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Pliocene decoupling of equatorial Pacific 
temperature and pH gradients

Madison G. Shankle1,2 ✉, Natalie J. Burls3, Alexey V. Fedorov1,4, Matthew D. Thomas1,5, Wei Liu6, 
Donald E. Penman1,7, Heather L. Ford8, Peter H. Jacobs9,10, Noah J. Planavsky1 & 
Pincelli M. Hull1 ✉

Ocean dynamics in the equatorial Pacific drive tropical climate patterns that affect 
marine and terrestrial ecosystems worldwide. How this region will respond to global 
warming has profound implications for global climate, economic stability and 
ecosystem health. As a result, numerous studies have investigated equatorial Pacific 
dynamics during the Pliocene (5.3–2.6 million years ago) and late Miocene (around  
6 million years ago) as an analogue for the future behaviour of the region under global 
warming1–12. Palaeoceanographic records from this time present an apparent paradox 
with proxy evidence of a reduced east–west sea surface temperature gradient along 
the equatorial Pacific1,3,7,8—indicative of reduced wind-driven upwelling—conflicting 
with evidence of enhanced biological productivity in the east Pacific13–15 that typically 
results from stronger upwelling. Here we reconcile these observations by providing 
new evidence for a radically different-from-modern circulation regime in the early 
Pliocene/late Miocene16 that results in older, more acidic and more nutrient-rich water 
reaching the equatorial Pacific. These results provide a mechanism for enhanced 
productivity in the early Pliocene/late Miocene east Pacific even in the presence of 
weaker wind-driven upwelling. Our findings shed new light on equatorial Pacific 
dynamics and help to constrain the potential changes they will undergo in the near 
future, given that the Earth is expected to reach Pliocene-like levels of warming in the 
next century.

A salient feature of the modern tropical Pacific climate is a pronounced 
zonal (east–west) sea surface temperature (SST) gradient along the 
equator, with mean temperature decreasing from around 29 °C in the 
western Pacific warm pool to around 23 °C in the eastern Pacific equato-
rial cold tongue2. This zonal SST gradient is tightly coupled to the Pacific 
zonal atmospheric circulation—known as the Walker cell—whose winds 
in turn control the zonal tilt of the oceanic thermocline and the strength 
of equatorial upwelling via the Bjerknes feedback17. The Pacific zonal 
SST gradient thus plays a key role in defining the climate of the tropics. 
Variations in this gradient produce the El Niño–Southern Oscillation—a 
dominant mode of interannual climate variability in the tropics and 
beyond18. In addition, vigorous upwelling in the eastern tropical Pacific 
brings low-pH, nutrient-rich water up into the surface ocean, support-
ing highly productive marine ecosystems that are important to the 
economic health and food security of adjacent nations19,20.

Despite the importance of the Pacific zonal SST gradient for climate 
and marine ecosystems, considerable uncertainty persists in how this 
ocean feature will respond to global warming21. One approach is to 
turn to past warm climates such as the Pliocene epoch (5.3–2.6 million 
years ago (Ma))—the last time in Earth’s history when atmospheric CO2 
concentrations were similar (300–450 ppm) to the anthropogenically 

forced levels seen today10,22. By investigating Earth’s climate during 
past warm periods such as the Pliocene (~2–4 °C warmer temperatures 
than modern23–28) and indeed even the latest Miocene (~6 Ma, ~5 °C 
warmer29), it is possible to develop a better understanding of tropi-
cal Pacific dynamics during warmer near-equilibrium climate states.

Existing records of the early Pliocene and late Miocene equatorial 
Pacific present a paradox. Today, a decrease in the zonal tempera-
ture gradient corresponds to reduced biological productivity in the 
eastern equatorial Pacific owing to reduced wind-driven upwelling of 
nutrient-rich waters—as occurs during an El Niño event. Perplexingly, 
records from the Pliocene and late Miocene seem to show a decoupling 
between the zonal SST gradient and biological productivity—with evi-
dence for decreased zonal SST gradients1,3,7,8 but increased productiv-
ity13–15. One solution to this paradox would be for the upwelled water to 
have been more nutrient-rich relative to modern, such that a smaller 
volume of upwelled water would support greater productivity.

Here we use the boronpH proxy to reconstruct the evolution of 
the Pacific zonal pH gradient along the equator since the late Mio-
cene to test this idea that circulation changes delivered older, more 
nutrient-rich water to the eastern equatorial Pacific (EEP). This test 
relies on the fact that deep water that is upwelled to the surface contains 
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more nutrients than surface water owing to the remineralization of 
organic matter, which liberates nutrients along with CO2, resulting in a 
decrease in the upwelled water’s pH. As a result, the upwelling of older 
water masses contributes proportionately more acidity and nutrients to 
the surface, owing to their prolonged accumulation of respired organic 
matter. There are four primary, but not necessarily mutually exclusive, 
ways to upwell relatively older water into the EEP: (1) the water mass 
source could be further away, (2) the path to the EEP could be longer, 
(3) the flow could be slower, and/or (4) the water mass could upwell 
from deeper depths with relatively older water.

We focus our efforts on pH as there is an ongoing debate as to the 
magnitude of the zonal temperature gradient reduction at the time, 
with estimates for the reduction ranging from around 1 °C (refs. 3,6,11) 
to around 3.5 °C (refs. 1,4,10,12,30,31) relative to modern, depending on the 
proxy, calibration, sites used and time interval of focus. Although 
the magnitude is debated, all SST studies suggest that the Pliocene/
late Miocene climate was characterized by a reduced zonal tempera-
ture gradient and a deeper/warmer thermocline relative to mod-
ern1–4,6,9,10,31,32—suggestive of a more El Niño-like background state or 
‘El Padre’1,5,12,33. Any reduction in the zonal SST gradient would seem 
to contradict records of high primary production in the east Pacific 
at this time13–15.

While it is difficult to reconstruct nutrient delivery in upwelling areas, 
the boron isotopic (δ11B) composition of planktonic foraminifera pro-
vides a robust pH proxy for tracing changes in the chemical composition 
of seawater though time34,35. Critically, different paradigms of Pliocene 
climate, in which physical (SST) and biogeochemical (pH) gradients are 
either coupled or not, make distinct predictions about east and west 
tropical Pacific pH values and gradients (Fig. 1). Because surface pH 
values are strongly linked to regional and basin-scale ocean circulation 
patterns, which of these states the early Pliocene to late Miocene Pacific 
operated under has major implications for atmospheric circulation, 
weather patterns and ocean productivity.

The δ11B-pH proxy is based on the pH-dependent speciation of boron 
between two predominant aqueous species in seawater: boric acid 

(B(OH)3) at low pH and borate ion (B(OH)4
−) at high pH, with an equi-

librium fractionation of 10B and 11B between these two species. Only the 
borate ion is believed to be incorporated into biogenic carbonates and 
thus there is a predictable relationship between the δ11B of biogenic cal-
cite (specifically, of planktonic foraminifera for the surface ocean) and 
ambient ocean pH34,35. Using boron isotopes, we here reconstruct zonal 
pH gradients in the tropical Pacific since the late Miocene (Fig. 2) and 
use a coupled ocean–atmosphere climate model to provide a mecha-
nistic explanation for the apparent Pliocene paradox.

We analysed δ11B in at least ~150 tests per sample of the mixed 
layer-dwelling (see Extended Data Table 1) foraminifer Orbulina uni-
versa from the western equatorial Pacific (WEP, Ocean Drilling Program 
(ODP) Site 806) and eastern equatorial Pacific (EEP, ODP Site 846) at 
around 1 Ma, 3 Ma and 6 Ma. Each time slice includes four samples 
spanning about 300 kyr (n = 24). Our strategy was designed to sample 
a range of orbital configurations per time slice to capture the mean 
and variance in conditions. Although we do not expect to capture the 
full extent of orbital variability in each time slice, the variation in our 
~3 Ma sample is comparable to that of an orbitally resolved record 
over the same time span, providing support for the approach (Fig. 2). 
We then converted δ11B values to pH using a previously published  
O. universa-specific core top calibration36 (see Methods). In the WEP, 
δ11B averaged 17.67‰ (~1 Ma), 16.63‰ (~3 Ma) and 16.76‰ (~6 Ma)  
(mean analytical uncertainty (2σ), 0.24‰), indicating a decrease in 
pH from an average modern value of around 8.067 (see Methods for 

7.85

7.90

7.95

8.00

8.05

8.10

p
H

Modern Early Pliocene/
late Miocene

WEP

EEP: reduced gradient
EEP: maintained gradient

EEP: decoupled gradient

Fig. 1 | Different paradigms of Pliocene climate (degree of reduction in the 
zonal sea surface temperature gradient) predict different changes in zonal 
pH gradient. Red: modern western equatorial Pacific (WEP) pH (~8.067, 
average over the 25–50 m depth range) and average ~6 Ma pH from this study 
(proxy data, ~8.02, with 2σ). Blue lines represent different scenarios for eastern 
equatorial Pacific (EEP) pH change relative to modern (~8.007, average over the 
25–50 m depth range). Blue dots: coupled reduction in zonal temperature and 
pH gradients (that is, the same fractional change) with thermal gradient 
reduction as in Liu and colleagues31. Blue dashes: coupled reduction but with 
lesser thermal gradient reduction as in Zhang and colleagues3. Blue solid: 
modelled ~6 Ma pH from this study (~7.886, average over the 25–50 m depth 
range) reflecting decoupled changes in temperature and pH gradients.

6
14

15

16

17

18

Age (Myr) 

7.7

7.8

7.9

8.0

8.1

8.2

p
H

a

b
543210

6543210

East Paci�c (ODP 846,    avg.)

West Paci�c (ODP 806,    avg.)

Avg. modern West

Avg. modern East

3 Ma, eqb. site 
(ODP 999)

δ1
1 B

 (‰
)
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data included for context are: modern observational pH averaged over 25–50 m 
(the depth habitat of O. universa) with 1σ (diamonds) and δ11B-derived pH with 
95% confidence intervals from a site in equilibrium with the atmosphere51  
(eqb. site) (grey points and shading, central Caribbean ODP Site 999, from 
Globigerinoides ruber).
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details of observational measurements of pH) to around 8.02 in the 
late Miocene (~6 Ma, mean pH uncertainty (2σ) ~0.05 from Monte Carlo 
simulations) (Fig. 2).

Our surface pH estimates for the WEP—a region understood to be 
approximately in equilibrium with the atmosphere37 through the study 
interval due to a weak wind field and deep thermocline—are consistent 
with the decline one would expect in response to current estimates of 
atmospheric CO2 concentrations during each interval (see Extended 
Data Fig. 1).

In the EEP (ODP Site 846), pH likewise declines from ~1 Ma to ~6 Ma but 
at a magnitude larger than the WEP, declining from an average modern 
pH value of around 8.007 to around 7.88 at about 6 Ma (uncertainty (2σ), 
~0.06) (Fig. 2). This results in much greater zonal pH gradients (~2–3 
times greater) at around 3–6 Ma than in recent times (average modern 
pH gradient ~0.06). The average zonal pH gradient (Fig. 2) varies from 
around 0.04 to around 0.17 to around 0.14 at approximately 1 Ma, 3 Ma 
and 6 Ma, respectively.

This three-fold increase in the equatorial Pacific zonal pH gradient 
at around 3 Ma and around 6 Ma is inconsistent with an El Niño-like 
coupling of physical (SST) and biogeochemical (pH) gradients (Fig. 1, 
coupled scenarios). Rather, our reconstructed zonal pH gradient sug-
gests changes in zonal SST and pH gradients were decoupled over this 
interval (Fig. 1, decoupled). New simulations using a coupled ocean–
atmosphere climate model, meant to reproduce the background early 
Pliocene/late Miocene climate state4,16, run for the first time with active 
biogeochemical cycling (the Community Earth System Model, CESM 
1.0.4, see Methods), generates pH changes similar to our results (Fig. 3, 
Extended Data Fig. 2a). In these simulations, cloud albedo has been 
modified to generate an early Pliocene/late Miocene climate state 
with strongly reduced zonal and meridional temperature gradients 

in agreement with SST reconstructions4,10,16,38–41. While a simulation 
that reproduces early Pliocene/late Miocene climate without these 
cloud albedo modifications would be ideal, other (for example, Pli-
oMIP2) models without these cloud albedo modifications target the 
mid-Pliocene warm period26. Future studies should therefore assess 
whether a simulation of early Pliocene/late Miocene climate without 
cloud albedo modifications and with more standard model parameters 
can replicate existing and our proxy data.

The modelled early Pliocene/late Miocene ocean has pH values of 
around 8.00–8.05 in the WEP and around 7.85–7.90 in the EEP (Fig. 3a) 
over a 25–55-m depth range (the approximate habitat of O. universa36,42,43), 
similar to our δ11B-pH proxy data at ~6 Ma and, to a somewhat lesser 
extent, at ~3 Ma (Extended Data Fig. 2b–c). More broadly, however, 
model output over 25–75 m in depth generally agrees with δ11B-pH 
proxy data (Extended Data Fig. 2a, Extended Data Fig. 2d–g). A further 
comparison of the experiment-minus-control model anomalies and the 
proxy-minus-modern anomalies is made in Fig. 3b. Both data and model 
output show early Pliocene/late Miocene changes relative to the modern/
control of around −0.12 to –0.15 pH units in the east and relatively less 
pH change in the west. There is some model-data discrepancy in the 
magnitude of change in the west, with the model output exhibiting a 
slightly stronger anomaly of around −0.10 pH units relative to modern 
than is seen in the proxy data (around −0.05 pH units relative to modern; 
for further discussion see Supplementary Information). Nonetheless, the 
pattern in both the model output and proxy data is of increased zonal pH 
gradients at around 3 Ma and 6 Ma, even as zonal temperature gradients 
were decreased1,3,7,8,11 (Figs. 2, 3; Extended Data Fig. 2).

The model simulations suggest that the enhanced ocean acidity in 
the east relative to the west can be explained by the upwelling of older 
waters in the east associated with a large-scale reorganization of Pacific 
circulation. The most dramatic changes include deep water formation 
in the North Pacific and an active Pacific meridional overturning circula-
tion (PMOC)16, both of which are absent in the Pacific Ocean today and 
together increase the acidity of the intermediate waters being upwelled 
into the eastern equatorial Pacific. The modelled maximum PMOC 
strength is ~15 sverdrups (1 Sv = 106 m3 s−1, see Fig. 4b and Extended 
Data Fig. 3), comparable to the modern Atlantic meridional overturn-
ing circulation (AMOC)44.

Several features of this circulation regime contribute to the anoma-
lously acidic water in the EEP cold tongue. First, deep water formation in 
the subarctic North Pacific introduces an anomalous interhemispheric 
gradient in mid- to deep-water pH relative to the pre-industrial ocean, 
with high-pH water in the Northern Hemisphere and low-pH water in 
the Southern Hemisphere (at the end of PMOC and AMOC flow paths) 
(Fig. 4a). Second, relatively more acidic (Fig. 4a) and older (Fig. 4b) 
water is brought up by the PMOC to intermediate depths (1,000 m) in 
the southern and tropical Indo-Pacific (Fig. 4c). This acidic intermediate 
water is then readily upwelled in the EEP because of a warm, less stratified 
thermocline relative to modern5,9. According to Fig. 4, in the presence 
of the PMOC roughly 4 Sv of additional water enters the subtropical 
overturning cells (STCs) and equatorial thermocline, shoaling from 
around 1,000 m depth in the Southern Hemisphere to around 200 m 
in the tropics. This is close to 30% of the maximum volume transport of 
the PMOC. Third, along the pathways taken by water subducted in the 
subarctic North Pacific (Fig. 4d), water parcels spend a prolonged period 
of time at intermediate depths—taking ~800 years to arrive at the equator 
after transiting along the deep limb of the PMOC, with some parcels even 
taking several millennia—thereby gaining nutrients and acidity before 
upwelling in the EEP. In the modern climate, EEP thermocline waters 
largely originate from water subducting in the subtropical cells and 
only take around 10–60 years after subduction to transit into the EEP45.

While these results on their own cannot rule out potential effects of 
changes to other meridional overturning circulations (for example, 
the AMOC or shallow STCs) or water masses (for example, Antarctic 
Bottom Water, Antarctic Intermediate Water), a number of dynamical 
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considerations make an active PMOC a robust interpretation of this pH 
record (see Supplementary Information). In brief, we expect that other 
overturning circulations and/or water masses are unlikely to drive the 
observed pH patterns owing to their depths (for example, ocean abys-
sal cells), locations of major impacts (the AMOC), or equilibration time 
scales and the sign of changes (for example, STCs) (Extended Data Fig. 3).

The upwelling of old, acidic water in the east Pacific and associated 
delivery of more nutrients to the surface ocean contrasts with the view, 
based on modern observations, that nutrient delivery and productivity 
in warm oceans will be low, particularly in the eastern tropical Pacific, 
due to decreased wind-driven upwelling46. Our combined boron isotope 
data and model results (Fig. 3, Extended Data Fig. 2) show that old, more 
acidic, intermediate water can upwell in the EEP as a result of an active 
PMOC and decreased thermal stratification in the uppermost ocean. Our 
findings are most parsimoniously explained by more nutrient-rich water 
upwelling, and not greater upwelling volumes, since the STCs in the early 
Pliocene/late Miocene model run are clearly weaker than those in the 
pre-industrial control run (with northern and southern STCs of ~32 Sv and 
~30 Sv respectively in the early Pliocene/late Miocene run versus ~38 Sv 
and ~46 Sv in the pre-industrial control run; see Extended Data Fig. 3e-h). 
Our results provide a dynamic mechanism for the enhanced biologi-
cal productivity in the east Pacific despite warmer SSTs and a reduced 
zonal SST gradient during the early Pliocene to late Miocene, resolving 
the apparent paradox of decoupled SSTs and biological productivity.

The implications of our results for the future of the EEP depend on the 
timescale involved. Modelling results suggest such a more El Niño-like 
mean ocean state (in terms of SSTs) may take up to 100 years to develop 
in response to a rise in pCO2 levels21,47. However, the long adjustment 
timescale of the deep ocean circulation implies that it would take on 

the order of ~1,000–1,500 years for the PMOC to develop in response to 
this warming (Extended Data Fig. 3c–d). In other words, the decoupling 
of temperature and pH gradients is predicted to develop progressively 
over a period of a thousand years or longer. With that in mind, increased 
temperatures and stratification in the EEP remain a major concern over 
the coming centuries given that EEP upwelling currently supports 
one of the most productive fisheries in the world and provides key 
economic and ecosystem services to local communities48,49, services 
whose importance will only increase with continued population growth 
and development. However, given that the emissions trajectories we set 
today will shape the climate for millennia50, such long-term dynamics 
as we’ve discussed here are not outside the realm of possibility either. 
More broadly, our results provide novel constraints on the structure and 
dynamics of the ocean of the early Pliocene and late Miocene by moving 
beyond the SST proxies typically employed and help constrain future 
changes in ocean dynamics as the ocean adjusts to a warming world.
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Methods

Study sites and species selection
To reconstruct the zonal pH gradient across the equatorial Pacific 
since the late Miocene, samples were taken at ~1 Ma, ~3 Ma and ~6 Ma 
from two sites in the eastern and western equatorial Pacific. The east-
ern site, ODP Site 846 (3° 5.7′S, 90° 49.1′W, water depth ~3,300 m), is 
located approximately 300 km south of the Galapagos Islands near 
the convergence of the South Equatorial Current (SEC) and Peru Cur-
rent and sits atop the Carnegie Ridge52. It sits in the central region of 
the east Pacific cold tongue and is subject to strong upwelling of deep 
water. The western site, ODP Site 806 (0° 19.1′N, 159° 21.7′E, water depth 
~2,500 m) is located ~700 km west of Papua New Guinea on the Ontong 
Java Plateau53. It is situated in the heart of the west Pacific warm pool, a 
region in equilibrium with the atmosphere with respect to CO2 (ref. 37).  
Both sites exhibit moderate to moderate-to-good preservation of plank-
tonic foraminifera through to the late Miocene52,53 . Importantly, δ11B 
measurements have been demonstrated to be relatively insensitive 
to dissolution, with several studies showing close agreement of δ11B 
between time-equivalent samples at sites of different carbonate pres-
ervation and burial histories54–56 (except, see Hönisch and Hemming57). 
In the authoritative paper on this subject, Edgar et al. compared sam-
ples of planktonic foraminifera from two sites of similar paleoceano-
graphic settings but vastly different carbonate preservation states 
(the clay-rich TDP Site 18 in the Indian Ocean and the carbonate-rich 
ODP Site 865 in the central Pacific Ocean) and found no significant dif-
ference in δ11B recorded at the two sites, despite extensive dissolution 
in the ODP 865 samples54. Furthermore, a categorical offset found in 
other geochemical tracers (for exanple, δ18O, δ13C, Sr/Ca and B/Ca) but 
no offset in δ11B gave further evidence of δ11B being uniquely robust 
to dissolution effects. Based on this evidence, our samples should be 
robust to dissolution effects with regard to δ11B, even in samples of 
moderate preservation.

These sites have been the focus of numerous previous studies of the 
Pacific zonal SST gradient during the Pliocene1–3,6–9,11,30,32,33,58. A broad 
synthesis of this data and model simulations is presented by Fedorov 
et al.4,10 as well as McClymont et al.28. While several studies have sam-
pled from ODP Site 847 in the east Pacific1,8,11,30, we have elected to use 
samples from ODP Site 846 since this site, being slightly south of the 
equator, is likely to be less affected by the formation of the Galapagos 
archipelago ~1.6 Mya (ref. 59). Samples were taken from between 36 
and 232 m composite depth (mcd) at ODP Site 846 and between 8 and 
177 mcd at ODP Site 806.

The LR04 age model60 was used for the eastern ODP Site 846, while 
the western ODP Site 806 use the age model of Zhang et al.61, updated 
to the GTS 2004 timescale62. The planktonic foraminifera Trilobatus 
sacculifer (formerly Globigerinoides sacculifer63 and the focal spe-
cies in previous studies of the Pliocene equatorial Pacific1) was not 
abundant enough in samples from ODP Site 846 for boron isotope 
analysis; sample assemblages were dominated by radiolarians with 
foraminifera making up only a small portion of the coarse fraction 
material. Orbulina universa was abundant enough, however, at both 
sites in the 300–355 mm size fraction to pick the ~150–200 individuals 
needed for each δ11B measurement. Like T. sacculifer, O. universa makes 
its habitat in the mixed layer (~25–50 m) where waters are well mixed 
and in communication with the atmosphere and has been calibrated 
for boron isotopes36, making it a suitable candidate for this study of 
mixed layer pH36,42,43.

Our sampling strategy aimed to reconstruct the evolution of the 
zonal Pacific pH gradient since the latest Miocene. Samples were 
taken at three large time steps (~1 Ma, ~3 Ma and ~6 Ma) with four more 
closely spaced samples within each of these windows (every ~100 ka) 
to capture some extent of orbital variability. Our samples at ~1 Ma, 
for example, all fall within different stages of the glacial-interglacial 
cycles of the Pleistocene (Extended Data Fig. 4a, b). A more thorough 

treatment of glacial–interglacial pH changes is performed in other 
studies, particularly in Martínez-Botí and colleagues64. At a site in 
equilibrium with the atmosphere similar to our WEP site (PS2498-1 in 
the south central Atlantic), pH had a maximum range of 0.14 over the 
record (from ~2.24–15.90 ka) with ~95% of that variation (2σ) varying 
within just 0.06, for an average glacial-interglacial (~2.24–10.28 ka 
versus ~15.12–15.90 ka) pH change of 0.09. The EEP site ODP 1238 in 
ref. 64 has a maximum range and 2σ of 0.23 and 0.13 over the record 
(~1.03–20.60 ka). For comparison, our data at ~1 Ma (the time slice with 
the lowest within-site variance) has pH ranges of 0.05 and 0.06 for the 
WEP and EEP, respectively, suggesting—by comparison to ref. 64—that 
we may not capture the full glacial–interglacial range in pH at 1 Ma. 
However, this does not affect the main finding of our study—that the 
zonal equatorial Pacific pH gradient in the early Pliocene/late Miocene 
(~0.17 and ~0.14 at ~3 Ma and ~6Ma, respectively) was enhanced relative 
to modern (~0.06)—given that the zonal gradients are roughly constant 
over the full glacial–interglacial cycle (for example, 0.08 in the glacial 
and 0.05 in the interglacial as calculated from ref. 64). Additionally, each 
of our samples are likely to integrate over ~10,000 years, minimizing 
concerns about mismatched time intervals captured by samples from 
the eastern and western Pacific sites (see also Extended Data Fig. 4).

Estimation of modern pH
To constrain modern values for eastern and western equatorial Pacific 
pH, we compiled observational measurements from all available cruise 
data near our sites from the past several decades to estimate the pos-
sible domain of modern variability in pH.

We have compiled direct measurements of pH (or occasionally, alka-
linity and total dissolved inorganic carbon (DIC), from which pH may be 
calculated) from every cruise passing within 5° of latitude and longitude 
of our study sites, as available from the GLODAPv165 and v266, PACIFICA67 
and WOCE68 databases (18 cruises from 1992–2018, with 16 cruises in 
the west Pacific and two cruises in the east, not counting the eastern 
La Niña-year cruise, which was not taken near our study site (~20° west 
of it) so was only included for illustrative purposes and not included in 
any further analysis). Each cruise made multiple depth-profile measure-
ments of either pH or alkalinity and DIC (68 profiles in total), which have 
been compiled into Extended Data Fig. 5. Where direct measurements 
of pH were not available, pH was calculated from alkalinity and DIC 
within Ocean Data View69 using the Best Practices handbook70 equilib-
rium constants, which give results in excellent agreement with other 
carbonate system calculations (for example, CO2SYS (ref. 71)). The El 
Niño conditions under which each profile was taken was determined 
from the Oceanic Niño Index (ONI) product reported by NOAA’s Climate 
Prediction Center72,73.

Estimates of modern pH in the eastern and western equatorial Pacific 
were derived only from neutral ENSO years (Extended Data Fig. 5a, with 12 
profiles from one cruise in the east and 21 profiles from five cruises in the 
west, which were linearly interpolated onto uniform 1 m depth intervals 
and averaged together (Extended Data Fig. 5d). These average depth 
profiles were then averaged over the 25–50 m depth range (the approxi-
mate depth habitat of O. universa; see Supplementary Information and 
Extended Data Table 1) to produce estimates of modern pH against which 
to compare our proxy data (8.007 ± 0.062 and 8.067 ± 0.007 for the 
east and west, respectively (1σ)). An interesting observation from this 
pH compilation is that the zonal pH gradient is less pronounced at the 
surface than it is a few tens of metres deeper, making our choice to use 
O. universa more appropriate for detecting such signals in the past than, 
say, a shallower-dwelling species such as T. sacculifer.

More empirical data are needed from the eastern Pacific, and we 
therefore hesitate to put too much emphasis on data from a limited 
number of observations. For example, rather than the collapse of the 
zonal pH gradient expected during an El Niño event with its reduced 
upwelling, the pH gradient over 25–50 m depth that we find under El 
Niño conditions (~0.09, Extended Data Fig. 5b) is slightly greater but 



within variability of the average gradient found under neutral ENSO 
conditions (~0.06, Extended Data Fig. 5a). However, we do find an 
enhanced zonal pH gradient under La Niña conditions (~0.12, Extended 
Data Fig. 5c), consistent with increased east Pacific upwelling in a La 
Niña event (although note that the EEP cruise used to get this number 
was from a site ~20° west of our study site so is not directly comparable). 
Notably, we record in our proxy data zonal pH gradients even greater 
than this at ~3 Ma (~0.17 on average) and ~6 Ma (~0.14 on average).

Without more data available, the best practice is to constrain the 
possible domain of modern variability as we have done here. Accord-
ingly, we have included in Fig. 2 both the average and 1σ of the 25–50 m 
averaged pH from all neutral-year profiles compiled from the east 
(blue diamond with error bars) and west (red diamond with error 
bars) Pacific. We have also reproduced Fig. 2 with every neutral-year 
profile’s 25–50 m average pH being shown as dashes along its y axis 
(Extended Data Fig. 6).

Hypothesis figure
The schematic of Fig. 1 was generated by applying the same propor-
tional reduction in the zonal thermal (SST) gradient (in the early Plio-
cene/late Miocene relative to modern) as found by different studies to 
the modern-day zonal pH gradient. First, modern WEP and EEP pH was 
found as described in the ‘Estimation of modern pH’ section, providing 
the anchor points on the left-hand side of the plot. Next, a representa-
tive early Pliocene/late Miocene WEP pH (~8.02) was estimated from an 
equilibrium state with 400 ppm atmospheric CO2 and a modern-like 
alkalinity (2,275 μmol kg−1) (alkalinity is understood to have been rela-
tively invariant over the Cenozoic, staying close to modern values74). 
Finally, for the dotted and dashed blue lines, an early Pliocene/late 
Miocene EEP pH was estimated from the reported reductions in the late 
Miocene zonal thermal (SST) gradient relative to modern as found by 
Liu et al.31 (dotted line, an ~82% reduction) and Zhang et al.3 (dashed line, 
a ~28% reduction). The percent-reduction in the zonal thermal gradient 
relative to modern as found by each of those studies was then applied 
to the magnitude of the modern zonal pH gradient (~0.06), resulting 
in a representative early Pliocene/late Miocene zonal pH gradient of 
either 0.017 (dotted line)31 or 0.049 (dashed line)3. Early Pliocene/late 
Miocene EEP pH was estimated by applying those pH gradients to the 
early Pliocene/late Miocene WEP pH estimate (~8.02), resulting in early 
Pliocene/late Miocene EEP pH values of ~8.003 (dotted) and ~7.971 
(dashed). The solid blue line depicts the EEP average pH put out by the 
coupled ocean–atmosphere climate model used in this study in its early 
Pliocene/late Miocene-like run over the 25–55 m depth range (~7.886), 
which is interpreted to reflect a decoupling between early Pliocene/
late Miocene zonal thermal and pH gradients. The model could not 
be averaged down to 50 m exactly as its depth intervals went in steps 
of 10 m (that is, 25 m, 35 m, 45 m, 55 m).

Sample preparation for boron isotope and trace elements analysis
Initial preparation of marine sediment samples involved disaggregat-
ing samples in sodium hexametaphosphate solution (2 g l−1) buffered 
with ammonium hydroxide (NH4OH), washing in deionized water over 
a 64 μm sieve, and drying in a <50 °C oven. Samples were rewashed 
until visually clean. Individuals of O. universa were picked from the 
300–355 μm size range. Occasionally individuals from other size frac-
tions were included (down to 250 μm and up to 710 μm, but rarely 
outside of the 300–600 μm range) if foraminifera were sparse, as the 
boron-pH calibration for O. universa has no statistically significant size 
trend within this range36. Sample sizes typically range from ~150–200 
foraminifera and ~2–4 mg of CaCO3.

All subsequent laboratory procedures were carried out in a Picotrace 
class ten clean lab at the Yale Metal Geochemistry Center (Yale Uni-
versity) in an over-pressurized hood equipped with boron-free filters 
and using Milli-Q water (18.2 MΩ with Q-Gard boron removal pack) 
and Teflon-distilled nitric acid (HNO3). Approximately ~2.5 mg of solid 

carbonate sample (that is, the picked O. universa) was cleaned following 
the procedure outlined in Foster et al.75 and Rae et al.34, and references 
therein. After lightly cracking open individual chambers between clean 
glass slides, the solid sample was repeatedly ultrasonicated and rinsed 
with Milli-Q water (5 × 30 s of ultrasonication) to remove clays. Organic 
matter was removed by subjecting the solid to oxidative cleaning using 
250 μl of 1% hydrogen peroxide (H2O2) in 0.1 M NH4OH at 80 °C for 
3 × 5 min, with 15 s of ultrasonication in between. Afterwards, 250 μl 
of 0.0005 M HNO3 was added to the solid for 30 s as a brief weak acid 
leach to remove any re-adsorbed contaminants. Samples were then 
rinsed twice with Milli-Q water. Finally, samples had 200 μl of Milli-Q 
water added to them before incrementally adding 0.5 M HNO3 acid 
until the sample was totally dissolved (anywhere from 75 to 200 μl). The 
sample was centrifuged for 5 min to isolate any undissolved contami-
nant phases. A small aliquot (approximately 7% of the volume) of the 
supernatant was transferred to an acid-cleaned plastic centrifuge tube 
for trace metal analysis, and the remaining supernatant was transferred 
to a Teflon beaker for isotope analysis.

Boron was separated from the dissolved carbonate matrix by passing 
the sample through pre-cleaned heat-shrunk Teflon micro-columns 
containing 20 μl of ground, sieved (63–100 μm) boron-specific anionic 
exchange resin (Amberlite IRA 74376) following the procedure of Foster 
and colleagues75. Before performing column chemistry, the columns 
were cleaned by passing a full-column’s volume of 0.5 M HNO3 plus 
1 ml of 0.5 M HNO3 plus 2 × 1 ml of Milli-Q through each of the columns. 
Samples were also buffered prior to column chemistry with boron-clean 
sodium acetate buffer (twice the volume of acid required to dissolve the 
solid sample) to maintain sample pH > 5. The sample matrix was then 
rinsed through the columns by the addition of 10 × 160 μl of Milli-Q 
water before being eluted with 5 × 120 μl of 0.5 M HNO3 and collected 
in acid-cleaned Teflon beakers. Sample tails were also collected in sepa-
rate Teflon beakers with a final elution of 1 × 120 μl of 0.5 M HNO3. Each 
batch of columns included a JCp-1 carbonate geostandard ( Japanese 
Geological Survey Porites Coral77) to monitor column performance 
and reproducibility, as well as a total procedural blank (TPB) composed 
of 0.5 M HNO3 and buffer to monitor cleanliness and potential sample 
contamination. The average blank contribution from the total proce-
dural blank (TPB) included in each batch of columns was ~19 pg (~0.15% 
of average sample size).

Boron isotope analysis by MC-ICP-MS
Boron isotope analysis was performed at the Yale Metal Geochemistry 
Center on a Thermo Finnigan Neptune Plus MC-ICP-MS equipped with 
1012 Ω resistors and tuned before analysis to optimize maximum 11B/10B 
stability, following the procedure described of Foster et al.75 and refer-
ences therein. A Teflon barrel spray chamber and ammonia gas were 
used for boron washout78.

Prior to analysis, boron concentration and potential contamination 
by the Na-rich buffer were checked in tails an in 20 μl aliquots of samples 
diluted with 100 μl of 0.5 M HNO3. Tails typically made up <1% of the 
boron loaded. Depending on the sample size, boron isotope samples 
range from ~5–13 ng, yielding solutions for analysis of ~8–21 ppb (ng g−1).

Samples were bracketed with 50 ppb NIST SRM 951 boric acid stand-
ard, which was used to correct for machine-induced mass-fractionation 
and convert 11B/10B ratios to delta notation. To monitor accumulating 
blank contamination from the laboratory atmosphere while the vials 
were open for analysis, a blank consisting of the same volume of 0.5 M 
HNO3 as the samples (600 μl) was analysed every third sample and used 
to correct sample δ11B values. Samples were measured in duplicate, 
with the mean δ11B being reported.

The average blank contribution from the total procedural blank 
(TPB) included in each batch of columns was ~19 pg (~0.15% of average 
sample size). Sample δ11B values were corrected using TPB δ11B values. 
The average blank correction (δ11Boriginal – δ11Bcorrected) was ~0.011‰ and 
therefore below typical measurement uncertainty.
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The uncertainty of boron isotope measurements (2σ was typically 

0.24‰) was determined from a relationship between signal size and 
external reproducibility:

σ2 = 8.67 × exp(− 42.21[ B]) + 0.25 × exp(− 0.21[ B]) (1)11 11

where [11B] is the 11B signal intensity in volts. This relationship is derived 
from repeat analysis of multiple batches of roughly mass-matched 
JCp-1 pass through columns with individual sample batches. For this 
study, the average δ11B value of JCp-1 was 24.18 ± 0.23‰ (2σ) (n = 8).

Trace element analysis by ICP-MS
Trace element analysis was performed at the Yale Metal Geochemistry 
Center on a Thermo Finnigan Element XR ICP-MS, again using a Teflon 
barrel spray chamber and ammonia gas and following the procedure 
outlined in Foster et al.75 and references therein. In-house consistency 
standards (SMEG) were analysed to monitor machine behaviour. Sam-
ple matrix was matched to the [Ca] of bracketing standards to optimize 
reproducibility and analysed for Mg/Ca values.

Calculation of Mg/Ca SSTs
Planktonic foraminiferal Mg/Ca was measured on an aliquot of each 
δ11B sample and used to estimate SSTs in order to accurately calculate 
pH from δ11B. Given the residence times of magnesium (~13 Myr)79 and 
calcium (~1 Myr)80 in seawater, the Mg/Ca composition of seawater (Mg/
CaSW) is likely to have varied on timescales of ~1–10 Myr. We therefore 
account for secular change in Mg/CaSW using the Mg/CaSW record of 
Fantle and DePaolo81, based on the Mg concentration of pore fluid and 
which closely matches estimates for the Pliocene from halite fluid inclu-
sions82,83. In using this Mg/CaSW record, we follow the example of other 
boron-based studies of the Plio-Pleistocene51,84. Similarly, the Mg/CaSW 
record of Horita et al.83, which closely matches the record of Fantle and 
DePaolo81, has been used in a number of previous boron-based studies 
set in the Miocene55,85,86.

We do not, however, account for the non-linear response of foraminif-
eral Mg/Ca to changing Mg/CaSW outlined by Evans and Müller, 201287, 
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where 0 < H < 1 and ‘t = 0’ refers to mod-

ern Mg/CaSW (5.2 mol mol−1)74 and ‘t = t’ refers to Mg/CaSW at different 
points in Earth’s past, because a coefficient of non-linearity (H in Evans 
and Müller87) has not yet been calibrated for O. universa. While this results 
in lower SSTs than had the power-law relationship been assumed or the 
new Bayesian calibration of Tierney et al.88 been employed (Extended 
Data Fig. 7a–c), we demonstrate in Extended Data Fig. 7d–f (and Extended 
Data Fig. 6b–c) that this does not greatly affect the pH values or conclu-
sions of this study.

In the main text figures and analyses, SSTs are calculated from plank-
tonic foraminiferal Mg/Ca using the O. universa species-specific calibra-
tion of Anand et  al.89 (A = 0.090, B = 0.595 for Mg/Ca = B×expAT), 
correcting for Mg/CaSW using the record of Fantle and DePaolo81, and 
assuming a linear relationship between Mg/Catest and Mg/CaSW (that is, 
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pH and pCO2 estimates from boron isotopes
Calculation of pH from δ11B was performed using the O. universa calibra-
tion of Henehan et al.36, which shows good agreement with in situ pH 
in core tops from numerous geographically widespread sites covering 
a diverse range of oceanographic environments and ambient pH and 
δ11B of borate (Extended Data Fig. 4c). A Monte Carlo simulation was 
used to estimate uncertainty, following the example of numerous previ-
ous boron-pH studies51,55,64,84,90 and using previously published code35. 
Reported pH values are the mean of 10,000 replicates of a simulation 
in which sea surface temperature, sea surface salinity (SSS), δ11Bcalcite 

and δ11BSW, and alkalinity (for the purposes of calculating pCO2) are 
randomly generated from within a frequency distribution spanning 
the uncertainty surrounding each parameter. Following the exam-
ple of Chalk et al.84, we place normal distributions around SST, SSS, 
δ11Bcalcite and δ11BSW and a uniform distribution spanning a generous 
range (±200 μmol kg−1) around alkalinity.

SSTs fed into the Monte Carlo simulations were derived from Mg/Ca 
data described in the ‘Calculation of Mg/Ca SSTs’ section and, unlike 
other proxy data, a wider and more conservative range of uncertainty 
of ±2 °C is applied instead of the root sum of squares of the analytical 
and calibration uncertainty (which was small, less than around 0.9 °C). 
Uncertainty around δ11Bcalcite is the reported analytical uncertainty (2σ). 
Because the residence time of boron in seawater is believed to be on 
the order of 10–20 Myr (refs. 91–93), the modern-day value of δ11BSW with 
its reported uncertainty (39.61 ± 0.04‰ (2σ)) is used here94. A gener-
ous range of sea surface salinity around a representative modern-day 
value is applied: 34.5 ± 1 psu. Reported uncertainty on pH is two stand-
ard deviations of the 10,000 simulated pH values. For the purpose of 
calculating pCO2 estimates from the pH values, a modern-like value 
of alkalinity (2,275 μmol kg−1) was applied with a generous range of 
uncertainty (±200 μmol kg−1). Alkalinity is understood to have remained 
relatively constant over the Cenozoic74, making this a more robust 
assumption (but assuming a modern-like calcite saturation state gives 
similar results, Extended Data Fig. 1b). Finally, a map of modern pH 
(Extended Data Fig. 5e–g) is provided to show the locations of our study 
sites versus that of the other δ11B-derived pH data51 in Fig. 2.

Physical and biogeochemical modelling
Numerical simulations were performed using the National Center for 
Atmospheric Research (NCAR)’s coupled ocean-atmosphere Com-
munity Earth System Model (CESM) version 1.2.2, with the T31 gx3v7 
configuration designed for long-term paleoclimate simulations95. The 
atmospheric and land surface components (the Community Atmos-
phere Model 4 and Community Land Model 4) have a spectral truncation 
of T31, and the oceanic and sea ice components (POP2 and Community 
Ice Code) have a resolution ranging from 3° near the poles to 1° at the 
equator. Two simulations have been performed—a pre-industrial con-
trol simulation and an early Pliocene/late Miocene-like experiment 
that reproduces the magnitude and spatial structure of the large-scale 
warming patterns, specifically the reduction in the meridional and 
zonal gradients seen in Pliocene SST reconstructions4,10,40,41.

Both the control and early Pliocene/late Miocene-like experiment 
have the biogeochemical model enabled96, allowing us to evaluate 
the impact of the simulated changes in ocean temperature, salinity 
and circulation on ocean pH. The simulations have been run for 3,000 
years, allowing the system to reach quasi-equilibrium (Extended Data 
Fig. 3a–d). The analysis presented here is based on the climatology of 
the last 100 years of each simulation (years 2901–3000), and Pliocene/
late Miocene anomalies are reported relative the pre-industrial control 
run.

The experimental design for the early Pliocene/late Miocene-like 
experiment is the same as the Early Pliocene-like simulation evaluated 
in Burls et al.16 and Burls et al.38,39 but with an active biogeochemical 
component. For full details, see Supplementary Information and Burls 
and colleagues38,39. In brief, mean cloud albedo is reduced in the extra-
tropics and increased in the tropics by altering the liquid and ice water 
path in the shortwave radiation scheme in different latitudinal bands. 
The liquid water path of a cloud when it forms in the model is reduced 
poleward of 15°N and 15°S by 60%, while the ice and liquid water paths 
are increased equatorward of 15°N and 15°S by 240%. The cloud radia-
tive forcing changes that arise due to the imposed water and ice path 
modifications result in a decrease in extratropical (8–90°N and 8–90°S) 
albedo of 0.04 and an increase in tropical albedo (8°S–8°N) of 0.06. This 
cloud albedo modification serves to compensate for under-represented 
cloud radiative effects from either poorly resolved cloud feedbacks 



(strongly positive in the extratropics and negative in the deep tropics; 
for example, refs. 97–101) or missing aerosol cloud indirect effects for 
example, Sagoo and Storelvmo102.

All other boundary conditions (for example, the continental bounda-
ries) and radiative forcings in the Pliocene/late Miocene-like experiment 
are the same as the pre-industrial control, that is, the default for the 
B_1850_BGC-BDRD CESM component set run on the T31_g37 grid95. The 
atmosphere, ocean, sea ice and land component of the climate system 
all freely evolve in response to the imposed changes in cloud shortwave 
radiative forcing reaching a near-equilibrium warming pattern that 
resembles early Pliocene and late Miocene SSTs. Note that atmospheric 
CO2 was left at the pre-industrial value of 284.7 ppm in the atmospheric 
component and the global warming seen in this simulation is instead 
supported by the cloud albedo changes and the associated feedbacks, 
for example, the water vapour feedback (in reality elevated Pliocene CO2 
concentrations were likely to be the primary forcing responsible for the 
Pliocene warmth with the cloud radiative forcing changes resulting as a 
feedback, or due to different Pliocene aerosol concentrations). Atmos-
pheric CO2 was set to 400 ppm in the ocean biogeochemistry (BGC) 
component to correctly simulate the implications of elevated Pliocene 
CO2 concentrations on ocean biogeochemistry and pH.

Lagrangian analysis of water parcel trajectories
In this study we used the Lagrangian analysis of water parcel trajectories 
of Thomas and colleagues103. Water parcel trajectories were modelled 
to identify the subsurface pathways taken by the PMOC water. This 
involved identifying both the surface source regions of deep-water for-
mation in the North Pacific and the mixed layer destinations where that 
water resurfaces, and tracing the pathways between them, determined 
according to a Lagrangian ocean analysis approach that tracks water 
parcels in the Pacific Ocean of the CESM climate model (see the ‘Physical 
and biogeochemical modelling’ sectionabove for model description). 
This analysis was performed using the Ariane software package104, 
which models water parcel trajectories by time-integrating velocity 
fields output by the ocean model. Trajectories calculated from ocean 
model momentum equations in this way—when coupled with a param-
eterization for subgrid-scale eddy-induced velocities (EIVs)105—depict 
the purely advective pathways of water parcels/tracers (that is, without 
the effect of diffusion). To resolve the long residence timescales of 
PMOC water in the deep ocean, particles were allowed to loop continu-
ously over the 100 years of model output (see van Sebille et al. 106 for a 
discussion on particle looping).

Model tracer particles were seeded in every grid cell of the Pacific 
Ocean basin at 25°N and at every timestep (~1 million particles) before 
being integrated both backwards in time (to identify the particle mixed 
layer source regions at high northern latitudes) and forwards in time 
(to identify their mixed layer destinations). Time-integration in both 
cases was stopped when particles reached the model mixed layer. Par-
ticles found to originate close to the northern margin of the Pacific 
Ocean basin (north of ~40°N), clearly identifiable as PMOC water that is 
separate from the subtropical sources of the shallow wind-driven cells, 
were then isolated and subsequently run forwards in time from their 
original starting positions at 25°N. Of these, the particles that upwelled 
into the tropical Pacific (approximately 15% of them) were then further 
identified and their pathways and timescales analysed. A random subset 
of 12,000 particles (a number manageable within computer memory 
limitations) was then selected to identify the pathways taken between 
the sources and tropical sinks of PMOC water (Fig. 4c).

Because the CESM ocean model used in this study is configured on 
an Arakawa B-grid, ocean model velocities had to first be linearly inter-
polated onto a C-grid configuration107 to be compatible with the Ariane 
software. EIV values also had to be set to zero at the ocean boundary 
to prevent unrealistic propagation of particles; however, the Pacific 
Ocean domain was found to be minimally affected by this problem, 
and results overall were only weakly sensitive to it.

Data availability
The proxy data and model output produced in this study are available 
as .xlsm and .nc files in NOAA’s paleoclimate data repository (https://
www.ncdc.noaa.gov/paleo/study/33252) (https://doi.org/10.25921/
AMPV-J413). Source data are provided with this paper.

Code availability
The code used in this paper to produce pH from d11B (and to pro-
duce all the proxy-related figures) is publicly available as Matlab 
scripts on GitHub (https://github.com/Maddie-Sh/ShankleEtAl2021_
Pliocene-pH). The CESM 1.2.2.1 code is available from https://
svn-ccsm-models.cgd.ucar.edu/cesm1/release_tags/cesm1_2_2_1. The 
Python code used to create select model figures is available at https://
github.com/nburls/ShankleEtAl2021. Source data are provided with 
this paper.
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Extended Data Fig. 1 | pCO2 from this study’s western equatorial Pacific 
(WEP) pH values match previous δ11B-derived studies. a, b, pCO2 estimates 
(blue markers and shaded areas showing 68% and 95% confidence intervals) 
from this study’s pH data from the WEP, a region in equilibrium with the 
atmosphere37, assuming a modern-like alkalinity of 2,275 ± 200 μmol kg−1 (a) 

versus a modern-like calcite saturation state (Ω = 5 ± 2 (error bars), Ω = 4 (lower 
black squares) and Ω = 6 (upper black squares); b). Grey data points show 
δ11B-deried estimates of pCO2 from previously published studies, with shading 
showing reported confidence intervals51,84,111–115.
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Extended Data Fig. 2 | δ11B-reconstructed pH matches model output over 
25–75 m depth (top left, bottom); reconstructed pH data from ~3 Ma 
compared to model output also provided for reference (top right).  
a, Modelled pH along the equator (at 55 m depth (red solid and blue dashed 
lines) and across the 25–75 m depth range (shaded areas)) and δ11B-derived pH 
(circles with 2σ uncertainty from a Monte Carlo simulation, as in Fig. 2b). 
Markers placed at their approximate longitudes (159.362°E for western ODP 
Site 806 and 269.182°E for eastern ODP Site 846). The observed (see Methods) 

modern gradient in surface pH averaged across the 25–50 m depth range is 
included for reference (yellow crosses), as well as the range of pH from available 
modern observations (vertical yellow bars on crosses). b–g, Climatological 
model output of pH and d11B-reconstructed pH with proxy data (circles) from 
~3 Ma instead of ~6 Ma (b, c) and model output (contours) at distinct depths of 
25 m ad 55 m (bracketing O. universa’s depth habitat) instead of averaged over 
the 25–55 m range (d–g). In all panels, more acidic waters (or more acidic waters 
in the past) are shown in yellow-green colours.



Extended Data Fig. 3 | Extended physical oceanographic model output 
links pH changes to a Pacific meridional overturning circulation.  
a–d, Timeseries of PMOC strength (blue lines), zonal Pacific pH gradient (ΔpH, 
black lines), and zonal Pacific SST gradient (ΔSST, red lines) for the model 
control run (a, b) and early Pliocene/late Miocene run (c, d). PMOC strength 
(Max PMOC Streamfunction) is defined as the maximum streamfunction north 
of 25°N and below 500 m depth in sverdrups (1 Sv = 106 m3 s−1). The pH gradient 
is defined as the pH difference between a western (5°S–5°N, 150–170°E) and 
eastern Pacific box (5°S–5°N, 260–280°E), taken at 55 m depth. The SST 

gradient is defined as the SST difference between the same boxes taken at the 
surface. Note that while the zonal SST gradient equilibrates within ~500 years 
in the early Pliocene/late Miocene experiment (d) and is hardly influenced by 
the appearance of the PMOC between ~800–1,600 years, the zonal pH gradient 
increases in phase with the PMOC (c). e–h, Zonally averaged streamfunction 
over the Pacific (e, g) and Atlantic (f, h) basins for the control run (e, f) and early 
Pliocene/late Miocene (g, h) runs of the model Positive (green values) denote 
clockwise circulation, and negative (pink) values denote counterclockwise 
rotation. Panel g is the same as Fig. 4b in the main text.
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Extended Data Fig. 4 | This study’s ~1 Ma samples fall in different stages of 
the glacial–interglacial cycles, and δ11B-pH core top calibration used in this 
study recreates observed ambient pH. a, b, High-resolution sea surface 
temperature records from western equatorial Pacific site ODP 806  
G. ruber-derived Mg/Ca data116 (a) and eastern equatorial Pacific ODP Site 846 
alkenone (UK′

37) data117 (b). In both panels the ages of the ~1 Ma samples in this 
study are overlain as green lines, falling at different points in the glacial–
interglacial cycles. c, Core top, net tow, and sediment trap d11B data36,109,110 
converted to pH using the calibration of Henehan et al.36 shows good 
agreement with reported in situ pH. For the odd point to the far right (dark 
orange, x), Raitzsch et al109. calculated in situ pH using an anomalous low value 
of alkalinity (~200 μmol kg−1 lower than alkalinity for the location reported in 

datasets such as GLODAPv266. Recalculating pH using the same in situ 
temperature and salinity as Raitzsch et al. but an alkalinity value derived from 
GLODAPv2 (2,325 μmol kg−1) brings the point in agreement with the other data 
(empty dark orange circle). For the odd point in the lower part of the figure 
(dark green, x), Guillermic and colleagues110. report an unrealistic value for 
temperature at this site: ~18 °C whereas the same site (in the central Indian 
Ocean) appears to be closer to ~26 °C on average according to GLODAPv2. 
When we re-calculate δ11B-pH derived pH using GLODAPv2’s 26 °C, this brings 
the point into better agreement with the other data (empty dark green circle). 
The line of best fit and 2σ shading was calculated with the original odd data 
points, however, and note that the core top data is still in good agreement with 
reported in situ pH following this calibration.



Extended Data Fig. 5 | Modern observational pH shows modest zonal pH 
gradients. a–d, Observed pH (or pH calculated from alkalinity and total 
dissolved inorganic carbon (DIC)) from all cruises within 5° latitude and 
longitude of our study sites (pale profiles) during neutral-ENSO (a), El Niño (b) 
and La Niña conditions (c). Thick lines in panels a–c show average profiles from 
all stations on a given cruise. d, Average pH-depth profiles from all neutral-
ENSO observations. Modern reference values of pH (that is, diamonds on the y 

axis in Fig. 2) were derived from averaging panel d’s profiles over  
25–50 m depth (approximate depth habitat of O. universa). e–g, Modern pH 
derived from cruise-based observations of alkalinity and total DIC. Data 
compiled from the GLODAPv2 dataset66 and plotted using the Ocean Data View 
software (R. Schlitzer, Ocean Data View, https://www.osv.awi.de, 2018). 
Overlain are this study’s sites (black diamonds) as well as the site of the 
additional 3 Ma pH values51 included in Fig. 2 (blue square).

https://www.osv.awi.de
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Extended Data Fig. 6 | An enhanced early Pliocene/late Miocene zonal pH 
gradient is observed under different treatments of the data. δ11B-derived 
pH from O. universa from the east (blue) and west (red) with 2σ uncertainty 
from a Monte Carlo simulation (empty circles; averages at ~1 Ma, ~3 Ma and 
~6 Ma in filled circles) showing: all observations of modern pH used in 
producing average modern pH reference values (diamonds) given as individual 
dashes (a), the range of pH from using varied SST records in the pH calculation 
(grey bars) (b), pH as calculated using the SST record derived from calibrating 

this study’s Mg/Ca data with the BAYMAG calibration88 (c), and pH as calculated 
using dissolution-corrected118 Mg/Ca SSTs from this study (yellow squares) (d). 
In panel b, pH ranges cover pH calculated using: TEX86-derived3 SSTs,  
Mg/Ca-derived SSTs (this study) using a linear correction for Mg/CaSW, and  
Mg/Ca-derived SSTs (this study) using a power-law correction87 for Mg/CaSW. 
Both Mg/Ca-SST calibrations were done using the Mg/CaSW record of Fantle and 
DePaolo81.



Extended Data Fig. 7 | Choice of Mg/Ca calibration or even SST proxy has 
little effect on pH. a–c, Mg/Ca-derived SSTs for eastern (blue) and western 
(red) equatorial Pacific at ~1 Ma, ~3 Ma and ~6 Ma calculated using the  
O. universa calibration of Anand et al.89, using a linear (dark squares) and 
power-law (light squares) relationship between Mg/CaSW and Mg/Catest, and 
using the Bayesian calibration BAYMAG88, also corrected for Mg/CaSW. Error 
bars denote calibration errors on O. universa calibration (squares) and 95% 
confidence intervals on the BAYMAG-calibrated data (circles). Dark squares are 
plotted at corrects ages; other markers are offset for ease of viewing.  
d–f, δ11B-derived pH at the time points calculated using SST records from 

UK′
37

7,119 (crosses, using the SST calibration of Conte et al.120), TEX86
3 (asterisks, 

using the SST calibration of Kim et al.120), and Mg/Ca data (this study, using the 
O. universa SST calibration of Anand et al.89) (assuming a linear (circles) and 
power-law87 (triangles) relationship between Mg/CaSW and Mg/Catest). Note that 
because the western-site UK′

37 record119 (red crosses, bottom panels) only 
extends back to ~5.3 Ma, we assume the maximum temperature calculable by 
this calibration (~28.5 °C121) for our western points at ~6 Ma (red crosses, panel f),  
towards which the record of Pagani et al.119 was trending and had nearly 
approached even by ~5.3 Ma (~28.3–28.4 °C)). All error bars on pH depict 
uncertainty (2σ) returned from a Monte Carlo simulation.
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Extended Data Fig. 8 | Different Mg/Caseawater records influence sea surface 
temperatures but have only a modest impact on pH. a, Various published 
Mg/CaSW reconstructions11,81,88,122 (lines) plotted alongside proxy-based 
estimates (orange points) from carbonate veins123,124 (orange triangle and 
diamond) and fluid inclusions82,83 (orange circle and square) with error 
reported in those studies (where there are error bars). b–d, Using different  
Mg/CaSW records only slightly affect SSTs and even less so pH results. b, SSTs 
calculated from T. sacculifer Mg/Ca data1 using the species-specific calibration 

of Dekens et al.125 and various Mg/CaSW reconstructions11,81,88,122. c, SSTs 
calculated from O. universa Mg/Ca data (this study) using the species-specific 
calibration of Anand et al.89 a and various Mg/CaSW reconstructions11,81,88,122.  
d, δ11B-derived pH (this study) using the various SST reconstructions in panel c. 
Note that the Mg/CaSW records of O’Brien et al.11 and Evans et al.122 (blue and 
purple lines in panel a) do note extend back far enough to apply to the ~6 Ma 
data, ending at ~4.8 Ma and ~5 Ma, respectively.



Extended Data Fig. 9 | Different sea surface temperature proxies record 
varying reductions in the zonal sea surface temperature gradient, and a 
dissolution correction and different Mg/CaSW record is applied to this 
study’s data. a, b, SST records from the eastern (blue) and western (red) 
equatorial Pacific. a, SST records which evince a collapse of the modern zonal 
SST gradient include: T. sacculifer Mg/Ca data1 calibrated and corrected for 
Mg/CaSW with the Bayesian BAYMAG calibration88 with 95% confidence 
intervals (pale blue and red bands); UK′

37 data7,119 using a global ocean 
annual-mean calibration126 with its associated 1 s.e. (±1.1 °C) (dark blue and red 
bands, dashed line shows upper saturation limit of the proxy); T. sacculifer  
Mg/Ca data1 using a species-specific calibration125 and corrected for Mg/CaSW 
by O’Brien et al.11 (bright blue and red lines, no uncertainty reported); and  
O. universa Mg/Ca data (this study) using a species-specific calibration89 and 
the Mg/CaSW record of Fantle and DePaolo81, assuming a linear relationship 
between Mg/CaSW and Mg/Catest (square markers with calibration error in error 

bars). Note that the three Mg/Ca records in this panel all use different Mg/CaSW 
records11,81,88. As the goal of this figure is to depict the range of temperature 
(and temperature gradient) reconstructions from the literature, we have not 
standardized them all to the same Mg/CaSW record. b, SST records which evince 
the modern zonal SST gradient being roughly maintained back into the early 
Pliocene/late Miocene, derived from TEX86 data3 using the calibration of Kim 
et al.121, with its associated calibration error (±2.5 °C) (blue and red bands).  
c, SSTs calculated from O. universa Mg/Ca data in this study both with (solid 
squares) and without (empty squares) applying the dissolution correction of 
Regenberg and colleagues118. d, Western equatorial Pacific (WEP) SSTs 
according to T. sacculifer Mg/Ca data1 (lines) versus O. universa (this study, 
points). Depending on choice of Mg/CaSW record (light versus darker colours), 
even T. sacculifer may record cooler-than-modern temperatures in the WEP. 
Average annual modern WEP SST (from GLODAPv266) given in the dashed line.
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Extended Data Table 1 | Past literature categorizes O. universa as a mixed layer-dwelling species

O. universa is a mixed layer-dwelling species36,43,89,108–110.
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