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Significance 

Determining past changes in 
the composition of seawater is 
important as seawater 
chemistry can be thought of as 
an integrated record of geological 
processes that drive the carbon 
cycle. In addition, seawater major 
ion chemistry data are requisite 
information for the accurate 
application of many geochemical 
proxy systems. We provide the 
first record of the calcium and 
magnesium concentration in 
seawater across the early-mid 
Cenozoic and combine it with 
existing datasets to show that 
seawater calcium is closely 
correlated with atmospheric CO2 . 
Carbon cycle box modelling 
demonstrates that CO2 may be 
causally driven by this aspect of 
seawater chemistry. If correct, we 
therefore identify an additional 
factor that may be an important 
driver of the long-term carbon 
cycle. 

A ~fivefold decrease in the atmospheric concentration of CO2 took place during the 
Cenozoic. This has often been viewed within the context of silicate weathering changes, 
although the specific contributions of the potential drivers remain poorly understood. 
Indeed, it has been alternatively argued that changes in the sea floor spreading rate 
contributed to the Cenozoic pCO2 decline, although the magnitude of the decrease 
means that this is unlikely to account for the entirety of the pCO2 change. One previ-
ously overlooked factor is the concomitant change in the major element composition of 
seawater, especially the concentration of calcium ([Ca2+ 

sw]), which is typically viewed as 
responding to processes such as weathering, rather than representing a driver in and of 
itself. Here, we present the first detailed record of the Cenozoic major ion chemistry of 
seawater and show that [Ca2+ 

sw] has the potential to control key processes that impact the 
carbon cycle. Although our record cannot determine whether CO2 is causally driven by 
[Ca2+ 

sw], carbon cycle box modeling identifies that this may have been the case. Whether 
or not [Ca2+ 

sw] indeed directly drove pCO2 during the Cenozoic principally depends 
on the strength of the silicate weathering feedback and the magnitude of any possible 
changes in organic carbon burial, both of which could overwhelm a [Ca2+ 

sw]-driven 
impact on the carbon cycle. As such, determining the sensitivity of the weathering–cli-
mate relationship on million-year timescales is key to resolving whether factors such as 
seawater major ion composition are important carbon cycle drivers. 

seawater chemistry | Cenozoic CO2 | Na/Ca | seawater calcium | foraminifera 

Over the last ~50 million years (My), Earth’s climate transitioned from a greenhouse, 
ice-free world to an icehouse with bipolar glaciation, driven by a global mean surface 
temperature decrease of ~15 to 20 °C (1 , 2). However, the processes that drove the ~1,500 
ppm decrease in atmospheric CO2 (3 , 4) that resulted in this major climatic shift remain 
poorly understood. Explanations include uplift-driven changes in carbon drawdown via 
silicate weathering rates (5 , 6), the emergence of readily weatherable (ultra)mafic arcs in 
the tropics (7 , 8), changes in the efficiency of organic carbon production and burial (9 ), 
the evolution of key groups of calcifying plankton, and/or a shift in CaCO3 deposition 
from platforms to the deep ocean (10 , 11), or combinations thereof. 

These drivers must be viewed within the context of the feedback processes that have 
been suggested to regulate Earth’s climate within certain bounds on geologic timescales 
(12), and with the fact that Earth has remained habitable for billions of years. Indeed, 
Earth’s long-term habitability is often cited as evidence for the existence of efficient feed-
back mechanisms (although see ref. 13). Foremost among these is the hypothesis that 
silicate weathering regulates Earth’s climate (12 , 14) via a climate/CO2 -driven change in 
the global weathering rate, specifically, increased weathering at higher global temperatures 
and vice versa. This draws down atmospheric CO2   as (calcium) silicate rocks weathered 
in part by carbonic acid are buried as CaCO3 in the ocean (15). While several lines of 
empirical evidence exist for a climatic responsiveness of silicate weathering in the geologic 
record (16 , 17), we do not know what the slope of the relationship is (18), i.e., how 
sensitive silicate weathering is to global climate change. Moreover, at least in certain set-
tings, weathering is associated with CO2 release via the oxidation of sedimentary rock- 
derived organic carbon or pyrite (19). In addition, other feedback processes likely operate 
at climate extremes, such as at the last glacial maximum when atmospheric CO2 possibly 
approached the lower limit necessary to sustain terrestrial plants (20). Overall, our under-
standing of Earth’s long-term carbon cycle drivers and feedbacks is far from complete, 
while the large degree of variation in p CO2 over the last 50 My suggests that feedbacks 
can only stabilize climate only within reasonably wide bounds. Published January 9, 2026.D
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Concomitant with climatic shifts over the last 100 My was a 
substantial change in the major ion chemistry of seawater (21 , 
22), which has typically been viewed as responding to the geologic 
processes that drive the carbon cycle (23) rather than being a driver 
in itself. However, it is conceivably possible that seawater chem-
istry can exert a control on the carbon cycle, for example, because 
the saturation state of the ocean with respect to calcite (Ωc) is 
proportional to the Ca2+ and CO3

2− activity product, which is one 
of the key controls on CaCO3 burial (10) and may also impact 
CaCO3 production rates in the surface ocean (24). Determining 
whether seawater chemistry simply responds to the carbon cycle, 
or is a possible feedback or driver in and of itself, has been chal-
lenging because there are only a few reconstructions of past 
changes in seawater chemistry. From a practical viewpoint, sea-
water major ion data are also necessary for the application of trace 
element paleothermometers and the boron isotope (δ11 B) 
paleo-pH proxy (3 , 25). Existing records of changes in the absolute 
concentration of key seawater major ions (calcium, magnesium, 
and sulphate) are principally derived from fluid inclusions trapped 
in sparse marine evaporitic sequences (21 , 22). Notwithstanding 
the importance of these datasets, the limitations of the approach 
are i) that [Ca2+ 

sw] must be indirectly inferred from [SO4 
2− 

sw ] and, 
ii) the rare nature of these deposits means that only a handful of 
data points are available within the Cenozoic, at much lower res-
olution than the residence time of Ca2+ and Mg2+ in seawater of 
~1 and ~13 My, respectively (26 ). 

To address these limitations, we generated a new Eocene (~56 
to 35 Ma) record of the major ion chemistry of seawater, at ~1 
My resolution, based on the Na/Ca ratio of globally distributed, 
exceptionally well-preserved, shallow-dwelling large benthic 
foraminifera [LBF (27 ); see SI Appendix, Table S1]. Dating 
between 56 Ma and 31 Ma, these samples provide a continuous 
record of [Ca2+ 

sw] change through the Eocene and into the 
Oligocene. The basis of the approach is that the long residence 
time of Na+ [>40 My (26)] means that the concentration of this 
ion must have been near constant over the Cenozoic (28), such 
that shell Na/Ca dominantly records changes in [Ca2+ 

sw ]. We 
combine our new LBF-derived Eocene dataset with a Neogene 
record derived from planktonic foraminifera (29) and couple 
both with existing records of the evolution of seawater Mg/Ca 
and Sr/Ca (30 , 31) to establish Cenozoic records of the absolute 
concentration of Ca2+ , Mg2+, and Sr2+. Using these results and a 
carbon cycle box model, we explore the relationship between the 
concentration of calcium in seawater ([Ca2+

sw]) and the carbon 
cycle, focusing on whether these changes may have acted to 
 modulate p CO2 . 

Results 

Extensive sample characterization based on LA-ICPMS trace ele-
ment analysis, mineralogy, and scanning electron microscopy (SEM) 
demonstrates that all samples/specimens on which our record is 
based are exceptionally well-preserved. All foraminifera retain their 
high-Mg primary mineralogy (32) and are characterized by Al/Ca 
<200 µmol/mol and Mn/Ca <500 µmol/mol in almost all cases. 
Moreover, we observe no relationship between Al/Ca or Mn/Ca 
and Na/Ca, nor Na/Ca and Mg/Ca or Sr/Ca on an intra- or inter-
sample level, indicating no significant contribution to measured 
Na, Mg, or Sr from the very minor remnant clay mineral/over-
growth phases (if present; see SI Appendix, Fig. S4). SEM images 
demonstrate that all samples retain their original shell microstruc-
ture, have no diagenetic calcite in the chamber wall pores, and show 
no evidence of other contaminant phases (SI Appendix, Fig. S3 ). 

Fig. 1. Cenozoic seawater major ion reconstructions based on the Na/Ca 
ratio of foraminifera. (A) Cenozoic seawater [Ca2+

sw] reconstruction from this 
study, together with previous approaches (21, 22, 29, 33) and geochemical 
box-modeling (ref. 36, red dashed line). (B) [Mg2+

sw] derived from Na/Ca- 
derived [Ca2+

sw] and the Mg/Casw record of ref. 31. One outlier is shown by 
an open symbol (at 56 Ma; see SI Appendix, Table S3). (C) δ11B-derived pCO2, 
updated from ref. 3 using the seawater major ion record of this study, with 
all sources of uncertainty fully propagated via Monte Carlo simulation. (D) 
Composite Cenozoic seawater [Ca2+

sw] (black line; see SI Appendix for details) 
with estimates of changes in the global oceanic crustal production rate overlain 
(red and orange lines) (34, 35). 

Cenozoic Calcium, Magnesium, and Sulfate Records. Our record 
demonstrates that Eocene [Ca2+

sw] ranged between 17.5 mM and 
22.7 mM and was thus 1.7 to 2.2 times higher than at present 
(Fig. 1A), in excellent agreement with the sparse fluid inclusion data 
where they overlap at ~35 Ma (for details of the transformation of 
measured Na/Ca into [Ca2+ 

sw], see the Materials and Methods and 
SI Appendix). Moreover, the LBF-derived Na/Ca reconstruction 
delineates a ~4 mM (20%) decrease in [Ca2+ 

sw] through the 
Paleogene, from 20.8+2.0 

−2.4 mM in the earliest Eocene to 17.0+2.1 
−2.6 mM D
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in the early Oligocene. During the Neogene, an existing planktonic 
foraminifera Na/Ca-derived dataset (29) shows a further ~5 to 7 
mM decrease between the mid-Miocene and present-day, such 
that approximately half to two-thirds of the Cenozoic decrease in 
[Ca2+ 

sw] occurred in the last 15 My. We note that the Plio-Pleistocene 
portion of the Na/Ca-derived [Ca2+ 

sw] record is in excellent 
agreement with an independent record based on a deconvolution of 
the Mg/Casw reconstruction of ref. 33 (see SI Appendix for details), 
lending support to both approaches. The lack of Oligocene data 
precludes us from determining whether [Ca2+ 

sw] changed during 
this interval; while an unidentified Oligocene excursion may 
have taken place the indistinguishable mid-Miocene and earliest 
Oligocene reconstructed [Ca2+ 

sw] of 17.5 ± 2 mM suggests that 
little change occurred (Fig. 1D). Our composite [Ca2+ 

sw] record 
shows strong coherence with reconstructions of global crustal 
production rate (34, 35) where they overlap. While our data do 
not demonstrate a causal link between the two, this may suggest a 
dominant marine tectonic control on Neogene seawater chemistry, 
as further discussed below. 

 Seawater [Mg2+] was determined by combining our composite 
Cenozoic [Ca2+ 

sw] record with an existing Mg/Casw dataset based 
on a similar sample set, wherein the effects of Mg/Casw and tem-
perature on calcite Mg/Ca were deconvolved using clumped iso-
tope paleothermometry (31). Our [Mg2+ 

sw] record shows an 
overall increase since the mid-Eocene of 13 mM, consisting of a 
Paleogene decrease of ~5 mM before increasing to the present-day 
value through the Neogene (Fig. 1B). The structure of this dataset 
is significantly different from interpolation between the sparse 
fluid inclusion reconstructions (28), highlighting previously uni-
dentified changes in seawater chemistry. 

To provide a complete seawater major ion chemistry recon-
struction, [SO4

2−
sw] was derived via the assumption that the prod-

uct of [Ca2+ 
sw ]·[SO4 

2− 
sw] has remained constant or within narrow 

bounds through geologic time, the reverse of the method used to 
determine [Ca2+

sw] from evaporite fluid inclusion [SO4
2−] (21 , 

22). While there is, to our knowledge, no a priori reason to think 
that this should have always been the case, the agreement between 
our Na/Ca-derived [Ca2+ 

sw] with the fluid inclusion data where 
they overlap means that this assumption appears reasonable during 
at least the latter half of the Cenozoic (and is consistent with 
alternative methods of constraining [SO4 

2-]sw (37 , 38 )). Finally, 
we determine [Na+] by maintaining charge balance following 

ref. (28), with the additional constraint of constant [K+ 
sw ] (37 ), 

which results in calculated [Na+ 
sw] within 5% of the modern value 

throughout the Cenozoic, rising from 95 to 100% of the modern 
value during the Paleogene (SI Appendix, Fig. S6 ). 

To examine the relationship between Cenozoic seawater chem-
istry and the carbon cycle, we first recalculate surface ocean sea-
water carbonate chemistry over this interval. This is necessary 
because [Ca2+ 

sw], [Mg2+ 
sw], and [SO4 

2− 
sw] exert a control on the 

carbon and boron system dissociation constants, such that 
δ11 B-derived pH and p CO2 require revision in light of our sea-
water major ion chemistry record (see SI Appendix  for details of 
these calculations). Based on this, we solve the complete seawater 
carbonate system by coupling boron isotope-derived pH recon-
structions with our composite [Ca2+ 

sw] record (Fig. 1A ), assuming 
constant surface ocean calcite saturation (Ωc ) (3 , 28 , 39 ), while 
fully propagating all sources of error via Monte Carlo simulation 
(SI Appendix). We stress that constant Ωc is demonstrably not the 
case across transient climate events (40), but Ωc cannot change to 
a large degree because feedbacks in CaCO3 production and dis-
solution act to rebalance the system on the multi-My timescales 
(11) relevant here. 

Our revised atmospheric CO2 record reveals that early-mid 
Eocene p CO2   was ~100 to 500 ppm higher than previously 
reported (3), for an equivalent set of underlying assumptions (con-
stant Ωc), with peak p CO2 during the early Eocene climatic opti-
mum (EECO) of 1,200 to 3,000 ppm [Fig. 1C; a more recent 
multiproxy compilation falls within this range (4)]. Given that 
both p CO2 and [Ca2+ 

sw] are characterized by a substantial decrease 
through the Cenozoic (Fig. 1), we quantify the extent to which 
these factors covaried. Binning the datasets into 1 My intervals 
removes short-term variation in the p CO2 record that must be 
related to processes independent of seawater major ion chemistry, 
given the residence times of the seawater major ions [e.g., orbitally 
driven variability, transient events such as the Paleocene–Eocene 
thermal maximum (PETM)]. We find a tight relationship between 
p CO2 and [Ca2+

sw] during much of the Cenozoic (R2 = 0.83, 
P  << 0.01; Fig. 2), potentially indicating a common driver. In 
contrast, we find no relationship between [Ca2+ 

sw] and total alka-
linity (TAlk), although a substantial (~1,000 µmol/kg) long-term 
shift in TAlk may have taken place if surface ocean Ωc covaried 
with [Ca2+ 

sw ](SI Appendix, Fig. S11). We acknowledge that this 
exercise averages across transient (<1 My duration) events such as 
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the PETM, that are unlikely to have driven a substantial change 
in seawater major ion chemistry (<1%, see SI Appendix, Fig. S14 
and ref. 10) but were associated with large p CO2   changes, poten-
tially biasing the reconstructed p CO2 values in this 1 My bin for 
the purposes of our comparison. However, the sparsity of data 
from, for example, the core of the PETM means that this limita-
tion does not exert a significant impact on our findings. Rather, 
determining whether the scatter in the early Eocene p CO2 data 
represents real variability or noise (Fig. 1C) is more important in 
understanding whether this interval deviated from the overall 
Cenozoic p CO2 -[Ca2+ 

sw] relationship (Fig. 2 ).           

Discussion 

The Relationship between Seawater Major Ion Chemistry and 
the Carbon Cycle. Our results demonstrate that [Ca2+ 

sw] and 
pCO2 are tightly correlated across multi-million-year timescales. 
However, this does not necessarily mean that there is a causal link 
between changing seawater chemistry and climate. For example, 
it is possible that a change in the global silicate weathering rate, 
driven by uplift or “weatherability” (5, 41), controls not only 
the balance between CO2 outgassing and drawdown but also the 
chemistry of seawater via (e.g.) delivery of the weathering product. 
Likewise, a change in the global crustal production rate (34) might 
be expected to drive both the CO2 outgassing rate (42) as well 
as [Ca2+

sw] and [Mg2+
sw] via fluid–rock interactions at mid ocean 

ridge hydrothermal systems (43, 44). In both cases, the major ion 
composition of seawater can be viewed as responding to the same 
underlying geologic process that drove the carbon cycle. 

Alternatively, it is conceivable that [Ca2+ 
sw] is a carbon cycle 

driver in and of itself. [Ca2+ 
sw] exerts a primary control on the 

saturation state of seawater, which is in turn a likely control on 
the CaCO3   production rate of at least some key groups of calci-
fying organisms such as foraminifera and corals (45 , 46). In addi-
tion, Ωc exerts a primary control on CaCO3 preservation/ 
dissolution rates in the deep ocean (e.g., ref. 47 ). [Ca2+ 

sw] may 
therefore impact the carbon cycle, for example, in that an Ωc 
decrease driven by [Ca2+ 

sw] may be expected to reduce global 
CaCO3 production in the surface ocean. Given that calcification 
is an instantaneous source of protons, decreased calcification could 
act to increase the ratio of TAlk to dissolved inorganic carbon 
(DIC) in the surface ocean, therefore increasing pH and [CO3 

2− ] 
and decreasing atmospheric CO2. The oceanic carbon cycle is of 
course substantially more complex than this, with multiple inter-
acting processes controlled by differing aspects of seawater car-
bonate chemistry, and we cite this as one example of a mechanism 
that could  result in a [Ca2+ 

sw ]-driven CO2 change. Indeed, alter-
native processes by which a change in [Ca2+ 

sw] could potentially 
influence the carbon cycle have been proposed within the context 
of evaporite weathering (48). Whether or not this was the case 
depends on the strength of other processes and feedbacks, in par-
ticular, whether changes in the global degassing or weathering rate 
are sufficiently large to dwarf any change that might arise from 
seawater major ion chemistry alone. 

To test the hypothesis that [Ca2+ 
sw] could potentially have 

played a role in the evolution of Cenozoic climate, rather than 
simply responding to processes such as weathering or crustal pro-
duction rates, we present a simple carbon cycle box model 
(“DeepCarb”; see SI Appendix  for details and model validation). 
The computational efficiency of the model enables us to vary 
model parameterizations over an extremely wide range to under-
stand the sensitivity of the model to the way it is initialized. 
Specifically, we randomly vary the slope of the relationship 
between i) silicate weathering rate and climate, ii) CaCO3 

production and surface ocean Ωc, and iii) CaCO3 preservation/ 
dissolution and deep ocean Ωc. These model perturbations are run 
in a Monte Carlo fashion with random permutations of these 
slopes, enabling us to determine the sensitivity of our box model 
to the way that these relationships are parameterized. The rationale 
for doing so is that, to our knowledge, no good constraint exists 
for any of these key relationships on geologic timescales. For exam-
ple, the sensitivity of silicate weathering to temperature (or p CO2 ) 
as implemented in a number of carbon cycle models varies by 
around an order of magnitude (18), implying, at the very least, 
that this is poorly constrained and/or that it varies through time 
(49). We stress that the model presented here cannot unambigu-
ously constrain whether or not [Ca2+ 

sw] did indeed play a direct, 
causal role in the Cenozoic CO2   decline, because the results of a 
model run in this fashion depend on how these relationships are 
parameterized within an individual simulation. They can, however, 
identify whether a mechanism exists that could plausibly result in 
[Ca2+

sw] driving atmospheric CO2 . 
Here, the model was set up to assess whether Cenozoic p CO2 

is causally or correlatively related to [Ca2+ 
sw]. Starting from Eocene 

boundary conditions, we test two key hypothesized drivers of 
Cenozoic climate: i) an externally driven decrease in [Ca2+ 

sw ] 
(“force Ca” set of simulations; Fig. 3D), which could mechanisti-
cally represent (e.g.,) a change in the rate of seawater–basalt inter-
action (50), and ii) an increase in the silicate weathering rate 
(ref. 5), to determine the expected [Ca2+ 

sw] and seawater carbonate 
chemistry change in response to this process alone. In the latter 
case, we run the model both with and without an associated 
change in the [Ca2+ ]/[HCO3 

−] of the weathering product (“force 
SiW + SW Ca” and “force SiW” simulations respectively; Fig. 3 
C and E), to assess the impact of a simultaneous change in both 
the degree of weathering and type of material being weathered on 
our results. In all cases, the model perturbation was chosen to 
match the approximate magnitude and rate of reconstructed 
(Fig. 1) changes in either [Ca2+ 

sw ] or p CO2, with a SiW change 
of ~25% required to result in a comparable magnitude of CO2 
change to that observed over the Cenozoic. Only the aforemen-
tioned parameters were forcibly perturbed (e.g., only [Ca2+ 

sw ] was 
forced in the “force Ca” simulations) with all other fluxes and 
parameters allowed to vary freely, including the saturation state 
of the ocean boxes. We note that while we explore only SiW-driven 
p CO2 changes, this is functionally identical to driving the CO2 
degassing rate in our box model, given that a SiW-driven change 
in CO2 affects model fluxes in the same way as a CO2 -driven 
change in SiW (see SI Appendix). As such, our SiW experiments 
could equally represent a SiW change driven independently of 
climate (e.g., mountain building or the emplacement of weather-
able material) or a change in the CO2 degassing rate.        

Increasing the silicate weathering rate substantially drives down 
p CO2 to an extent that is strongly dependent on how the respon-
siveness of silicate weathering to temperature is parameterized 
(Fig. 3 A and F), with individual simulations with shallow SiW– 
CO2   relationships characterized by larger p CO2 changes. While 
unsurprising, this reinforces the need to constrain both the modern 
SiW–CO2 relationship (18), how it may have changed through 
time (49), and whether other weathering processes contribute to 
CO2 release or drawdown (19), before interpreting the output of 
any carbon cycle model in specific terms. More importantly how-
ever, the Monte Carlo nature of these simulations highlights emer-
gent properties in the model which can be used to diagnose whether 
a model driven in this way can explain the broad features of 
Cenozoic carbon cycle change. The first of these is that no param-
eterization of the key relationships explored here is capable of driv-
ing any substantial change in [Ca2+ 

sw] (Fig. 3C). This is because the D
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Fig. 3. The effect of silicate weathering on [Ca2+
sw], and [Ca2+

sw] on pCO2 in a carbon cycle box model. (A) Silicate weathering (SiW)-climate relationships as 
implemented in DeepCarb (this study) and LOSCAR (18), with a modern empirical estimate shown for comparison based on the SiW–temperature relationship of 
ref. 51 coupled with the same CO2–temperature relationship as implemented in DeepCarb. We stress that the assumption that a relationship based on modern 
regional heterogeneity is equivalent to the effect of global climate change on geologic time is highly uncertain such that this comparison is intended to be 
illustrative only. (B) The range of surface ocean Ωc–CaCO3 export slopes implemented in DeepCarb. (C–N) DeepCarb model results. (C, F, I, and L) The evolution of 
[Ca2+

sw], pCO2, TAlk, and CaCO3 burial in 1000 DeepCarb simulations in which the SiW–CO2 relationship was increased by 25% over 8 My (starting at 1 My) and 
then held at that value. This was implemented by shifting the slopes shown in panel A up the y axis and does not mean that a constant SiW rate was prescribed 
(see text for details). Individual simulations are color-coded according to the slope of the relationships shown in panels A and B, where yellow lines represent 
models with a steeper SiW–CO2 and shallower Ωc–CaCO3 export slope. It is not possible to change [Ca2+

sw] by perturbing the model in this way alone. (D, G, J, and 
M) Equivalent simulations in which [Ca2+

sw] was directly forced at a rate approximately equivalent to the Neogene rate of change (Fig. 1A). In simulations with a 
shallow SiW–CO2 slope, pCO2 decreases by up to ~800 ppmv. (E, H, K, and N) Equivalent simulations in which SiW was perturbed along with the [Ca2+] of the SiW 
product to a degree necessary to drive a twofold [Ca2+

sw] decrease. 

increase in the weathering alkalinity flux to the ocean is counter-
acted by an increased CaCO3 burial rate. Given that [Ca2+ 

sw] is less 
sensitive than the seawater carbonate system to changes in CaCO3 
burial ([Ca2+ 

sw ]/DIC = ~10 in the Eocene), a new equilibrium is 
achieved long before substantial changes in [Ca2+ 

sw] can occur, via 
the effect the carbonate chemistry change has on CaCO3 burial 
(maximum ΔCa2+

sw  in these simulations is ~2.5%). 

The second emergent model property is that all individual sim-
ulations fall on a single Δp CO2 –ΔTAlk relationship, that is, none 
of the processes included in the model can result in a decoupling 
of TAlk and p CO2 at the end of the model run (Fig. 4 ). Simulations 
with a steep SiW–CO2 relationship result in a smaller TAlk and 
p CO2 change, because those with a steeper SiW–CO2 relationship 
return to equilibrium in response to a change in SiW more quickly D
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Fig. 4. The difference between the start and end pCO2 and TAlk in the 
DeepCarb simulations shown in Fig. 3. Color is shown as a function of the 
individual simulation SiW–CO2 and Ωc -CaCO3 export parameterizations; yellow 
symbols depict those with steeper SiW–CO2 and shallower Ωc-CaCO3 slopes, 
respectively, and blue symbols the opposite; see Fig. 3 A and B for details. It 
is not possible to model the observed Cenozoic change in both pCO2 and TAlk 
(black box; Fig. 2) unless [Ca2+

sw] is externally forced. 

and with a lower overall change in p CO2. The corollary of this is 
that, irrespective of the way in which the model parameterizations 
are implemented, if SiW is forced to match the model outcome 
to a known past change in CO2, the associated TAlk change will 
always be the same. That is, although models with a steeper SiW– 
p CO2 relationship would require a larger weathering forcing to 
result in a given Δp CO2, the resulting TAlk change would be 
virtually the same as an otherwise identical model with a shallower 
SiW–CO2   slope and smaller forcing.        

While a model perturbed in this way demonstrates the potential 
for long-term SiW (5) or CO2   degassing rate changes (42) to be 
the sole explanation of the Cenozoic p CO2   decrease, in all of these 
simulations, TAlk decreases to a far greater degree for a given p CO2 
change than is plausible based on our reconstruction (Fig. 2 ). 
Coupled with the inability of SiW/CO2 changes in isolation to 
drive [Ca2+ 

sw], this hypothesized driver, at the very least, necessi-
tates a strong additional driver of ocean alkalinity (in the opposite 
direction) and an alternative coincident mechanism of driving the 
observed [Ca2+

sw ] change. 
Externally forcing [Ca2+ 

sw] at a rate consistent with our 
Cenozoic record, while allowing all other model parameters to 
vary, invariably drives down p CO2 while the change takes place, 
irrespective of how silicate weathering and calcification in the 
surface ocean are parameterized (Fig. 3G ). This p CO2 decrease 
results from a decrease in CaCO3 burial (Fig. 3M), which initially 
occurs due to a lower Ωc, as the effect of [Ca2+ 

sw] on Ωc outweighs 
the resulting pH increase. Because the lower CaCO3 burial rate 
drives both the surface and deep ocean to higher pH, net CO2 
diffusion from the atmosphere to the ocean takes place. This direct 
CO2 flux to the ocean outweighs CO2 accumulation in the atmos-
phere as silicate weathering rates decrease in response to the lower 
temperature/p CO2 . 

This finding demonstrates a plausible mechanism by which a 
change in [Ca2+ 

sw] can exert a significant control on p CO2 and 
indicates that the observed relationship between [Ca2+ 

sw ] and 
p CO2   (Fig. 2 ) might  be causal. However, we again stress that, as 
with all model results presented here, the degree to which this is 
the case depends on how the key model relationships are param-
eterized. Specifically, the response of the model to a forced 10 mM 

[Ca2+ 
sw] decrease when allowed to equilibrate for 7 My after the 

perturbation strongly depends on how the silicate weathering– 
temperature relationship is parameterized, and to a lesser degree 
on whether there is a calcification response to Ωc in the surface 
ocean. Models with a steep SiW–CO2 slope ultimately return close 
to preperturbation CO2, as an initial SiW decrease causes an 
imbalance between CO2   outgassing and silicate weathering, and 
CaCO3 burial rates reduce (Fig. 3M). Determining the degree to 
which [Ca2+ 

sw] may have driven CO2   therefore depends on con-
straining the SiW-CO2 slope. In contrast, models with a shallow 
SiW–CO2   sensitivity and a surface ocean Ωc   feedback maintain 
substantially lower CO2 because the CaCO3 burial rate is main-
tained at its preperturbation level as a result of a small increase in 
deep ocean Ωc. This occurs because the pH-driven [CO3

2− ] 
increase ultimately outweighs the [Ca2+ 

sw] decrease (note that this 
relatively minor change is not at odds with the assumption of 
constant Ωc±0.5 that forms the basis of the carbonate chemistry 
record presented in Figs. 1 and 2 ). 

Finally, driving SiW and [Ca2+ 
sw] by covarying the Ca2+ /HCO3 

− 

of the weathering product (Fig. 3E) results in a set of simulations 
that more closely match the empirical results shown in Fig. 2 . In 
this model, p CO2 is more sensitive to SiW and TAlk remains stable 
in the simulations most closely matching the observed CO2 
change (Fig. 4) compared to forcing SiW alone. Overall, the 
results of this exercise are intermediate between the two endmem-
ber scenarios described above in which SiW and [Ca2+ 

sw ] were 
driven independently. Greater degrees of p CO2 change occur for 
a given SiW slope compared to the simulations in which SiW 
alone was forced (compare Fig. 3 F and H), demonstrating that 
both the change in SiW and the change in [Ca2+ 

sw] driven by SiW 
are responsible for a portion of the resulting p CO2   decrease. 

Our simple model cannot address which of the above scenarios 
is more likely, but it does produce results that are testable with 
our dataset. In all sets of model simulations presented here, the 
change in p CO2 and TAlk at the end of the perturbation and 
equilibrium period fall onto a single relationship (Fig. 4 ). Crucially, 
simulations in which [Ca2+ 

sw] was forced, either indirectly by 
changing the Ca2+ /HCO3 

− of the weathering product or directly 
by changing [Ca2+ 

sw] alone, are characterized by a CO2 –TAlk 
relationship that is shifted to substantially higher TAlk for a given 
CO2 (compare simulations represented by triangles and squares 
in Fig. 4). This is because as [Ca2+ 

sw] decreases, the CaCO3 burial 
rate decreases relative to simulations in which no [Ca2+ 

sw ] change 
take place, and alkalinity “accumulates” in the ocean. As such, 
models with a shallow SiW–temperature sensitivity and calcifica-
tion feedback maintain approximately constant TAlk (Fig. 3K ). 
Our carbonate system reconstruction demonstrates a minor 
decrease in TAlk over the Cenozoic (Fig. 2A), potentially adding 
evidence that a [Ca2+

sw ]-driven change in CaCO3 burial rates, 
coupled with silicate weathering forcing the system in the opposite 
direction, is the mechanism which has acted to maintain ocean 
alkalinity at an approximately constant concentration throughout 
much of the Cenozoic (Fig. 3K) , in agreement with the findings 
of ref. 52. Nonetheless, we stress that this finding does not pre-
clude other processes from acting as a TAlk or DIC feedback, such 
as the sensitivity of coccolithophore calcification to [HCO3

−] (53 ). 
We also stress that the rates described above refer to relatively 
minor changes that result in substantial shifts in seawater car-
bonate chemistry on multi-million-year timescales. As such, our 
hypothesis that p CO2 is mechanistically coupled to [Ca2+

sw ] via 
small (percent-level) changes in the CaCO3 burial rate over mil-
lions of years is consistent with the observation that climate and 
the carbonate compensation depth (CCD) were decoupled 
through the early Cenozoic (54 ). D
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Given that we demonstrate a process by which [Ca2+ 
sw ] may 

drive changes in ocean-atmosphere carbon partitioning (see also 
ref. 48  for a closely related hypothesis), our results highlight that 
changing seawater major ion chemistry is likely responsible for 
some of the Cenozoic p CO2 decline. The degree to which this was 
the case remains an open question: addressing it is predicated in 
particular on determining the slope of the relationship between 
silicate weathering and climate and how it has varied across geo-
logic time. In the simulations presented here with the strongest 
weathering–climate relationship, a p CO2 change driven by weath-
ering or degassing is almost entirely controlled by these processes, 
irrespective of whether or not [Ca2+ 

sw] is forced to match our 
reconstruction. In those with a shallower silicate weathering slope, 
the system is sufficiently dynamic that [Ca2+

sw] can do some of 
the “work.”  Determining where on this spectrum the Earth system 
lies is a necessary step in understanding the important drivers of 
the Cenozoic CO2 decline, but our results suggest that unless the 
existence of a very responsive silicate weathering feedback can be 
demonstrated across multi-million-year timescales as well as across 
transient events (16), a substantial portion of the observed CO2 
decline is likely to have been driven by the large [Ca2+ 

sw ] change 
that we show to have taken place. 

Drivers of Seawater Major Ion Chemistry. Whether or not [Ca2+ 
sw] 

played a major role in driving CO2, a key question is: what drove 
the change in [Ca2+ 

sw]? While our data alone cannot provide this 
constraint, advances have recently been made in determining 
changes in seafloor spreading rates over the Neogene, with 
evidence for a ~40% decrease over the last 15 My (34). The close 
correspondence between the spreading rate data and our composite 
[Ca2+ 

sw] record (Fig. 1D) suggests that seawater–basalt interaction 
associated with mid-ocean ridge hydrothermal systems was a likely 
driver of seawater chemistry, given that these systems would have 
driven the observed major ion changes in the observed directions 
(44). Decreasing [Ca2+ 

sw] by ~10 mmol/kg over ~10 My requires the 
net removal of 1.4 × 109 moles calcium per year. While feedbacks 
are evidently in place to prevent changes in the hydrothermal flux 
from acting alone (e.g., CaCO3 burial; see the previous section), 
this is a small fraction of the present-day flux (55) and thus readily 
reconcilable with the notion that the global seafloor spreading rate 
in the Neogene is responsible for this change. 

Our composite seawater chemistry reconstruction indicates that, 
in the Neogene, the absolute magnitude of the [Ca2+ 

sw] change is 
approximately equal and opposite to that of [Mg2+ 

sw ] (Fig. 1 ). The 
excess calcium concentration of hydrothermal fluids, i.e., that 
above the seawater concentration, is broadly equal to [Mg2+ 

sw] – 
[SO4 

2−], as anhydrite precipitation occurs in hydrothermal systems 
until SO4 

2− is completely removed and endmember hydrothermal 
fluid contains no Mg2+, thus requiring charge balance via the 
release of Ca2+ (equation 1, ref. 56). This is equal to 26 to 29 mmol/ 
kg in the Paleogene and early Neogene (~40 minus 14 mmol/kg; 
Fig. 1), assuming invariant [Ca2+ 

sw ]·[SO4 
2− 

sw] as described above. 
This constrains Cenozoic hydrothermal systems to removing Mg2+ 

and releasing Ca2+ in a ratio of ~1.6 to 2.1, with the upper range 
representative of the modern ocean. While this is substantially 
greater than the value of 1 which would be required to result in 
the observation discussed above regarding Plio-Pleistocene Mg/ 
Casw (our finding that Δ[Ca2+

sw ] ~= −Δ[Mg2+
sw]), the magnitude 

of Plio-Pleistocene seawater chemistry change means that although 
the predicted [Mg2+ 

sw] increase is greater than that which we recon-
struct, this discrepancy may simply be hidden within the uncer-
tainty of the Mg2+

sw data. Over longer periods this is not the case, 
given the larger magnitude of absolute change, thus requiring 
additional drivers of seawater chemistry given (e.g.) that [Ca2+ 

sw ] 

and [Mg2+ 
sw] evolve in the same direction during the early Eocene. 

Likely candidates are changes in the rate of authigenic clay forma-
tion (23) and/or dolomitization (57) which have been suggested 
to have acted as additional Mg2+   sinks to a greater extent in the 
Paleogene than today, and could therefore conceivably provide part 
of the explanation for our reconstructed early Eocene [Mg2+ 

sw ] 
decrease. A change in the Mg/Ca of weathered silicate rocks and/ 
or greater interaction between seawater and mantle-derived mafic 
rocks along slow-spreading ridges (58) is consistent with the broad 
trends in our data. We note that the former process represents an 
additional possible driver of the Neogene pCO2 decrease, within 
the framework of the notion that the emplacement of weatherable 
(ultramafic) material into the tropics impacted global silicate 
weathering rates (7), while the latter aligns with the observation 
that the Neogene decrease in crustal production is largely driven 
by a decrease in the length of fast-spreading ridges (34) . 

Notwithstanding the potential importance of a change in the 
silicate weathering rate independent of climate (i.e., emplacement 
or uplift), our new geochemical records combined with carbon cycle 
box modeling suggest that [Ca2+ 

sw] is a potential CO2 driver. 
Together with the likely role of hydrothermal processes in explaining 
a large portion of the major element records presented here, this 
implies, for example, that the Neogene decrease in the seafloor 
spreading rate (34) resulted in a p CO2 decrease via two mechanisms: 
directly via the associated decrease in CO2 degassing (42), which is 
probably insufficient in isolation to explain all of the change, and 
indirectly via the impact that spreading rate has on seawater [Ca2+ 

sw ], 
serving as a positive feedback (56). If [Ca2+ 

sw] has indeed causally 
driven p CO2 via the mechanism outlined above, then this result 
could suggest that submarine hydrothermal processes are an impor-
tant driver of long-term climate change and, by implication, that 
other factors are less important than previously thought.   

Materials and Methods 

The Paleogene seawater chemistry reconstructions presented here are based on 
exceptionally well-preserved fossil specimens of the larger benthic foraminifera 
Nummulites (including Palaeonummulites), with empirical calibrations per-
formed using Recent Operculina ammonoides, the nearest living relative of this 
fossil genus. Coeval mid Eocene Operculina and Nummulites are known from one 
of the sites investigated here, with no resolvable offset in trace element incorpo-
ration between the two nummulitid foraminifera (59), which means that modern 
laboratory calibrations can be applied to the fossil samples with confidence. 

The dataset is derived from globally distributed sites from five regions: 
northwest Europe, Java (Indonesia), Kutch (India), Tanzania (via the Tanzania 
Drilling Project), and the southeast United States (SI Appendix, Table  S1). 
A subset of the samples reported here was previously analyzed for their 
clumped isotope composition (31). These regions were targeted for their 
exceptional carbonate fossil preservation, with all samples reported here 
having a glassy appearance under optical microscopy. The majority of the 
samples come from clay-rich horizons that have undergone shallow burial 
to much less than 100 °C. Sample preservation was assessed on an indi-
vidual specimen basis through optical and electron microscopy, alongside 
measurements of trace elements diagnostic of different types of diagenesis 
(SI Appendix). In addition to the lack of any evidence of diagenetic bias of 
the proxy trace element data reported in the main text, the fact that our 
reconstructions are derived from five globally spaced sites adds further 
support to the integrity of the record, as the results are reproducible when 
derived from different nummulitid species from distinct basins with different 
depositional histories. 

Fossil foraminifera were analyzed for element/Ca ratios by laser ablation 
ICPMS as described in refs. 59 and 60. Fossil samples were ultrasonicated in 
methanol twice, then three times in deionized water. The majority of samples 
were analyzed nondestructively, by mounting specimens vertically in the laser 
ablation chamber to facilitate multiple repeat depth profiling analyses through D
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the marginal cord. Material from a small number of the sample sites were embed-
ded in resin and sectioned to enable the laser to be tracked across the entirety of 
the marginal cord. We observe no difference in the mean measured ratios by the 
two sampling strategies. Specimens were analyzed at Royal Holloway University 
of London (RHUL) using a RESOlution M-50 laser ablation system connected to 
either an Agilent 7500ce or 8800 ICPMS (61). For the purposes of the relatively 
high concentration trace element data discussed here, there was no difference in 
data quality between the two mass spectrometers. Most specimens were analyzed 
by slow (2 Hz) depth profiling of multiple ablation points on the marginal cord 
with a circular beam of 44 µm diameter (SI Appendix, Table S2); see ref. 59 for 
analytical details of samples that were embedded and sectioned. Ablation took 
place in a He atmosphere with 8.5 mL/min H2 added as the additional diatomic 
gas to improve the 55Mn limit of detection (60). Primary standardization was 
achieved via bracketing analyses of NIST SRM612, excepting Mg/Ca which was 
calibrated using the komatiite glass GOR132-G as it has a [Mg] far more com-
parable to these high-Mg foraminifera. Na/Ca, Mg/Ca, and Sr/Ca precision are 
all <5%, Mg/Ca and Sr/Ca accuracy were <2%, and Na/Ca accuracy <5% based 
on repeat analyses of the standard reference materials MPI-DING GOR132-G 
and MACS-3NP. 

Data, Materials, and Software Availability. Code required to perform data 
analysis and produce the figures data have been deposited in Zenodo (62). All 
other data are included in the article and/or supporting information. 
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