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Dual clumped isotopes in foraminiferal
calcite reveal kinetic bias in some species
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Amelia Jane Davies 1,2 , Marion Peral3, Jonathan Erez4, Adam Levi4, David Evans5, Oliver Friedrich 6,
Thibaut Caley3, Romi Nambiar1,5, Douglas Coenen1, Philip Tauxe Staudigel 1, Mattia Tagliavento1,7,
Miguel Bernecker 1 & Jens Fiebig 1

Clumped isotope (Δ47) analyses of foraminifera provide a powerful means to reconstruct upper and
bottom water temperatures, independent of seawater δ18O and elemental composition. We show
statistically significant disequilibrium in the dual (Δ47-Δ48) clumped isotope composition of some large
benthic foraminifera, while other large benthic foraminifera plotwithin analytical uncertainty ofΔ47–Δ48

equilibrium. This deviation suggests the influence of reaction kinetics, such as kinetic effects during
CO2 absorption or a combination of ion attachment/detachment effects at the solution-crystal
interface and slight DIC disequilibrium. Measured core-top, planktic and deep-sea benthic
foraminifera plot within the 95% confidence level of empirical Δ47-Δ48 equilibrium, although additional
measurements are required to confidently exclude kinetic Δ47-Δ48 bias. Dual clumped isotope
measurements of large benthic foraminifera from the Eocene of the Paris and Hampshire basins that
conformwith Δ47-Δ48 equilibrium (95% confidence level) further support existing evidence for surface
ocean temperatures ~12–17 °C warmer than today.

The reconstruction of ocean water temperature and the oxygen isotope
composition of seawater (δ18Osw) is key to understanding past climate
change and ocean dynamics. Foraminiferal δ18O values have been used to
reconstruct seawater temperature evolution as far back as the Cretaceous,
exploiting the global abundanceof foraminifera in abyssal, intermediate and
surface water masses1–6. Calcifying foraminifera may be split into two
groups, the imperforate or porcelaneous foraminifera and the perforate or
calcitic radial, otherwise known as hyaline, foraminifera. Hyaline for-
aminiferal tests range from small simple forms with only a few chambers,
typical of planktic and small benthic foraminifera, to highly complex,multi-
chambered tests, as observed in large benthic foraminifera (LBF). Planktic
and small benthic foraminifera produce shells of low-Mg calcite, and
planktic foraminifera may host photosynthetic symbionts7. Epifaunal LBF
are an informal polyphyletic group of extant and fossil taxa with a long7–10

fossil record from theCarboniferous to present8. Their grouping is based on
ecological and morphological characteristics that evolved multiple times
from several unrelated benthic clades, key amongst which are their large test
sizes and complex internal morphologies9. They inhabit depths within the
photic zone and are often adapted to host algal and diatom photo
symbionts11.Whilst LBF differmorphologically and ecologically from core-

top planktic and benthic foraminifera it is not clearwhether a generalmodel
of biomineralization applies to all hyaline foraminifera10,12.

Despite its widespread application, the accurate reconstruction of
seawater temperature from foraminiferal δ18O is constrained by several
uncertainties. Paleotemperature reconstruction by oxygen isotope ther-
mometry of foraminifera requires a-priori knowledge or assumption of
δ18Osw, which can vary both geographically and through time. An under-
standing of ecological factors surrounding foraminiferal growth which
impact foraminiferal δ18O, such as growth seasonality and depth of calci-
fication, is also imperative. Furthermore,δ18O temperature estimatesmaybe
biased by biologically mediated disequilibrium effects, which have been
linked to either the carbonate ion concentration [CO3

2-] or pH of seawater
surrounding foraminiferal tests and photosynthesis in symbiont bearing
species11,13–17. Biologically mediated disequilibrium in the oxygen isotope
composition of foraminiferal calcite has led to the development and use of
both field collected and laboratory cultured species-specific calibrations17–22.

More recently, the clumped (Δ47) isotope thermometer has
been applied to foraminifera23–29. In thermodynamic equilibrium, the
clumping of 13C-18O in marine carbonates is independent of seawater-δ18O,
as 13C-18O clumping follows a self-reaction of isotope exchange
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M13C16O3+M12C18O16O2⇌M13C18O16O2+M12C16O3 (whereM is ametal
such as Ca)30. Carbonate clumped isotope thermometry therefore offers a
distinct advantageoveroxygen isotopeand trace element ratio thermometry
(e.g. Mg/Ca), in that reconstructed temperatures are independent of the
elemental and oxygen isotope composition of seawater.

Initial studies of the clumped isotope composition of planktic and
small benthic foraminiferal calcite established a single Δ47-temperature
relationship that was indistinguishable from the experimentally derived
Δ47-temperature relationship of inorganic carbonate31,32, leading to the first
application of the clumped isotope thermometer to fossil foraminiferal
archives33. Developments in sample preparation and IRMS such as long
integration dual inlet (LIDI) methods, have since decreased the sample size
requirement for clumped isotope analysis24,34,35, which, alongside commu-
nity wide carbonate-based standardization36, have unlocked foraminiferal
archives for clumped isotope measurement. Reported sample size for LIDI
methods ranges around 70–200 μg per replicate, requiring 25–40 replicates
per sample totalling ~1.5–3mg calcite24,34,37,38.

Grouped data from recent calibration studies based on core-top
planktic and benthic samples35,39,40, reprocessed to fit the InterCarb-Carbon
Dioxide Equilibrium Scale (ICDES)41, yield a regression statistically indis-
tinguishable from that of inorganic carbonates. Therefore, both inorganic
and foraminiferal datasets have been incorporated into unified Δ47-tem-
perature calibrations42,43. Foraminiferal Δ47 appears unaffected by pH and
salinity at typical marine salinities and ocean pH values31,35,44. A recent
recompilation45 of foraminiferal isotope data, however, suggests incon-
sistencies between Δ47-temperature calibrations of planktic35,39 and benthic
foraminifera46. Foraminiferal Δ47-temperature calibrations remain ham-
pered by uncertainties in calcification temperature, largely arising from
ambiguities in species-specific calcification depths and seasonality. In par-
ticular, planktic foraminifera may experience strong growth temperature
variations on changing depth habitat and growth seasonality. Estimated
calcification temperatures based onWorld Ocean Atlas (WOA) at inferred
growth depths differ substantially from those derived from measured for-
aminiferal δ18Ocarbonate and best estimated δ18Oseawater

39,47. Consequently,
uncertainty persists regarding the extent to which planktic and deep-sea
benthic foraminifera precipitate calcite in clumped isotope equilibrium.

Few studies have utilized theΔ47 of epifaunal LBF. Prior to recent inter-
laboratory calibration efforts, Evans et al28. defined a group-specific Δ47

temperature calibration relative to the equilibrium calibration made in the
same lab48. LBFare apromising yet under-utilized archive for reconstructing
shallow water temperatures within the photic zone, particularly tropical
temperatures during greenhouse climate states, where proxy constraints
remain limited28,49–51. However, as with low-Mg planktic and deep-sea
benthic foraminifera, it remains unclear whether LBF, particularly high-Mg
calcite species, biomineralize in clumped isotope equilibrium.

Dual clumped isotope thermometry involves the simultaneous mea-
surementofΔ47 andΔ48 inCO2evolved fromthe aciddigestionof carbonate
minerals52,53. A significant advantage of dual clumped isotope thermometry
overΔ47-onlymeasurements is the ability to identify isotopic disequilibrium
in carbonate materials, even when growth temperatures are unknown53–56.
Dual clumped isotope thermometry, therefore, offers an effective way of
identifyingdisequilibrium isotope effects in foraminiferal carbonatewithout
a priori estimation of depth environment or growth seasonality. Application
of the dual clumped isotope thermometer to foraminiferal archives provides
an opportunity to re-evaluate and assess the influence of temperature-
independent processes on foraminiferal clumped isotope composition.Dual
clumped isotopemeasurement is technically challenging and requiresmuch
larger sample sizes thanΔ47measurement. However,Δ47 precision is higher
during dual-inlet Δ47-Δ48 measurement, achieving long term standard
deviations of Δ47 of 0.007-0.009‰

53,54.
In this study, we present the dual clumped isotope compositions of

hyaline calcitic foraminifera, including tropical field-collected and cul-
tured LBF of species Operculina ammonoides and Amphistegina lobifera.
We demonstrate that some LBF precipitate calcite in clumped isotope

disequilibrium while others form calcite at or close to clumped isotope
equilibrium. Furthermore, we show that dual clumped isotope thermo-
metry can be used to identify disequilibrium in the clumped isotope
composition of LBFwhen their growth temperatures are unknown. Using
this finding, we presentΔ47 derived temperatures from Eocene LBF of the
Hampshire and Paris basins which exhibit Δ47-Δ48 values that are con-
sistent with equilibrium. We also examine the Δ47-Δ48 values of hyaline
calcitic core-top foraminiferal samples of the planktic foraminiferal spe-
cies Neogloboquadrina pachyderma and Globigerinoides ruber and the
deep-ocean benthic foraminiferal species Lobatula wuellerstorfi. The dual
clumped isotope compositions of these low-Mg foraminifera plot indis-
tinguishable from empirical Δ47-Δ48 equilibrium at the 95% confidence
level (Cl).

Results
Dual clumped (Δ47 and Δ48) isotope measurements of for-
aminiferal samples in comparison with empirical equilibrium
The dual clumped isotope (Δ47 and Δ48) values of all measured samples are
plotted alongside the empirical equilibrium calibration of Fiebig et al55. in
Fig. 1. In this calibration the theoretical Δ47-temperature relationship56 is
anchored at Earth surface temperatures to the inorganic cave calcites of
Devils Hole and Laghetto Basso, which, due to their uniquely slow growth
rates, precipitated closest to oxygen and clumped isotope equilibrium57.
Measured clumped (Δ47 and Δ48), δ

18O and δ13C isotope values of for-
aminifera are presented in Supplementary Table 1. Unless otherwise spe-
cified, clumped isotope temperatures are reported using the calibration of
Fiebig et al.55. Errors in measured Δ47 and Δ48 are reported at both the 68%
Cl (1 standard error) and 95% Cl (2 standard errors), calculated in
D47crunch58 and incorporate full propagation of analytical uncertainties,
including standardization errors. For cultured foraminifera the isotope
composition of the whole sample is reported i.e. Δ47-Δ48 of CO2 from acid
digestion ofmixed original calcite and calcite growth at culture temperature.
Dual clumped isotope values of Eocene fossil LBF are also shown in Fig. 1
and clumped isotope derived growth temperatures from fossil foraminifera
given in Supplementary Table 2.

Mean Δ47 and Δ48 values of all measured foraminifera, except for
large benthic foraminifera A. lobifera, plot with depletion in Δ48

in comparison with the empirical equilibrium calibration line of Fiebig
et al.55. However, only two samples display Δ47-Δ48 values that are dis-
tinguishable from equilibrium55 at the 95% confidence interval (Fig. 1).
Both samples correspond to LBF of species O. ammonoides; a field-
collected sample of LBF O. ammonoides from the Great Barrier Reef
(SS07613) and cultured sample of O. ammonoides (SR50_2LBF). We
examine the pattern of dual clumped isotope offsets in grouped modern
LBF from empirical equilibrium55. To identify disequilibrium in Δ48 we
assess the difference between measured and expected equilibrium Δ48

values55, where expected equilibrium Δ48 is calculated from Δ47-derived
temperatures, compared to samples of the inorganic calibration55. Using a
Welch’s T-test the LBF group show a statistically significant Δ48 offset
(M =−0.016, SD 0.015) from inorganic samples of the empirical equili-
brium calibration58 (t(11.03) =−2.24, p = 0.046).

Measured core-top foraminiferal samples plot within error (95%Cl) of
dual clumped isotope equilibrium55 (Fig. 1). However, 3 of 4 core top
samples, including G. ruber from the Agulhas Current source region, N.
pachyderma and benthic L. wuellerstorfi have Δ47-Δ48 values that do not
conform with equilibrium at 68% Cl55, exhibiting depletion in Δ48. As
described above, we assess the difference between measured and expected
equilibriumΔ48 values

55, where expected equilibriumΔ48 is calculated from
Δ47-derived temperatures.When core-top planktic and benthic samples are
grouped together, they show a statistically significant offset in Δ48

(M =−0.017, SD 0.007) from inorganic samples of the empirical equili-
brium calibration55 (t(6.08) =−3.79, p = 0.009). However, the offset
observed in planktic foraminifera alone (M =−0.016, 0.008) is not statis-
tically significant (t(3.03) =−2.86, p = 0.071).
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Foraminiferal δ18O, Δ47 and Δ48 relative to calcification tempera-
ture estimates: extent of isotopic disequilibrium in foraminiferal
samples
The extent and significance of kinetic isotope effects that might be effective
during foraminiferal calcification is best examined in disequilibrium plots
where expected Δ47-Δ48 values, calculated from measured or assumed cal-
cification temperatures59, are compared with measured isotopic values
(Fig. 2a). This enables identification of samples that are in dual clumped
isotope disequilibrium but, by chance, plot within error of the equilibrium
Δ47-Δ48 relationship shown inFig. 1, such as observed for brachiopods

60 and
coccolithophores61. For cultured samples, disequilibrium was calculated as
Δ47-Δ48 offsets of mixed calcite in comparison with accepted growth tem-
peratures calculated using Eq. 1; this value is fully error propagated to
include uncertainty on growth temperatures and fraction of calcite grown
under culture conditions (Supplementary Table 3). For all samples,
uncertainties in growth temperature (see Supplementary Tables 3 and 4),
and the dual clumped isotope temperature relationship55 are propagated
onto analytical uncertainties to allow identification of apparent dis-
equilibrium samples in Fig. 1 whose measured isotopic composition
becomes consistent with expected equilibrium values if all uncertainties
were considered.

Consideration of independently constrained growth temperatures and
associated uncertainties largely confirms the (dis)equilibrium patterns
shownbyFig. 1. In this analysis, three of sevenLBF samples show significant
disequilibrium offsets in either Δ47, or Δ48. O. ammonoides collected from
theGreatBarrierReef (SS07613)has significant enrichment of 0.013 ± 0.008
‰ in Δ47 and depletion in Δ48 of -0.031 ± 0.019 ‰ (Fig. 2a). Cultured O.
ammonoides, sample SR50_2LBF exhibits significant depletion in Δ48 of
-0.030 ± 0.028 ‰ and cultured O. ammonoides, sample SR50_4LBF, plots
with a significant enrichment in Δ47 of 0.013 ± 0.011 ‰, at the 95% Cl
(Fig. 2a).. Both samples have ameasured dual clumped isotope composition
that is distinguishable from theΔ47-Δ48 empirical equilibrium relationship55

at the 95% Cl (Fig. 1). A. lobifera and field-collected LBF O. ammonoides
from the Gulf of Eilat (SR_nat), which is the starting material for cultured
samples, exhibit no significant disequilibrium in Δ47 or Δ48 (Fig. 2a), as do
cultured samples SR50_1LBF and SR50_3LBF. The (differential) driver of
disequilibrium in O. ammonoides grown at different temperatures is
explored in detail below.

The data shown in Fig. 2a confirm the absence of significant dis-
equilibrium bias in most core-top foraminiferal samples. Three out of four
samples plot indistinguishable from the origin (and, hence, from equili-
brium) at the 95% Cl if WOA+ FAME assumed growth temperature

estimates are considered to calculate Δ47 and Δ48 disequilibrium offsets
(Fig. 2a). Theonly exception to this isN. pachyderma. Although itsΔ47 value
still corresponds to the inferred growth temperature at the 95% Cl level, its
Δ48 value seems to be slightly depleted with respect to the predicted
equilibrium value.

All samples exhibit δ18O depletions relative to expected equilibrium,
based on slow-growingmammillary calcites thought toprecipitate closest to
isotopic equilibrium57,62,63 (Fig. 2b). Instead, they exhibit oxygen isotope
fractionation-temperature relationships more closely aligned with that
characteristic of more rapidly precipitated synthetic carbonate64,65.

Discussion
Disequilibrium in the dual clumped isotope composition of LBF
Three of six measured samples of O. ammonoides plot with statistically
distinguishable disequilibrium offsets in dual clumped isotope composition
in comparison with inferred growth temperatures (Fig. 2a). These obser-
vations demonstrate that LBF areprone to subtle disequilibriumbias in their
clumped isotope compositions. This conclusion agrees with the findings of
Evans et al.28 who identified disequilibrium in the Δ47 temperature rela-
tionship of LBF in comparison with inorganic carbonates48. However, LBF
donot showwell correlatedpatterns of disequilibriumoffsets inΔ47 andΔ48,
i.e. they do not fall along a well-defined Δ47 and Δ48 trajectory that can be
characterized by a specific disequilibrium process (Fig. 2a). All measured
LBF exhibit enrichment in Δ47, relative to mean inferred growth tempera-
tures, underestimating the latter by up to 4.6 ± 3.1 °Cwhen equilibriumΔ47-
temperature calibrations are applied55 (Fig. 3, Supplementary
Tables 3 and 4). In addition, grouped data on all LBF show a statistically
significant Δ48 offset (M =−0.016, SD 0.015). However, while some LBF
exhibit disequilibrium in Δ47 and/or Δ48 in comparison with inferred
growth temperatures, the dual clumped isotope compositions of three
measuredO. ammonoides samples are consistentwith dual clumped isotope
equilibrium at inferred growth temperature (Figs. 2, 3). O. ammonoides
samples SR_nat, SR50-1 and SR50_3 plot within error of Δ47-Δ48 equili-
brium (Fig. 1) and yieldΔ47 temperatures within 0.4 °C to 1.6 °C of inferred
growth temperature.

Dual clumped isotope disequilibrium is observed in both wild-
collected and cultured LBF (Fig. 2a). For cultured samples, the method of
calculating the fraction of cultured calcite has no significant impact on
calculatedΔ47-Δ48disequilibriumvalues (SupplementaryFig. 1).There is no
clear correlation between inferred growth temperature or culture tem-
perature and dual clumped isotope disequilibrium. Furthermore, the range
ofΔ47 andΔ48 offsets from equilibrium observed in cultured samples is also
observed in field-collected samples (Fig. 2a).

Driving mechanism of isotopic disequilibrium in LBFs
When Δ47 and Δ48 disequilibrium is calculated relative toWOA derived or
measured growth temperatures59, LBF predominantly plot in the region of
Δ48 depletion and Δ47 enrichment in comparison with expected values
(Fig. 2a). Early-stage precipitation during hydration/hydroxylation of CO2

has previously been proposed as a primary driver of disequilibrium in the
dual clumped isotope composition of coral and brachiopod carbonate60,66.
However, disequilibrium offsets in Δ47–Δ48 values of LBF calcite are sub-
stantially smaller than those observed in corals and brachiopods. Combined
with uncertainties in growth temperatures, this limits our ability to identify
correlated Δ47 and Δ48 disequilibrium trajectories.

Experimentalworkon theLBFA. lobiferademonstrates that ion supply
to the calcifying surface is driven by seawater endocytosis and transport in
vacuoles67,68. In the enclosedmicroenvironment of the seawater vacuole, pH
is up-regulated through proton export, increasing DIC concentration and
Ω68–70. CO2, likely concentrated and supplied by small acidic vesicles68, is
then drawn into the vacuole, along a pCO2 gradient, where it is converted to
HCO3

-. Isotopic equilibration between dissolved CO2 and HCO3
- through

(de)hydration/(de)hydroxylation reactions occurs relatively slowly com-
pared with other reactions in the DIC-H2O-CO2 system71. In high-Mg
calcite biomineralizing foraminifera, including A. lobifera and O.

Fig. 1 | Dual clumped isotopic composition of modern and fossil foraminifera
compared to the abiogenic empirical equilibrium calibration.The grey linemarks
the Δ47-Δ48equilibrium calibration of Fiebig et al.55. Errors are presented at the 68%
(solid error bars) and 95% (dashed error bars) confidence levels. Samples circled in
red plot distinguishable from Δ47-Δ48 equilibrium at the 95% Cl.
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ammonoides72,73, CaCO3may be precipitated in vacuoles as an intermediate
amorphous phase (ACC) or vaterite74,75 before its final transformation to
calcite.

We studied the extent of Δ47- and Δ48-disequilibrium that can be
introduced by the rate-limiting nature of the slow (de)hydration/(de)
hydroxylation reactions using the IsoDIC model76 (Fig. 2a). This model
simulates temporary evolution of isotopic disequilibrium bias in dissolved
bicarbonate during exposure of an equilibrated DIC solution to a CO2-
containing atmosphere, prior to the onset of carbonate precipitation. Dis-
equilibrium bias originates from incomplete (de)hydration/(de)hydro-
xylation reactions and can be expected to be transferred 1:1 into the
precipitated carbonate provided precipitation itself proceeds without any
superposed kinetic isotope effect. We ran the IsoDIC model for the
boundary conditions characteristic of the growth of photosymbiotic LBF;
[DIC] = 2mM; temperature of 24 °C, pH of 8.7 and δ13C of −8 ‰69,77

(further details in SupplementaryMethods 1).Model outputs indicate aΔ47/
Δ48 disequilibrium offset slope for early-stage CO2 absorption of approxi-
mately −0.7, characteristic of mixing of HCO3

- kinetic endmember pro-
duced by the early-stage hydration/hydroxylation of CO2 with an
equilibriumHCO3

-endmember derived from seawater. All LBF plot within
error of IsoDIC model predicted Δ47/Δ48 co-evolution at 95% Cl. The
observed agreement between model-predicted and measured extents of
disequilibrium may therefore indicate that LBF inherit their Δ47–Δ48 dis-
equilibrium signatures directly from the dissolved bicarbonate. The IsoDIC
predicted δ18O/Δ47 disequilibrium offset slope for early-stage CO2

absorption, however, does not align with observed δ18O/Δ47 offsets in for-
aminifera (Fig. 2b), indicating that another process may contribute to dis-
equilibrium offsets in the isotope composition of LBF calcite, particularly
for δ18O.

Early studies on the stable isotope composition of foraminifera high-
lighted an alternative explanation for the generation of isotopic dis-
equilibriumbias in foraminiferal calcite. In these studies, a linkbetweenδ18O
values of planktic foraminifera, carbonate ion concentration [CO3

2-] andpH
local to the foraminiferal test11,15,16,78 was observed. More recent research
suggests a similar relationship between the δ18O composition of benthic
foraminiferal carbonate and local [CO3

2-]13,79,80. This would have implica-
tions for paleo-applications as it suggests that local seawater pH can impact
foraminiferal oxygen isotope temperature reconstruction, and should also
be estimated, especially where large variations in pHmight be expected81–84.
The observed relationship between δ18O values of foraminiferal carbonate
and pH may be explained if isotopically equilibrated chemical species
HCO3

- and CO3
2- are precipitated from the calcifying solution in variable

proportions, without any superposed kinetic isotope effect. Each species has
a unique equilibrium oxygen isotope fractionation factor with respect to
water at a given temperature. Thus, changes in the relative proportions of
HCO3

- and CO3
2-, driven by pH change, lead to changes in the oxygen

isotope composition of forming carbonate85–87. Experimental studies suggest
a ~ 7‰ difference in oxygen isotope fractionation factors between HCO3

-

and water, and CO3
2- and water, respectively, at environmental

temperatures85. TheΔ64 of CO3
– is predicted to be 0.012‰ higher than that

Fig. 2 | Disequilibrium isotope offsets inΔ47,Δ48 and δ
18O of foraminifera. a The

dual clumped isotope composition of foraminifera, where disequilibrium offset is
calculated based onmeasured Δx–expected Δx (calculated based on known orWOA
based growth temperatures using calibration of Fiebig et al.,55 where x is mass 48 or
47). The expected Δx for mixed cultured O. ammonoides reflects growth weighted
natural growth and culture temperatures (Eq. 1, Supplementary Table 3). b plot of
disequilibrium δ18O vs. disequilibrium Δ47 (relative to Coplen

62 and Fiebig et al.55,
respectively). In Figures (a) and (b) IsoDIC predicted disequilibrium Δ47/Δ48 and
Δ47/δ

18O trajectories during early-stage CO2 absorption in foraminifera are plotted
as green lines. Also shown are disequilibrium trajectories induced by attachment/

detachment kinetics90,9190,91, modelled as a function of growth rate (0 and 10-4 mol
m−2 s−1), pH and temperature (see legend for details). The predicted linear trajec-
tories of disequilibrium isotope evolution associated with DIC speciation87 on pH
up-regulation are shown as purple dashed lines. Errors are presented at the 68%
(solid error bars) and 95% (dashed error bars) confidence levels and include full
propagation including calibration and growth temperature uncertainties. Samples
circled in red plot distinguishable from Δ47-Δ48 equilibrium at the 95% Cl. See
Supplementary Fig. 3 for disequilibrium offsets in core-top samples plotted in
comparison with species-specific T18 growth temperature estimates.
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of HCO3
– at 25 °C, while the Δ63 CO3

2- is predicted to be 0.033‰ lower56.
Changes in DIC speciation are therefore associated with a theoretically
predicted Δ47/Δ48 disequilibrium correlation slope of approximately
-2.7956,76, assuming the isotopic composition of DIC (i.e., CO3

2- andHCO3
-)

is quenched during CaCO3 formation. Increases in pH at the site of calci-
fication in foraminifera has been demonstrated for several foraminiferal
species68,69,77. Rising pH increases the ratio of CO3

2- to HCO3
- in solution.

Therefore, pH up-regulation is predicted to correspond to enrichments in
Δ48 anddepletions in δ

18O andΔ47 relative to empirical equilibrium55.While
δ18O is depleted in comparison with empirical equilibrium of 57,62 for-
aminifera exhibit depletions in Δ48 and enrichments in Δ47 relative to
empirical equilibrium55 (Fig. 2a). Consequently, the speciation effect is
unlikely to be the only driver of isotopic disequilibrium in foraminiferal
carbonate, and there is no evidence to support a pH correction on for-
aminiferal Δ47. It is not possible, based on measured data, to resolve the
effect of pH on foraminiferal δ18O values.

Watkins and Hunt88 proposed that both kinetic isotope effects
occurring at the solution-crystal interface and the DIC speciation effect
should be considered to account for the oxygen isotope disequilibrium
patterns observed in foraminifera. In their ion-by-ion growth model,
equilibratedDIC-speciesHCO3

- andCO3
2- are attached and detached to the

carbonate surface during crystal growth. At the kinetic limit of high growth
rates, attachment occurs much faster than detachment such that the cor-
responding kinetic oxygen isotope fractionations associated with the
attachment reactions of HCO3

- and CO3
2- are fully expressed in the pre-

cipitated carbonate. At slow growth rates, the detachment rate approaches
the attachment rate such that equilibrium fractionations are expressed. This
model was more recently updated to describe expected Δ47-Δ48 dis-
equilibrium patterns at the kinetic limit89. The pH, temperature and growth
rate dependent disequilibriumΔ47-Δ48 vectors characteristic of attachment/
detachment kinetics for growth rates between 0 and 10–4 mol m–2 s–1

(approaching the kinetic limit) are also shown in Fig. 2a. Modelled dis-
equilibriumoffsets are relatively small inmagnitude in comparisonwith the
Δ47 offsets inO. ammonoides from the great barrier reef and cultured sample
SR50_4LBF but agree,within errorwith offsets in foraminiferalΔ47,Δ48 and
δ18O values (Fig. 2). Themagnitude ofΔ47-Δ48 disequilibrium trajectories in

the model of Watkins and Devriendt89 depends on the constraint on the
isotopologue specific kinetic fractionation factors included in the model,
and true offsets could be larger. We therefore conclude that while kinetic
fractionation during CO2 absorption is likely the primary driver of dual
clumped isotope disequilibrium in LBF, a contribution from kinetically
controlled precipitation cannot be excluded.

Eocene temperatures in the Hampshire and Paris Basins and
outlook for paleoclimate reconstruction using Large Benthic
Foraminiferal Δ47

All fossil Nummulites samples are characterised by Δ47-Δ48 values that are
within 95% Cl of dual clumped isotope equilibrium (Fig. 1). Direct pro-
jection of Δ47 to the empirical equilibrium Δ47-T relationship55 yields a
seawater temperature range of 25.2 ± 3.0 °C to 29.1 ± 3.1 °C, reflecting
Eocene warmth at the paleolatitude of measured samples (~45°N). Modern
LBF do not show well correlated patterns of disequilibrium in Δ47 and Δ48.

That is, they do not align well along a single disequilibrium trajectory
(Fig. 2a). Dual clumped isotope correction along the IsoDICpredicted slope
of -0.7 therefore results in poor estimates of corrected growth temperatures,
particularly for samples plotting indistinguishable fromΔ47-Δ48 equilibrium
(Supplementary Fig. 2). As a result, we do not correct the dual clumped
isotope composition of Eocene LBF for kinetic bias. Because modern LBF
that fall within Δ47–Δ48 equilibrium (95% CI) may exhibit a slight positive
Δ47 bias (Fig. 2a), Δ47-derived temperatures should be regarded as mini-
mum estimates. Clumped isotope (Δ47) derived temperatures for Ypresian
LBF from the Paris basin, measured in this study, are 27.5 ± 3.1 °C and
25.2 ± 3.0 °C for samples of ages 50.6-51.2Ma and 51–52Ma, respectively.
These temperatures concurwith oxygen isotope paleotemperatures of 25 °C
to32 °C (with average of 27 °C) forYpresianoysters and volutids of theParis
basin90. Temperatures reconstructed from Lutetian LBF collected from the
Hampshire basin are 27.9 °C ± 3.1 °C and 29.1 °C ± 3.1 °C for 46-47Maand
42.5-45Ma, respectively. Temperatures reported here are also consistent
with previously published clumped isotope temperatures of 28.5–31.1 °C
frommeasurements of Eocene LBF28 of the Hampshire and Belgium basins
and 33 °C ± 4.4 °C from dual clumped isotope measurement of the bivalve
Venericor planicosta91 from the Paris Basin, thought to have grown during
the Mid-Eocene Climate Optimum92.

The congruence between reconstructed Eocene temperatures from
fossil LBF and previous paleotemperature reconstructions28,90,91 may indi-
cate that fossil LBF with Δ47-Δ48 values within error (2 SE) of empirical
equilibrium are promising Δ47 archive. However, some modern LBF plot
distinguishable from Δ47-Δ48 equilibrium

55 (at 95% Cl) (Fig. 1) and exhibit
temperature offsets to cooler temperatures than measured growth tem-
peratures (Fig. 3). Therefore, caution is warranted when applying the
clumped isotope thermometer to LBF. Dual clumped isotope analysis
provides a useful method to screen for large kinetic departures from dual
clumped isotope equilibrium in fossil LBF. Samples plotting distinguishable
from equilibrium at 95% Cl should be discounted from temperature
reconstructions or interpreted only within the framework of group or
species-specific empirical calibrations. Whenever possible, temperatures
reconstructed by LBF-Δ47 may be checked independently by measurement
of co-eval specimens from other groups with equilibrium Δ47-temperature
relationships, such as bivalves93. Further measurement of modern LBF
across a broader range of growth temperatures could help clarify Δ47-Δ48

patterns, enhance our understanding of kinetic controls on biomineraliza-
tion and enable robust dual clumped isotope temperature reconstructions
from fossil samples, without the need for group-specific calibrations13.

Comparisonwith previous studies and perspective for the use of
core-top foraminiferal Δ47

Observed disequilibrium in some LBF contrasts with previously reported
Δ47-temperature relationships consistent with equilibrium in core top
planktic and benthic foraminifera35,39,45. Our dual clumped isotope mea-
surements of core-top foraminifera plot within error of empirical Δ47-Δ48

55

equilibrium at the 95% Cl (Fig. 1). Furthermore, Δ47 values of all core-top

Fig. 3 | Δ47 offsets of samples measured in this study and foraminiferal calibra-
tions relative to assumed empirical equilibrium. Offset in Δ47 for recent for-
aminiferal Δ47-temperature calibrations and foraminifera measured in this study
relative to empirical equilibrium55. Δ47 offsets are calculated based on measured Δ47

– expected Δ47 (calculated based on known or WOA based growth temperatures
using calibration of Fiebig et al.55). The expected Δ47 for mixed cultured O. ammo-
noides reflects growth weighted natural growth and culture temperatures (Eq. 1,
Supplementary Table 3). Sample errors are presented at the 68% (solid error bars)
and 95% (dashed error bars) confidence levels, including propagated error on Δ47.
The shaded area represents 95% confidence interval on the equilibrium calibration55

calibration error is thus not propagated onto sample errors.
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foraminifera agree with accepted WOA18+ FAME calcification tempera-
tures if uncertainties associated with assumed calcification temperatures
and on the Δ47-temperature calibration are considered (Fig. 2). Application
of the empirical calibration55 to our dataset yields Δ47 temperatures within
2.9 °C of WOA18+ FAME temperatures. Although a slight Δ48 dis-
equilibrium bias seems to be indicated for N. pachyderma (Fig. 2a), such
negative bias is not statistically significant across the small population
(n = 3) of all planktic foraminifera. Apparent absence of significant Δ47

offsets and temperature offsets fromWOA18 derived growth temperatures
(Fig. 3) reflects the reasonable agreement shown inprevious studies between
salinity and pH corrected Mg/Ca temperatures and Δ47 based
temperatures40,44 as well as between Δ47 and species-specific δ18O-based
temperature estimates45.

Previous studies adopted δ18O derived growth temperatures (T18),
applying empirical calibration equations64,65 or species-specific fractionation
relationships20–22. Species specific δ18O-derived growth temperature esti-
mates (T18) for planktic foraminifera21,45 yield statistically significant dis-
equilibrium Δ47 offsets in G. ruber and N. pachyderma (Supplementary
Fig. 3). The definition of δ18O derived growth temperatures (T18) based on
empirical calibration equations64,65 or species-specific fractionation
relationships20–22 relies on the assumption of empirical δ18O-temperature
relationships that accurately account for observed disequilibrium in for-
aminiferal δ18O (Fig. 2b). This approachmay therefore introduce error into
Δ47-temperature calibrations. For example, the δ18O derived growth tem-
perature estimates calculated using the species-specific calibration of
Mulitzaet al.21, reprocessed afterDäeronandGray45 forG.rubermeasured in
this study are ~4 °C colder than Δ47 derived temperatures based on the
equilibrium calibration55 despite these samples plotting within 95% Cl of
dual clumped isotope equilibrium. The species-specific T18 estimates are
also 4.5 ± 0.1 °C for sample MD96-2048_3 and 7.1 ± 0.1 °C for sample
M1125-72-2 colder than FAME-WOA18 derived temperatures. Integrating
these species specificδ18Oderived temperatures into theFAMEmodelyields
unrealistically deep calcification depths for G. ruber, a photosymbiotic
species. The diagenetic overprinting of secondary carbonate in deeper
waters may be used to explain T18 and Δ47 values that co-vary to lower
temperature but does not explain the significant difference between Δ47

derived temperatures and T18 in G. ruber.
Based on the analysis of three planktic and a single small benthic

foraminifera sample(s) we do not have indication that the clumped isotopic
composition of these archives is susceptible to significant disequilibrium
bias. However, larger populations of these groups need to be analysed to
confirm these very preliminary results. It remains unclear whether a single
biomineralization model applies to planktic foraminifera, deep-sea benthic
foraminifera and LBF, such that biogenically driven non-equilibrium effects
would be similarly expressed across them. Three of four measured core-top
samples, planktic foraminifera G. ruber and N. pachyderma and benthic L.
wuellerstorfi, exhibit offsets inΔ47-Δ48 at the 68%Cl in comparisonwith the
equilibrium calibration55, in the same direction as offsets observed in LBF
(Fig. 1). The overall pattern of depletion in Δ48 observed in all measured
foraminifera, except for A. lobifera, contrasts with observed Δ47-Δ48 rela-
tionships in biomineralizing organisms such as of modern molluscs,
assumed to precipitate in clumped isotope equilibrium93 which show both
enrichment and depletion in Δ48 in comparison with equilibrium55. When
scaling the inorganic dual clumped isotope calibration of Swart et al.94,
consisting of seven carbonate samples with growth temperatures between 5
and 65 °C, to the fourth-order theoretical Δ47-temperature relationship56,
the Fiebig et al.55 and Swart et al.94 calibrations plot within 5 ppm of each
other in Δ48 within the temperature range of foraminifera measured in this
study. Thus at present, we have no reason to believe that inaccuracies in the
equilibrium Δ48-temperature relationship55 drive the pattern of minor off-
sets in foraminiferalΔ47-Δ48 relationships in comparisonwith the empirical
equilibrium of Fiebig et al.55. If minor offsets in Δ47-Δ48 in foraminiferal
calcite reflect kinetic effects driving Δ47 to lower temperatures, these offsets
may effectively be accounted for by applying group-specific empirical
calibrations. The calibration of Peral et al44. plots within error and with a

similar temperature dependence to the calibration of Fiebig et al55. although
it yields Δ47 derived temperatures that are on average 1 °C warmer (Fig. 3).
In contrast, the calibration of Meinicke et al26. deviates from the calibration
of Fiebig et al55. at low temperatures, yielding clumped isotope derived
temperatures ~3.9 °C warmer at 0 °C and ~1.4 °C warmer at 25 °C (Fig. 3).

The deep-sea benthicL.wuellerstorfi (Figs. 1, 2a) is characterised by the
same average offset from dual clumped isotope equilibrium as planktic
foraminiferaG. ruber andN. pachyderma. This observation does not reflect
the suggested offset in the Δ47-temperature relationships of benthic
foraminifera35,46 and planktic foraminifera35,39 most recently discussed in
Däeron and Gray45. The Δ47 value of L. wuellerstorfi presented in this study
agrees within 4ppm with the Δ47 value for the same sample, presented in
Peral et al.35. This corresponds to a reconstructed temperature of
−3.2 ± 2.6 °C (2 SE), which agrees within error with a bottom water tem-
perature of −0.9 ± 0.1 °C. Apparent attainment of equilibrium contrasts
with apparent offsets in the benthic dataset of Piasecki et al.46 which,
reprocessed to the ICDES45, shows enrichment in Δ47 in comparison with
empirical equilibrium45,55.

Conclusion
We report disequilibrium in the dual (Δ47-Δ48) clumped isotope compo-
sitions of some LBF of species Operculina ammonoides. The observed iso-
topic disequilibrium likely relates to carbonate precipitation from a slightly
disequilibrated DIC pool during early-stage hydration/hydroxylation of
CO2. LBF O. ammonoides that plot with distinguishable offsets from dual
clumped isotope equilibrium yield Δ47 based reconstructed growth tem-
peratures that are colder than measured growth temperatures when equi-
libriumΔ47-temperature calibrations55 are applied.However, someLBFplot
consistentwithΔ47-Δ48 equilibrium, yieldingΔ47-temperatureswithin error
of measured growth temperature. Thus, when sample size permits dual
clumped isotope measurement is a valuable tool for identifying dis-
equilibrium precipitation in LBF. Application of the dual clumped isotope
thermometer to Eocene Nummulites from the Paris and Hampshire basins
yieldedΔ47-Δ48 values consistent with equilibrium

55 at 95%Cl, enabling the
reconstruction ofΔ47- temperatures that reflect previously reported Eocene
warmth (~25–29 ˚C) in the region28,90,91. Equilibrium Δ47-temperature
relationships cannot be reliably applied to LBF that are offset fromempirical
dual clumped isotope equilibrium(95%CI), therefore, these samples require
empirical calibration. Further measurements of Δ47-Δ48 offsets in LBF may
help to identify patterns in dual clumped isotope disequilibrium which
could be used to correct for kinetic effects in Δ47.

Dual clumped isotope values of core-top low-Mg foraminifera plot
within error of empiricalΔ47-Δ48 equilibrium

55 at the 95% Cl. At this point,
we find no indication of significant kinetic bias in their clumped isotopic
compositions. However, three of four core-top samples (the planktic for-
minifera G. ruber and N. pachyderma and the benthic L. wuellerstorfi) plot
distinguishably fromdual clumped isotope equilibriumat 68%Cl, reflecting
the pattern ofΔ47-Δ48 offsets observed in LBF (Fig. 1), although we note the
small number of dual clumped isotope measurements of core-top for-
aminifera presented in this study (n = 4). Further measurements ofΔ47-Δ48

in core-top foraminifera, encompassing both planktic and benthic taxa, are
required to assess whether systematic differences exist between the dual
clumped isotope signatures of planktic foraminifera, benthic foraminifera,
and empirical equilibrium, and to evaluate whether such differences
introduce bias into Δ47-based reconstructions of foraminiferal calcification
temperatures.

Methods
Sample details and preparation
Planktic foraminifera originate from three core-tops with varying latitudes
and growth temperatures. Sampling location details, species and approx-
imate core top ages are shown in Supplementary Table 5. The deep-sea
benthic sample MOCOSED_2014_1 of species Lobatula wuellerstorfi
and planktic samples of Neogloboquadrina pachyderma s.,
(MOCOSED_2014_2) are originally described in Peral et al.35 and
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Globigerinoides ruber s.s. (MD96-2048) described in Caley et al.95 and ori-
ginally measured in Peral et al.96. Details of core-top age determination for
sample MD96-2048 are given in Supplementary Methods 2. In some pub-
lications, including Peral et al.35, Lobatula wuellerstorfi is reported as Cibi-
cidoides wuellerstorfi. According to the WoRMS database (https://www.
marinespecies.org/index.php), this species is currently classified as L.
wuellerstorfi. Benthic foraminifera L. wuellerstorfi (MOCOSED_2014_1)
were sampled from the same core as planktic foraminiferaN. pachyderma s.
(MOCOSED_2014_2). Globigerinoides ruber (white and pink (w+ p))
sample M125_72_2 originates from a core-catcher sample retrieved during
RV Meteor expedition M125 in 2016 offshore Brazil97.

LBF were both field collected (sample SS07G13 and SR_nat) and
cultured at the Hebrew University of Jerusalem (samples SR50_1LBF,
SR50_2LBF, SR50_3LBF, SR50_4LBF and MS1FO). Operculina ammo-
noides sample SS07G13 was collected on the Great Barrier Reef 98. The
clumped isotope composition (Δ47) of this sample was previouslymeasured
by Evans et al28. and assigned calcification temperature of 24.7 ± 0.8 °C
based onWorldOceanAtlas (WOA) temperatures99.Amphistegina lobifera
sample MS1FO was maintained at the same temperature (24.0 ± 1.5 °C)
throughout the whole LBF growth period, at the Hebrew University of
Jerusalem. Samples were crushed using a mortar and pestle and sample
powder was stored in a desiccator prior to analysis, samples consisted of
several homogenised individual specimens.

Culture experiments utilized LBF (Operculina ammonoides) collected
from the Gulf of Eilat (GOE) north shore (29.5363 °N, 34.9668 ° E) from a
depth of 20-30 meters on the 12.8.2021 (sample SR_nat, growth tempera-
ture 24.7 ± 2.7 °C based on long-termmeasured seawater temperature data
for the Northern Gulf of Eilat). SR_nat formed the starting material and
control for the culture, its isotopic composition was independently mea-
sured. Culture experiments were carried out at the Hebrew University of
Jerusalem. The sediment was sieved between 200 µm to 1000 µm and live
foraminifera were identified as those that climbed glass slides. Foraminifera
(size 345 µm to 691 µm) were counted, totaling 100 individuals per
experiment, placed into 130ml sealed glass jars with filtered seawater
(average δ18O of 2.01 ‰) and incubated in temperature-controlled water
baths at 19.3, 22.1, 24.9, and28.0 °Cwith a temperature tolerance of±0.2 °C.
Two cultures were made for each temperature. Water was replaced once a
week and sampled for oxygen isotopes, pH and alkalinity. Two methods
were used to calculate percentage of new growth (f) under culture condi-
tions: (1) calculation of new growth fraction by alkalinity change over the
culture period and (2) calculation of new growth fraction by mass
increase100. Initial mass was determined by drying and weighing a control
group of specimens (size 345–691 μm). At the end of the experiment
the foraminiferal aliquots were washed 5 times with distilled deionized
water (DDW), oven dried at 50 °C, pre-treated with 10% NaOCl for
12 hours, washed five times with DDW and dried at 50 °C for 3 days,
weighed and counted101

. Following the discussion of Hauzer et al.72, in this
study we apply values calculated by alkalinity change. On average, samples
exhibited 75–102% new growth over the culture period corresponding to
42–51 % new calcite grown at culture temperature. A summary of growth
data for cultured foraminifera is given in Supplementary Table 3. All
samples, consisting of several individual specimens to make up >50mg of
carbonate, were powdered using a mortar and pestle prior to clumped
isotope analysis.

Nitrate contamination in biogenic carbonates has been inferred to
impact Δ47 and Δ48 values through the production of NO2 gas during acid
digestion, which acts as an isobaric contaminant on m/z 47 and 4855. Iso-
baric interference associatedwithNO2+ in the ion source causes enrichment
in Δ48 and Δ47 depletion relative to equilibrium. We therefore bleached an
aliquot of sample MF1SO (which has the most positive Δ48 in comparison
with Δ47-Δ48 equilibrium) with 3 % NaOCl as described in Fiebig et al.55 to
assess the potential for nitrate contamination. The measured difference
between bleached (19MS1FO_a, n = 13) and unbleached (19MS1FO_b,
n = 5) aliquots was only 0.002 ‰ for Δ47 and 0.005 ‰ for Δ48, within
analytical error, indicating that nitrate contamination does not bias the dual

clumped isotope composition of foraminiferal calcite. These findings are
consistent with earlier measurements28, which showed no significant dif-
ference in Δ47 between pre-treated and untreated fossil and modern LBF.
Thus, aliquots 19MS1FO_and 19MS1FO_b were pooled, treated as one
sample (MS1FO), and all other foraminiferal samples were not oxidatively
cleaned (apart from SS07G13, see Evans et al.). Samples
MOCOSED_2014_1,MOCOSED_2014_2, andMD96-2048wereprepared
by rinsing at least twice in ultrapure water in an ultrasonic bath for 1min,
then rinsed twice with reagent-grade methanol in an ultrasonic bath for
30 seconds35.

Eocene LBF (Nummulites sp.), with ages between 46 and 52Ma were
collected from the Paris and Hampshire basins92,102–104. Sampling locations,
species and approximate age are shown in Supplementary Table 2. Samples
from theEarnley SandFormation atWhitecliff Bay (Isle ofWight,UK)were
collected during low tide, when the formation is exposed along the beach.
The preservation of the fossil samples was verified by SEM imaging and
trace element analysis using LA-ICPMS. Samples showing high Al/Ca
values (>0.5mmol/mol) or evidence of recrystallization with statistically
significantly lowerMg/Ca and Sr/Ca values were excluded to minimize the
effects of diagenetic alteration105. Samples were sonicated in deionisedwater
to remove any coating sediment, dried in a vacuum at room temperature
and crushed using a mortar and pestle. Each sample consists of a single
specimen (>100mg carbonate).

Estimation of calcification temperatures
Though the dual clumped isotope approach does not require a priori
knowledge of growth temperature to identify kinetic departures from
equilibrium, we estimate calcification temperatures to assess patterns in
disequilibrium Δ47 and Δ48 values and to evaluate the degree to which Δ47-
derived temperatures for foraminifera measured in this study reflect calci-
fication temperatures.

WOA-based and directly measured temperatures
Estimated calcification temperatures are based on the 2018 World Ocean
Atlas temperatures (1/4° grid) (WOA 18; Locarini et al.59). In the case of
planktic foraminifera, the Foraminifera as Modelled Entities (FAME)101

module, with hydrographic temperature fields derived fromWOA18 (at 1/
4° resolution), is used to calculate calcification temperatures. FAME is a
foraminiferal growth module, developed in Python. The module forecasts
the presence or absence of commonly used planktic foraminifera and their
expected calcification temperatures. It uses a very limited number of para-
meters, almost all derived from culture experiments106.

We use the FAMEmodule to predict the calcification temperatures of
foraminifera, accounting for seasonal and depth variations in specific for-
aminiferal habitats as described in Roche et al.101. FAME predicts mean
calcification temperature of a foraminiferal sample, composed of multiple
individuals, byweighting oceanic conditions according to individual growth
rates across space (depth in the water column) and time (months) (Sup-
plementary Fig. 4). In the case of benthic species L. wuellerstorfi, we use the
mean WOA18 annual bottom water temperature at the site of collection.
FAME predicted global calcification temperature maps for G. ruber and N.
pachyderma and seasonal temperature-depth profiles reconstructed from
WOA18 data for core-top sites are shown in Supplementary Figs. 5–7. The
growth temperature for large benthic foraminifera sample MFS1O, grown
in a stock aquarium, is based on direct measurements of aquarium
temperature.

δ18O-derived calcification temperatures (T18)
In line with studies that conclude that δ18O-derived temperatures may be
better at estimating calcification temperature of foraminifera owing to
uncertainties associated with imperfect knowledge of foraminifera
ecology35,39,45, we also calculate and present δ18O-derived calcification tem-
peratures (T18) based on measured δ18Ocarbonate and annual resolution107.
We calculate δ18O-derived calcification temperatures based on Kim and
O’Neil64 adjusted to an acid fractionation factor of 1.010254108 and species
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specific foraminiferal δ18O-carbonate calibrations for G. ruber, L. wueller-
storfi, and N. pachyderma45. δ18O-derived estimates of calcification tem-
perature are presented in Supplementary Table 4.

Culture experiments
Assessing the growth temperature of cultured foraminifera is complicated as
these samples consist of a mixture of material precipitated both prior to
collection and in the laboratory. Expected Δ47 was estimated based on
mixing of two endmember calcites: the starting composition of the control
group (SR_nat), which we independently measured, and newly grown
calcite under temperature-controlled culture.Wefirst explored the effects of
non-linear mixing in Δ47/Δ48 space using mixing calculations which follow
equations 19, 20, 21 and 27 in Guo (2020). Expected Δ47 and δ18O of end
member calciteswere calculated based on assumed growth temperature and
measured δ18Owater, while the δ

13C of the cultured endmemberwas based on
the endmember composition of the control sample (SR_nat) and the δ13C of
mixed cultured-natural powdered samples. Over the maximum difference
between endmembers (1.3 ‰ in δ18O and 4.6 ‰ in δ13C) mixing effects
correspond tomaximumenrichments of 0.002‰ inΔ47 and0.001‰ inΔ48

and thus can be ignored.
The assumed growth temperature of mixed samples can also be cal-

culated based on fractional percentage of newgrowth at culture temperature
(Eq. 1).

Tmix ¼ 1� f
� �

×T original þ f ×Tculture ð1Þ

Error on assumed growth temperature Tmix includes analytically
propagated error on fraction of new growth at culture temperature (f), error
on Toriginal and error on Tculture as shown in Supplemenatry Table 5.

IRMSmeasurement and data processing
Isotopic analyses were carried out at the Stable Isotope Laboratory at
Goethe-University Frankfurt following the analytical setup and methodol-
ogy described in detail in Fiebig et al.52 and Bernecker et al.54. Dual clumped
isotope (Δ47 andΔ48), δ

18O and δ13C values aremeasured simultaneously on
the same analyte CO2, using a Thermo Scientific 253 Plus mass spectro-
meter coupled to the custom front-end peripheralHAL for acid digestion of
10.0 ± 0.2mg carbonate samples using 108 wt% H3PO4 at 90 °C

52. Mea-
surements of analyte CO2 were made at 16,000 ± 100mV on m/z 44, in 13
acquisitions, each comprising 10 cycles with an integration time of 20 s,
totalling an integration time of 2600 s per replicate.

CO2 standards equilibrated to 25 °C and 1000 °C with three distinct
bulk isotope compositions were measured alongside samples54 facilitating
translation to the Carbon Dioxide Equilibration Scale (CDES)109 and cor-
rection formass spectrometric non-linearity through the iterative derivation
of scaling factors54. Optimal scaling factors were calculated based on mea-
sured m/z 47.5 intensities such that δ47 vs Δ47 and δ48 vs Δ48 of gasses
equilibrated to 25 °C and 1000 °C have slopes indistinguishable from 0.
Background-corrected raw data are standardised with D47crunch58 using
equilibrated gas standards as anchors and a pooled session approach
applying drift correction and variance minimization over unknowns and
anchors, assigning Δ47 values of 0.9196‰ and 0.0266‰ and Δ48 values of
0.345‰ and 0‰ for CO2 equilibrated at 25˚ and 1000 °C, respectively

52,110.
Background correction and standardization was achieved using D4Xgui111.
Final Δ47 and Δ48 values are reported on the CDES90. Replicate sample
measurements were temporally spread within sessions. ETH-1, ETH-2 and
ETH-3 were also analysed, but not used as anchors for clumped isotope
correction, with one standard measured every two to three samples. The
long-term value of ETH1 is 0.2071 ‰ (n = 584) and ETH2 is 0.2094 ‰
(n = 575) and the long-term standard deviation on these twomeasurements
is 0.0090‰ and 0.0085‰, respectively. δ18O and δ13C were also standar-
dised in D47crunch58 using samples ETH-1 and ETH-2 as anchors. Fiebig
et al.55 recently determined that ETH-3 Δ47 and Δ48 data made at Goethe-
UniversityFrankfurt before January 2024was compromisedby thepresence
of ppb concentration traces of NO2 in the analyte CO2. Since ETH-3

constitutes a significant fraction (8%) of all data and varianceminimization
of compromised ETH-3 samples may affect determination of correction
parameters a, b and c (see equation 18 in ref. 58), we excluded ETH-3 from
the variance minimization algorithm of Δ47 by providing individual iden-
tifiers to each ETH-3 replicate55.

To determine statistical differences between the empirical equilibrium
Δ47-Δ48 relationship

55 and Δ47-Δ48 of foraminiferal carbonate we applied
Welch’s T-test to two groups. Groups consisted of disequilibrium offsets
calculated as Δ48 offset from the equilibrium relationship55 at Δ47-derived
temperatures of (1) inorganic carbonates used for empirical calibration and
of (2) foraminiferal group of interest. The use of Welch’s T allows for
unequal variance between groups. Tests are reported in APA style112.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
Data, extended methods and Supplementary Figs. belonging to this study
are available in the open-access database Zenodo, https://doi.org/10.5281/
zenodo.20594013113. This online database contains the following supple-
mentary data files:
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