater 
geochemistry than the average signal from bulk 
sediments (Sime et al., 2007), we generated the 
first foraminiferal δ44/40Ca records spanning the 
PETM to test for OA signals.

MATERIALS AND METHODS
Calcium isotope ratios (44Ca/40Ca) were mea-

sured at Northwestern University (Illinois, USA) 
using a high-precision 43Ca-42Ca double-spike 
thermal ionization mass spectrometry (TIMS) 
method. We analyzed specimens of planktic 
foraminifera Morozovella spp. collected from 
Ocean Drilling Program (ODP) Sites 1209 
(Shatsky Rise, Pacific Ocean) and 1263 (Walvis 
Ridge, Atlantic Ocean; Fig. 1). We focused on 
Morozovella based on evidence that this taxon 
occupied the photic zone and robustly captured 
B isotope (δ11B) signals of surface-water acidi-
fication (Penman et al., 2014). Different species 
were employed due to low sample availability. 
However, all Morozovella spp. dwelled at a simi-
larly shallow depths (Birch et al., 2012), and 
no differences were observed for replicate/du-
plicate measurements, consistent with previous 
assertions that different foraminiferal species 
of the same genus display limited Ca isotope 
variability (Sime et al., 2007). Each sample 
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consisted of five individual foraminifera. In to-
tal, we analyzed 73 samples. An additional 37 
samples were measured to test cleaning proce-
dures, which revealed negligible effects. Data 
are reported in delta notation relative to Ocean 
Scientific International Ltd. (OSIL) Atlantic 
seawater (ASW). Repeated analyses of stan-
dards and samples yielded a reproducibility of 
±0.05‰ (2σSD). See the Supplemental Material1 
for more information.

RESULTS
ODP Site 1209

The average δ44/40Ca value at ODP Site 1209 
equals −1.27‰ ± 0.05‰ (2σSD, n = 59). Val-
ues begin at −1.33‰ (57.80 Ma) and steadily 
increase by ∼0.10‰ until ca. 56.20 Ma. At ca. 
56.20 Ma, values briefly decrease, then increase 
again by ∼0.13‰ ∼170 k.y. prior to the CIE 
body, and remain elevated through the CIE body 
before decreasing by ∼0.13‰ during the CIE 
recovery (Figs. 1 and 2). Increasing δ44/40Ca val-
ues leading up to the PETM correspond with 
decreasing δ13C values (p < 0.001; Fig.  3). 
High δ44/40Ca values occur in the same interval 
where low δ11B and B/Ca values indicate OA, 
and the subsequent decrease occurs where δ11B 

and B/Ca indicate recovery from OA (Fig. 2; 
Penman et al., 2014; Westerhold et al., 2018).

ODP Site 1263
At −1.49‰ ± 0.05‰ (2σSD, n = 14; Fig. 2), 

the average δ44/40Ca value at ODP Site 1263 is 
0.22‰ lower compared to Site 1209. Values 
ranging between −1.55‰ and −1.45‰ gener-
ally define the same secular trend as Site 1209, 
including a maximum prior to the CIE body. Val-
ues decrease through the PETM interval (Figs. 1 
and 4), but as with Site 1209, the δ44/40Ca and 
δ11B recoveries coincide.

DISCUSSION
Diagenesis and Authigenesis

Foraminiferal tests from both sites reveal 
recrystallization in the form of “frost,” consis-
tent with diagenetic mineral replacement (Fantle 
et al., 2020). However, statistical analyses of 
δ44/40Ca against sedimentological data, such as 
fragmentation indices and sedimentation rates 
(see the Supplemental Material), do not support 
replacement under fluid-buffered conditions at 
the sediment-water interface. Furthermore, dia-
genetic mineral replacement may affect other 
proxies, such as δ11B and B/Ca (Fantle et al., 
2020), but these measurements applied to ODP 
Sites 1209 and 1263 revealed no evidence for 
alteration (Penman et al., 2014). These results 
support expectations that carbonate-rich pelagic 
sediments recrystallize under rock-buffered con-
ditions, which preserve primary geochemical 
signals (Higgins et al., 2018). Numerical models 

predict that OA-driven authigenic carbonate ad-
ditions can elevate bulk carbonate δ44/40Ca val-
ues, especially during “alkalinity overshoots” 
that occur in the aftermath of OA events (Fantle 
and Ridgwell, 2020). However, the peak δ44/40Ca 
values reported here occur before the PETM CIE 
onset. These observations indicate that micro-
fossil δ44/40Ca records are resistant to authigenic 
signals that may otherwise affect bulk carbon-
ate records.

Kinetic Effects
Calcium isotope fluctuations before and 

across the CIE body occur rapidly relative 
to the long oceanic residence time of Ca 
(τCa = ∼1 m.y.). Input-output flux perturba-
tions that drive changes in the δ44/40Ca value 
of seawater cannot explain such patterns (Ko-
mar and Zeebe, 2011). The PETM was a time 
of profound warming (Zachos et al., 2003), 
and foraminiferal culturing studies point to 
the temperature dependence of ΔCaCO3 − H2O 
(Gussone et al., 2003). However, the temper-
ature sensitivity is low (Sime et al., 2005), 
and δ44/40Ca values at ODP Site 1209 show no 
relationship to established temperature-sen-
sitive proxies, such as Mg/Ca ratios (see the 
Supplemental Material; Penman et al., 2014; 
Zachos et al., 2003).

Negative δ11B excursions at Sites 1209 
and 1263, and negative B/Ca excursions at 
Site 1209 indicate reduced pH and elevated 
dissolved inorganic carbon (DIC) during the 
event (Penman et al., 2014), which raises the 

1Supplemental Material. Extended methods includ-
ing age model and statistical analysis details, and 
Figures S1–S10. Please visit https://doi.org/10.1130/
XXXXX to access the supplemental material, and 
contact editing@geosociety.org with any questions.
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E

Figure 1.  (A) Ocean Drilling Project (ODP) Leg 198, Site 1209 (Shatsky Rise, Pacific Ocean), δ13C values from the benthic foraminifera Nuttalides 
truempyi (Westerhold et al., 2018) and ODP Leg 208, Site 1263 (Walvis Ridge, Atlantic Ocean), bulk carbonate δ13C values (Zachos et al., 2005) 
plotted against age (Westerhold et al., 2017, 2018). North Atlantic igneous province (NAIP) volcanism is plotted for reference (Barnet et al., 2019). 
VPDB—Vienna Peedee belemnite. (B) Foraminiferal δ11B values for ODP Sites 1209 and 1263 (Penman et al., 2014), as well as Deep Sea Drilling 
Project (DSDP) Site 408 (Meriadzek Terrace on the north Biscay margin; Gutjahr et al., 2017). (C,D) δ44/40Ca records from planktic foraminifera 
Morozovella spp. (C) ODP Site 1209 and (D) ODP Site 1263 plotted against age (Westerhold et al., 2017) and depth. Curves represent locally 
weighted smoothing (LOESS) span of 35. Error bars for C and D represent 2σSD = ±0.05‰. Dashed lines in A and C indicate correlation time 
series. PETM—Paleocene-Eocene thermal maximum; rmcd—revised meters composite depth. (E) Map showing continental configuration for 
54.0 Ma demonstrates paleolatitudes of ∼27°N for ODP Site 1209 and ∼42°S for Site 1263 (van Hinsbergen et al., 2015).
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possibility that Morozovella calcification rates 
decreased. It is widely accepted that rate-de-
pendent mechanisms govern Ca isotope frac-
tionation during inorganic carbonate mineral 
precipitation (Tang et  al., 2008; DePaolo, 
2011). As precipitation rates increase, the sys-
tem approaches a kinetic limit, whereby the 
magnitude of ΔCaCO3 − H2O increases. Converse-
ly, as precipitation rates decrease, the system 
approaches an equilibrium limit, causing the 
magnitude of ΔCaCO3 − H2O to decrease. Fora-
minifera decrease calcification under lower 
[CO3

2–] (Osborne et al., 2016; Davis et al., 
2017), and foraminiferal Ca isotope fraction-
ation may resemble that for inorganic calcite 
(Gussone et al., 2003). However, no forami-
niferal culturing studies have quantified Ca 
isotope effects under conditions that simulate 

OA. One experiment that used growth rates 
to constrain precipitation rates observed a de-
crease in the magnitude of ΔCaCO3 − H2O at higher 
[CO3

2–] (Kısakürek et al., 2011). The apparent 
discrepancy with inorganic experiments could 
reflect that [CO3

2–] was manipulated by chang-
ing alkalinity and pH rather than DIC. In addi-
tion, growth rates were determined by changes 
in shell mass, but without normalizing to shell 
size (Osborne et al., 2016), it is not possible 
to discriminate whether [CO3

2–] or tempera-
ture controls shell growth (de Villiers et al., 
2004). A coccolithophorid culturing experi-
ment that more closely simulated the effects of 
OA observed the anticipated correspondence 
among pCO2, calcification rates, and ΔCaCO3 − 

H2O (Mejía et al., 2018), although we note that 
foraminifera and coccolithophores calcify in 
fundamentally different ways (Erez, 2003).

While more culturing studies are needed to 
quantitatively interpret biogenic δ44/40Ca records, 
the apparent relationship between δ44/40Ca and 
established OA proxies observed here supports 
qualitative interpretation of aqueous carbon-
ate system control. At Site 1209, the protracted 
negative δ11B excursion during the CIE body 
corresponds to a similarly protracted positive 
δ44/40Ca excursion that began prior to, and per-
sisted through, the event. At Site 1263, the brief 
negative δ11B excursion during the CIE body 
corresponds to a brief positive δ44/40Ca excur-
sion, which, similar to Site 1209, began prior 
to the event. Potential truncation at Site 1209 at 
the PETM onset (Haynes and Hönisch, 2020) 
may explain the lower than hypothesized inverse 
correlation between δ44/40Ca and δ11B (see the 
Supplemental Material). Nonetheless, coupling 

between the proxies is particularly evident in 
the recovery phase. Positive δ44/40Ca excursions 
measured for oceanic anoxic event 1a (OAE1a; 
Wang et  al., 2021) and the end-Cretaceous 
(Linzmeier et al., 2020) also began prior to their 
associated CIEs. Furthermore, multiproxy com-
parisons applied to the OAE1a bulk carbonates 
reveals precipitation rate–dependent control of 
ΔCaCO3 − H2O (Wang et al., 2021), and the end-Cre-
taceous record correlates with sedimentological 
indicators of saturation state in a way consistent 
with aqueous carbonate system control (Linz-
meier et al., 2020).

Our interpretation predicts that gradual acidi-
fication may have preceded the PETM interval 
(Fig. 2). While both sites lack sufficient pre-CIE 
δ11B data to directly corroborate this hypothesis, 
a longer-term record from Deep Sea Drilling 
Project Site 408 in the North Atlantic provides 
support (Fig. 1; Gutjahr et al., 2017). Here, δ11B 
values, and pH by extension, were higher be-
fore the CIE and declined into the interval. The 
decreased biocalcification implied by δ44/40Ca 
may indicate concomitant reductions in [CO3

2–]. 
Finally, the longer-term δ44/40Ca record at ODP 
Site 1209 inversely correlates with the δ13C re-
cord (Fig. 3). Decreasing δ13C values toward the 
PETM CIE are consistent with CO2 inputs from 
emplacement of the North American igneous 
province (Barnet et al., 2019), which we sug-
gest drove changes in Ca isotope fractionation. 
The inferred control of increasing pCO2 on Ca 
isotope variability further implies that biological 
compensation may have increased surface-water 
alkalinity (Boudreau et al., 2018) and elevated 
the buffering capacity of the oceans (Haynes 
and Hönisch, 2020).

A B C D

Figure 2.  (A) Ocean Drilling Project (ODP) Site 1209 (Shatsky Rise, Pacific Ocean) δ44/40Ca records from planktic foraminifera Morozovella spp. 
(this study), (B) Morozovella velascoensis δ11B (Penman et al., 2014), (C) M. velascoensis B/Ca (Penman et al., 2014), and (D) Nuttalides truem-
pyi δ13C values plotted against age (Westerhold et al., 2018). See the Supplemental Material (see footnote 1) for more discussion concerning 
δ44/40Ca and δ11B. Error bars represent 2σSD for δ44/40Ca (±0.05‰) and B/Ca and 2 standard error of mean for δ11B. ASW—OSIL Atlantic seawater; 
VPDB—Vienna Peedee belemnite; PETM—Paleocene-Eocene thermal maximum; CIE—carbon isotope excursion.

Figure 3.  δ44/40Ca records from planktic fora-
minifera Morozovella spp. (this study) and δ13C 
from benthic foraminifera Nuttalides truempyi 
(Westerhold et al., 2018) from Ocean Drilling 
Project (ODP) Site 1209 (Shatsky Rise, Pacific 
Ocean) show significant negative correla-
tion (p <0.01, n = 10, R2 = −0.77). ASW—OSIL 
Atlantic seawater; VPDB—Vienna Peedee 
belemnite.
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Global Forcing with Local Expression
High-precision measurements clearly re-

solve an absolute delta value offset between 
ODP Sites 1209 and 1263. Given the long 
residence time of Ca in seawater, it is im-
probable that the Pacific and Atlantic Oceans 
sustained unique δ44/40Ca values. Rather, our 
interpretation above implies that Morozovella 
individuals at Site 1209 experienced net lower 
precipitation rates compared to those at Site 
1263. This suggests that surface waters at Site 
1209 had lower [CO3

2–] and pH compared to 
Site 1263, although model simulations suggest 
that the Atlantic Ocean may have been overall 
more corrosive during the PETM (Zeebe and 
Zachos, 2007). Without a mechanistic under-
standing of how foraminiferal δ44/40Ca values 
respond to OA-driven calcification stress, we 
can only hypothesize that the absolute off-
set reflects an organismal response to locally 
heterogenous [CO3

2–]. Relatively greater up-
welling at Site 1263, as observed during lat-
er hyperthermals (Harper et al., 2019), may 
have increased organic productivity and ex-
port (Ma et al., 2014), thereby yielding higher 
surface-water [CO3

2–]. Moreover, shoaling of 
the carbonate compensation depth at Site 1263 
(Zachos et al., 2005) could have sped up car-
bonate system recovery by increasing surface-
water [CO3

2–] during the PETM, as recorded 
by the relatively short-lived δ11B and δ44/40Ca 
excursions.

CONCLUSION
Foraminiferal Ca isotope records gener-

ated from ODP Sites 1209 (Pacific) and 1263 
(Atlantic) have different δ44/40Ca values that de-
fine complementary secular trends before and 
across the PETM CIE. Interpreted in context 
with established carbonate system proxies, such 
as δ11B and B/Ca, the data point to kinetic con-
trol of ΔCaCO3 − H2O. At Site 1209, a gradual rise 
in δ44/40Ca values ∼1.5 m.y. before the PETM 
corresponds to a similarly gradual decline in 
δ13C values. Both sites show elevated δ44/40Ca 
values preceding the CIE onset. We hypoth-
esize that increasing pCO2 levels, likely from 
North Atlantic igneous province emplacement, 
reduced [CO3

2–], Morozovella calcification rates, 
and, thus, ΔCaCO3 − H2O. While more research is 
needed to better understand how foraminiferal 
Ca isotope fractionation responds to OA, our 
findings suggest that Morozovella calcification 
stress began prior to the PETM interval. To the 
extent that Morozovella typifies other planktic 
foraminifera, our results imply that reduced fo-
raminiferal calcification prior to and during the 
PETM helped to dampen OA and contributed 
to elevated surface-ocean alkalinity during and 
after the event.
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