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Abstract The Paleocene3Eocene Thermal Maximum (PETM, →56 million years ago) is among the best3
studied climatic warming events in Earth history and is often compared to projected anthropogenic climate
change. The PETM is characterized by a rapid negative carbon isotope excursion and global temperature
increase of 4–5°C, accompanied by changes in spatial patterns of evaporation and precipitation in the global
hydrologic cycle. Recent climate model reconstructions suggest a regionally complex and non3linear response
of one important aspect of global hydrology: enhanced moisture flux from the low3latitude ocean. In this study,
we use the elemental and stable isotope geochemistry of surface3dwelling planktic foraminifera from a low3
latitude Atlantic deep3sea sedimentary record (IODP Site 1258) to quantify changes in sea3surface temperature
(SST) and salinity. Foraminiferal Mg/Ca and l18O values are interpreted with a Bayesian forward proxy system
model to reconstruct how SST and salinity changed over the PETM at this site. These temperature and salinity
reconstructions are then compared to recent climate model simulations of Eocene warming. Our reconstructions
indicate 4ω9 ↑ 0ω4

0ω5 °C of warming, in excellent agreement with estimates from other tropical locations and
modeled PETM warmth. The regional change in salinity is not as straightforward, demonstrating a slight
decrease at extreme pCO2 forcing (a reversal of the modeled sense of change under moderate pCO2 forcing) in
both model and proxy reconstructions. The cause of this non3linear response is unclear but may relate to
increased South American continental runoff or shifts in the Inter3Tropical Convergence Zone.

1. Introduction
1.1. The PETM
The Paleocene3Eocene Thermal Maximum (PETM, →56 million years ago) is one of the most prominent global
warming events in geologic history. Due to its rapidity, magnitude of carbon emissions, and global extent, the
PETM has been intensely studied as a potential analog to modern, anthropogenic climate change (Kennett &
Stott, 1991; Koch et al., 1992; Kozdon et al., 2013; McInerney & Wing, 2011; Nunes & Norris, 2006; Zachos
et al., 2003, 2005). During the PETM's geologically rapid onset of less than 10,000 years (Kirtland Turner &
Ridgwell, 2016; Zeebe et al., 2016), increasing atmospheric pCO2 caused rapid changes in global climate
(Tierney et al., 2022; Zachos et al., 2003), seawater chemistry (Gutjahr et al., 2017; Penman et al., 2014; Zachos
et al., 2005), ocean circulation (Nunes & Norris, 2006; Zeebe & Zachos, 2007), and biota (McInerney &
Wing, 2011). Global mean surface temperatures rose by 5.6 ↑ 0ω3

0ω2 °C (Tierney et al., 2022) and up to 5–8°C in the
Arctic (McInerney & Wing, 2011; Sluijs et al., 2006, 2008). PETM warmth was sustained for over 100,000 years
before climate returned to pre3event levels (Farley & Eltgroth, 2003; Röhl et al., 2007; Zachos et al., 2003). This
event is widely attributed to the rapid release of carbon into the atmosphere and oceans, although the cause of the
release in CO2 and its source are debated, ranging from wildfires (Kurtz et al., 2003) to melting of methane
hydrates (Dickens et al., 1995, 1997; Katz et al., 1999; Kvenvolden, 1993; Zeebe et al., 2009) to volcanic activity
(Svensen et al., 2004, 2010; Westerhold et al., 2009). The PETM can be compared to current climate change as
both involve CO2 released rapidly into the atmosphere (Gutjahr et al., 2017; Hönisch et al., 2012), although
anthropogenic activities have released carbon significantly faster than during the PETM (Kirtland Turner, 2018;
Zeebe et al., 2016).

Two important impacts of greenhouse3driven warming are increasing temperatures and a resulting intensification
and modification of the global hydrologic cycle. Warming is thought to drive an acceleration of global hydrologic
flux as well as an increase in extreme weather events (Myhre et al., 2019). Changes in precipitation and
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evaporation have often been framed as a wet3get3wetter, dry3get3drier response (Burke et al., 2006; Carmichael
et al., 2017; Held & Soden, 2005; Manabe et al., 2004). Areas where drought is common are expected to
experience intensified and longer drought seasons, and areas prone to flood will see an increase in large floods due
to a predicted increase in large storms including tropical cyclones (Burke et al., 2006; Gregory et al., 1997;
Manabe et al., 2004; Wang, 2005). In the near future, changes to the hydrologic cycle have the potential to affect
food resources by altering the distribution of precipitation, fire and flood risk, and other hazards (IPCC, 2023).
Studying past instances of global warming, such as the PETM, offer an opportunity to ground3truth predictions of
future climate change.

1.2. Geochemistry of Foraminifera
The geochemistry of planktonic foraminifera preserved in deep3sea sediments can be used to reconstruct the
ancient environmental properties of the seawater in which they lived. Foraminifera build their CaCO3 shells from
dissolved ions in the surrounding seawater and their isotopic and chemical composition are affected by paleo-
environmental conditions. The Mg/Ca ratio of planktic foraminiferal shells is an established proxy for recon-
structing ancient sea surface temperatures (Delaney et al., 1985; Lear et al., 2000; Mashiotta et al., 1999; Wade
et al., 2012) with some significant but well3understood secondary controls like pH and salinity (Evans
et al., 2016). The oxygen stable isotope composition (l18O value) of foraminiferal CaCO3 is primarily a function
of the oxygen isotopic composition and temperature of ancient sewater (e.g., Pearson, 2012). Combining paired
measurements of Mg/Ca and l18O from foraminiferal calcite can simultaneously constrain ancient sea surface
temperatures and the l18O of ancient seawater (Zachos et al., 2003).

The l18O value of ancient seawater is useful for reconstructions of the ancient hydrologic cycle because frac-
tionation of oxygen isotopes also occurs during evaporation and precipitation. Because evaporation from the sea
surface preferentially takes up the lighter isotope (16O), this leaves surface water enriched in the heavier isotope
(18O) (e.g., Horita et al., 2008). Increased precipitation therefore lowers surface water l18O, and increased
evaporation leaves surface waters with higher l18O. At a global scale, as water is evaporated at low latitudes and
transported polewards, it becomes increasingly lower in l18O (Dee et al., 2023). However, much of the water
evaporated near the equator falls back on the intertropical convergence zone (ITCZ) and is thus recycled at low3
latitudes. This internal low latitude evaporation3precipitation cycle accounts for more than 30% of global pre-
cipitation (Liu et al., 2020).

The global gradient in the l18O of surface seawater is a reflection of the global flux of water vapor from regions of
net evaporation (such as the subtropics) and net precipitation (the high latitudes and the ITCZ). An intensification
of the hydrologic cycle (as is expected under a warming climate; Carmichael et al., 2017; Evans et al., 2016; Held
& Soden, 2000, 2005) would be expected to amplify spatial differences of seawater l18O, following a wet3get3
wetter, dry3get3drier response. Since the balance of evaporation and precipitation also largely controls the sea3
surface salinity (SSS) gradients in the ocean, l18O and salinity are highly correlated in the modern ocean and
past changes in seawater l18O can be used to estimate changes in SSS.

Temperature and salinity over the PETM have been previously estimated at other sites by geochemically
analyzing the Mg/Ca and l18O values in foraminiferal shells (e.g., Evans et al., 2013; Zachos et al., 2003). In this
contribution, we extend these techniques to the tropical Atlantic ocean (Site 1258), a region that recent climate
modeling (e.g., Zhu et al., 2020) suggests was particularly susceptible to hydrologic change during PETM
warming (Figure 1). Site 1258 is located (present and reconstructed latitude 9.5° N) at the northern seasonal extent
of the ITCZ in a region of negative annual net precipitation minus evaporation (P3E). A simple conceptual model
would predict a further decrease in P3E with warming (the “dry3get3drier” response) which would manifest as a
decrease in seawater l18O. We aim to test this hypothesis using foraminiferal Mg/Ca and l18O in comparison to
recent isotope3enabled climate modeling (Zhu et al., 2020).

2. Materials and Methods
2.1. Samples
The samples used in this study are from Ocean Drilling Program (ODP) Site 1258 (Hole C), on Demerara Rise in
the Atlantic Ocean off the northeastern coast of South America (Erbacher et al., 2004). The Paleocene3Eocene
boundary occurs within Lithostratigraphic Unit II (Erbacher et al., 2004), a nannofossil chalk with
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foraminifera. The PETM3aged samples used in this study were previously
collected and analyzed for benthic foraminiferal carbon and oxygen stable
isotopes, as reported in Nunes and Norris (2006). The Paleocene3Eocene
boundary was clearly identified by a decrease of l13C values in benthic
foraminifera (Nunes & Norris, 2006) and a prominent layer of CaCO33poor
nannofossil chalk (Erbacher et al., 2004) at →195.7 meters below seafloor
(mbsf). To relate the sample core depths to time, an age model was created by
tying variations of l13C values in bulk carbonate (e.g., carbon isotope
excursion (CIE) onset during the PETM) from ODP Site 1262 (Zachos
et al., 2005) to that of Site 1258 (Pälike et al., 2014) (Table S1 in Supporting
Information S1).

Each sample was sieved to 250–300 Cm and specimens of the surface3
dwelling planktic foraminifer Morozovella velascoensis were handpicked
under a binocular microscope. M. velascoensis are often used for Paleogene
paleoclimatological reconstructions because of their abundance in tropical
deep3sea sediments, mixed3layer depth habitat required by their algal pho-

tosymbionts, and limited stable isotope vital effects (Birch et al., 2012; Cramer et al., 2011; Kelly et al., 2001;
Kennett & Stott, 1991; Kozdon et al., 2013). Foraminiferal preservation is variable at Site 1258, so a rigorous
screening protocol was developed and employed to ensure that only the best3preserved individuals were used for
reconstructions. The preservation screening system is described in full in the supplemental materials, but briefly:
shells were first visually screened under a picking microscope for degree of preservation, and then each sample
was imaged using a FEI Quanta 650 FEG scanning electron microscope (SEM) at the Microscope Core Facility at
Utah State University (USU). 20 to 24 of the most pristine M. velascoensis individuals (Figure 2 and SI) were
selected for replicate measurements of both Mg/Ca ratio and stable oxygen isotopes (l18O) using mass spec-
trometry. These best3preserved individuals exhibit the “frosty” micro3recrystalized preservation typical of Early
Cenozoic pelagic chalks (Sexton et al., 2006).

2.2. Geochemical Analyses
Following SEM imaging and screening, samples for Mg/Ca analyses were crushed between two glass slides under
the microscope, and shell fragments were cleaned following established chemical cleaning procedures developed
for foraminiferal trace metal analyses (Barker et al., 2003). Shell fragments were transferred to clean vials then
rinsed and ultrasonicated with alternating MilliQ (MQ) water and methanol to remove any particulate matter and
loose clays. After rinsing and sonicating the shells, a reductive step (solution of citric acid and hydrazine in a hot3
water bath with repeated sonications) was implemented to remove any metal3oxide coatings on the shells. After
rinsing away the reductive solution, an oxidative solution (1% hydrogen peroxide in 0.1 M NaOH in a hot3water
bath with repeated sonications) was used to remove any organic material. Cleaned shells were then dissolved in
0.5 M nitric acid prepared with concentrated Optima3grade HNO3 and MQ ultrapure water. Samples were
analyzed for Mg/Ca using an Agilent 8900 triple3quadrupole inductively coupled plasma mass spectrometer
(QQQ3ICP3MS) in the USU Department of Geosciences ICP3MS Lab. Samples were calibrated against a series of
in3house calibration standards with varying Mg/Ca ratios (analyzed at the beginning and end of runs). All samples
were measured in duplicate. In3run and long term external precision was monitored by repeat analysis of NIST
8301f reference standard (Mg/Ca ↓ 2.67 mmol/mol, long3term external precision ↓ ↑0.07 mmol/mol or 2.8%, 1
standard deviation).

For l18O and l13C analyses, samples consisting of 8–12 individual shells were weighed to ensure they have a
mass of between 50 and 100 Cg. Oxygen and carbon stable isotope analyses were performed on a Thermo Sci-
entific Delta V Advantage Isotope Ratio Mass Spectrometer coupled to a GasBench II device using continuous3
flow techniques in the USU Department of Geosciences Stable Isotope Lab. l18O and l13C values were scale
normalized relative to Vienna—Pee Dee Belemnite using the international standards NBS318, NBS319, and
USGS344. Results for each run were corrected for drift and mass effects using in3house calcite standards (Kim
et al., 2015; Paul & Skrzyoek, 2007). l18O and l13C values are reported in standard delta notation with errors
<0.1‰, 1 standard deviation, determined by repeat analysis of in3house standards.

Figure 1. Site 1258 (red star) location on Eocene paleogeography, with
surface water l18O from iCESM 1.2 modeling (Zhu et al., 2020). Units: ‰,
VSMOW.
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2.3. Paleoceanographic Reconstruction
We produce paleoceanographic reconstructions from foraminiferal geochemical data using a new implementation
of Bayesian forward Proxy System Modeling (PSM), which is an emerging numerical technique for recon-
structing ancient environmental properties from proxy data (Dee et al., 2015; Evans et al., 2013; Tingley
et al., 2012). In this approach, environmental and proxy system parameters of influence are represented by
probability distributions. These parameter distributions are repeatedly sampled by the model and translated into
predicted geochemical proxy values. The model state (i.e., the selected parameter values) is compared to
measured data to determine likelihood of the model state. Forward modeling allows for consideration of a full
range of possible environmental controls, while accounting for the potential impacts of secondary controls such as
diagenesis, which is of particular concern at Site 1258.

Figure 2. Examples of well3preserved M. velascoensis from Site 1258. 1 is an umbilical view and 2 an edge view of the shell.
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Here we use Markov Chain Monte3Carlo (MCMC) methods in a Bayesian hierarchical forward PSM to evaluate
the likelihood of proposed environmental model states against foraminifera Mg/Ca and l18O. Bayes' Theorem
states:

P↔A ↗ B↘ ↓ P↔B ↗ A↘ ≃ P↔A↘
P↔B↘ ↔1↘

where P(A | B) is the probability of A given B (i.e., the posterior probability distributions from the model given the
prior distributions and the observed data), P(B | A) is the probability of B given A, or the likelihood of the
predicted model given the data, and P(A) and P(B) are the probabilities of A and B, respectively. For our
application, P(A) represents the prior probability distributions from which the proposed environmental models are
derived, and P(B) represents the probability of the observed data. Bayesian hierarchical modeling generates
posterior distributions of parameters proportional to the probability of the environmental models (e.g., Mg/Casw,
l18Osw, temperature, salinity) selected from prior distributions, given observations. This allows for integration of
observations with differing sampling resolutions and accounts for uncertainties in analytical data, environmental
parameters, and sensitivity/calibration parameters (e.g., secular changes in Mg/Ca, diagenesis, and species3
specific Mg/Ca3temperature calibration parameters applied to M. velascoensis).

The structure used here incorporates a time series environmental model which allows distributions of environ-
mental parameters to change from the initial (prior) parameter values over time. Environmental parameter dis-
tributions are allowed to shift with each subsequent time step in the model based on a set of change parameters (cf.
Bowen et al., 2020):

Y↔t↘ ↓ Y↔1↘ ⇐ δY↔t↘ ↔2↘

where Y is the variable, t is the timestep, and RY is an error term, represented in terms of autocorrelation BY, with uY
representing the error precision for a time step size (dt) of 1:

δY ↓ N)δY↔t ⇒ 1↘ ≃ Bdt
Y , OY ≃

[1 ⇒ B2
Y]

[1 ⇒ B2dt
Y ] ⌊ ↔3↘

For concentration parameters we used a more realistic (non3negative) relativistic implementation of RY:

Y↔t↘ ↓ Y↔1↘ ≃ ↔1 ⇐ δY↔t↘ ↘ ↔4↘

In the PSM, foraminiferal Mg/Ca is influenced by temperature, salinity, paleo3seawater Mg/Ca (here, the prior
mean is set to 2.5 following Evans et al., 2016; see Table S2 in Supporting Information S1 for all prior distri-
butions used here), and species3specific constants:

MgεCapf ↔t↘ ↓ ⌋⌈ MgεCasw↔t↘Hp

MgεCasw mod↔t↘Hp
≃ B⌉ eAT↔t↘{ε↔1 ⇒ ↔S↔t↘ ⇒ 35↘ ≃ Csal↘ ↔5↘

where Mg/Casw and Mg/Casw mod are seawater Mg/Ca (for past and modern, respectively). Species3specific vital
effects between foraminiferal shells and the Mg/Casw are accounted for with “Hp” of modern foraminiferal
analog, T. sacculifer, from Haynes et al. (2023). B and A are species3specific Mg/Ca3temperature calibration
parameters applied to M. velascoensis (B value: Gray & Evans, 2019; A value: Evans et al., 2016; Table S2 in
Supporting Information S1). The prior mean for the A3value distribution used here is the all3species regression of
Gray and Evans (2019), or 0.061. S is salinity, here with a prior mean of 35 ppt (Table S2 in Supporting In-
formation S1). Csal is the Mg/Ca sensitivity to salinity, with prior mean of 0.042 (Table S2 in Supporting
Information S1).

Foraminiferal l18O (l18Opf) is calculated as follows:
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A18Opf↔t↘ ↓ ⌋⌈exp⌈Acw ≃ 103⌈ 1
T↔t↘

⇒
1

297ω7⌉ ⇐ Bcw⌉ ⇒ 1⌉ ≃ 103 ⇐ A18Osw↔t↘{ ≃ ↔1 ⇒ Rpc↘ ⇐ [A18OCPD

≃ Rpc] ↔6↘

where l18Osw is the local value for l18O of seawater (Table S2 in Supporting Information S1; Zhu et al., 2020).
Rpc is the amount of recrystallization the samples are subjected to, which was visually estimated from forami-
nifera under the optical microscope and SEM. l18OCWE is the assumed secondary calcite endmember l18O value.
Calcite3water stable isotope fractionation follows the fractionation model of Daëron et al. (2019). The extent of
diagenetic alteration of l18O values is confirmed by comparing l18O and Mg/Ca3based sea3surface temperature
(SST) for pre3onset samples. To obtain SST alignment in both proxy systems via traditional inverse calculations,
→20% recrystallization in the measured samples was required (largely consistent with binocular and SEM ob-
servations of typical “frosty” sample preservation, Sexton et al., 2006), given an assumed secondary calcite
endmember l18O value (l18OCWE above) of 0.85‰.

Our approach uses Gibbs sampling (Just Another Gibbs Sampler, or JAGS) via rjags (Plummer, 2003) and r2jags
(Su & Yajima, 2015) packages in R version 4.2.1 (R Core Team, 2013). The MCMC inversion requires a “burn
in” period, which allows the model to converge sufficiently. Convergence during MCMC analysis was monitored
using Rubin and Gelman Rhat statistics and traceplots. For the present model inversion, Rhat was <1.02 and
effective sampling was >280 for all parameters. The packages used here implement parallel processing for
MCMC models using multiple chains (Su & Yajima, 2015). We used nine chains of 150,000 iterations with
50,000 burn3in each to ensure reproducibility and convergence.

The change in SST across the PETM was calculated from averages (means) of pre3PETM baseline posterior
distributions (195.83–195.82 mbsf) and peak3PETM warmth posterior distributions (195.01–195.39 mbsf).

For comparison, we also calculated PETM SST and d l18Osw from foraminifera geochemical data using con-
ventional proxy interpretations (Figure S5 in Supporting Information S1). To calculate SST from Mg/Ca, we
followed the recommended corrections and constants of Hollis et al. (2019).

Reconstructed temperature and seawater l18O values were compared to climate model results reported by Zhu
et al. (2020), who used an isotope3enabled general circulation model (iCESM 1.2) to explore the steady3state
climates across a range of atmospheric pCO2 (1x to 9x preindustrial pCO2) with Eocene paleogeography.
Proxy results from Site 1258 are compared to model output from grid cells within 1 degree of latitude and
longitude of the paleolocation of Site 1258 (9.5°N, 42.08°W), based on the same mantle reference frame (Herold
et al., 2014) used for the Eocene paleogeography in the iCESM runs.

3. Results
3.1. Geochemical Data
The CIE recorded in planktic foraminifera from Hole 1258C occurs in tandem with that of benthic foraminifera
(Nunes & Norris, 2006), at around 195.75 mbsf, with excursion values extending up to 195 mbsf (Figure 3).
Across the onset of the PETM (as defined by the CIE), planktic Mg/Ca values increase from a pre3PETM average
of 4.6 mmol/mol to 5.9 mmol/mol during the body of the PETM. Planktic l18O values ranged from an average of
⇒2.7‰ before the PETM, with a more gradual decrease to a minimum of⇒3.8‰ during the PETM. Both planktic
l13C and l18O data sets follow the trends of previously published benthic data sets (Nunes & Norris, 2006), with
typical planktic3benthic offsets. The planktic3benthic offset in l18O value is due to surface3to3deep temperature
gradient, while the planktic3benthic l13C value offset is caused by the deep water remineralization of surface3
seawater3derived low3l13C organic matter (the biological carbon pump). Preserved planktic3benthic gradients
in both isotopic systems are similar in magnitude to modern gradients, suggesting that primary geochemical
signals are preserved in both data sets and minimizing the possible impact of diagenesis on our reconstructions.

The changes in Mg/Ca and l18O values over the PETM from Site 1258 are comparable to changes in these
parameters documented from other low3latitude pelagic sites such as Site 1209 (Zachos et al., 2003): both sites see
a sharp increase in Mg/Ca and a decrease in l18O, although the l18O excursion at Site 1209 is more abrupt, with
less fluctuation than observed at Site 1258. The overall similarity of the Mg/Ca and l18O records between Sites
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1258 and 1209, both in absolute value and in the sense of change during the PETM, further argues that diagenetic
overprinting is minimal.

3.2. Proxy Interpretation

Reconstructions from our MCMC Bayesian PSM indicate pre3PETM absolute baseline SST of 35.7 ↑ 2ω1
1ω9 °C

(95% credible interval, CI), and peak3PETM absolute temperatures of 40.6 ↑ 2ω3
2ω2 °C (95% CI), followed by a

→50 kyr period of warm temperatures and then a gradual recovery (Figure 4). The amount of relative temperature
change (warming) is better constrained than absolute temperatures by our MCMC Bayesian proxy system model,
indicating a robust sea surface warming of 4ω9 ↑ 0ω4

0ω5 °C (95% CI). Our calculations of SST using conventional
proxy interpretation (Figure S5 in Supporting Information S1) results in SST estimates that are 2–3° cooler
before, during, and after the PETM—but suggest a very similar total warming of 4.5°C. Warming observed at Site
1258 is similar in magnitude and timing to SST reconstructions from other low3latitude sites globally (Dunkley3
Jones et al., 2013; Frieling et al., 2017; Zachos et al., 2003). PSM Reconstructed seawater l18O and salinity values
follow a more complex and gradual trajectory, with very little rapid change immediately at the PETM onset,
followed by a gradual decrease toward lower seawater l18O values (less salinity) during the body of the PETM

Figure 3. Mg/Ca, l18O, and l13C data measured on well3preserved Morozovella velascoensis (labeled “planktic”) from Site 1258. The dashed lines represent previously
published benthic l18O and l13C data from Nunes and Norris (2006).
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CIE and warm period. After a brief return to saltier conditions, seawater l18O and salinity further decrease to their
minimum values during the recovery period (as defined by both l13C and reconstructed SST), followed by a
return to near3pre3event levels. Because the temperature3related component of foraminiferal l18O change is
almost identical to that considered in the PSM, conventional proxy interpretation reconstructs an almost identical
trajectory for seawater l18O across the PETM.

4. Discussion
4.1. Tropical Atlantic SST Change During the PETM
Our foraminifera Mg/Ca and l18O3based reconstructions of Site 1258 sea surface temperatures over the PETM
are similar to proxy estimates from other low3latitude sites (e.g., Aze et al., 2014; Dunkley3Jones et al., 2013;
Frieling et al., 2017; Hollis et al., 2019; Inglis et al., 2020) and consistent with Eocene climate models predictions
(e.g., Tierney et al., 2022; Zhu et al., 2020). We compare our reconstructed temperatures and seawater l18O
values to climate model simulations from Zhu et al. (2020), using an isotope3enabled general circulation model
(iCESM) to explore the steady3state climates across a range of atmospheric pCO2 and Eocene paleogeography.
Our proxy records indicate a pre3PETM SST of→36°C, which is most consistent with sea3surface temperatures in
the region of Site 1258 in iCESM's 6x CO2 (1680 ppm) scenario of Zhu et al. (2020) (Figure 5a). Our recon-
structed pre3PETM baseline SSTs are also similar to global Late Papeocene tropical SST estimates in the
compilations of Hollis et al. (2019) Gaskell et al. (2022). Coincident with the CIE, reconstructed SST increases

Figure 4. Forward model results. The bottom three panels represent measured data from Site 1258C. The top three panels represent posterior distributions of
reconstructed environmental variables, here shown as time series of likely model states from random draws of the many Markov Chain Monte3Carlo iterations,
conditioned on measured proxy data. The colored lines represent the median of the time series distributions. The 500 black surrounding lines give an impression of the
range of these distributions (i.e., reconstruction uncertainty).
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over a few tens of thousands of years, although we caution that this apparently gradual warming (compared to
other records) merely reflects the relatively low data resolution (particularly in Mg/Ca) during the very earliest
phases of the PETM due to carbonate dissolution. The magnitude of warming across the PETM onset in our
reconstruction (4ω9 ↑ 0ω4

0ω5 °C) is in very close agreement with PETM global mean surface temperature change
(5.3°C) estimated from a global proxy record compilation by Inglis et al. (2020). Our reconstructed peak PETM
temperature around 40ω6 ↑ 2ω3

2ω2 °C is even warmer than estimates for the eastern tropical Atlantic (Frieling
et al., 2018), but similar to estimates from exceptionally well3preserved PETM foraminifera from Tanzania (Aze
et al., 2014), and Mg/Ca3based peak PETM temperatures in the Subtropical Pacific (Harper et al., 2024) These
peak temperatures are most consistent with iCESM1.2's regional Site 1258 SSTs in their 9x CO2 (2,520 ppm)
scenario (Figure 5a).

4.2. Tropical Atlantic Hydrologic Change
In both the iCESM1.2 simulations and our proxy reconstructions, the relationship between increasing pCO2 and
changes in Site 1258 surface seawater l18O/salinity is less straight3forward than the warming response to
increasing pCO2. Previous literature and current CMIP6 models support the hypothesis of wet3gets3wetter and
dry3gets3drier in terms of evaporation/precipitation balance (e.g., Carmichael et al., 2017; IPCC, 2023). This
means that areas of net evaporation (such as the mid3to low3latitudes and including Site 1258) should experience
more intense evaporation with warming, and areas of net precipitation (such as the high3latitudes) will receive
more intense precipitation. However, the iCESM1.2 simulations suggest that at very high CO2 levels, that pattern
breaks down in some regions, including the region of Site 1258 (Figure 5b). Comparing conditions at Site 1258

Figure 5. Modeled sea3surface temperature (a) and surface seawater l18O (b) for Site 1258 paleolocation from a suite of
Eocene simulations across a range of atmospheric pCO2 (Zhu et al., 2020).
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from 1x3 to 3x3 to 6x3 pre3industrial CO2, seawater l18O progressively increases, reflecting increased evaporation
(and/or decreased precipitation)—consistent with a dry3get3drier response (Figure 5b). However, in the 9x pre3
industrial CO2 scenario (which features SSTs similar to our PETM reconstructions), the Site 1258 region is
predicted to have slightly lower seawater l18O than the 6x pre3industrial scenario, reflecting a decrease in
evaporation (and/or increase in precipitation)—the opposite of a dry3get3drier response.

At Site 1258, foraminiferal proxy data suggest very little change in seawater l18O values at the onset of the
PETM, and a decrease in l18O during the later stages of the event. Interestingly, there is evidence from higher
latitudes for a temporally complex, two3stage global hydrologic response to PETM warming. Pagani et al. (2006)
reconstruct lower Arctic Ocean salinity (consistent with enhanced precipitation) in the early stages of the PETM,
with a prominent reversal to higher SSS later in the event, indicating a complex evolution of poleward moisture
transport over the course of the PETM. Walters et al. (2022) argue for a significant increase in North Sea pre-
cipitation at the onset of the PETM but a return to pre3event levels well before the recovery of SST. These records,
as well as our new Site 1258 reconstruction, all argue that the response of the hydrologic cycle during the PETM
had a more complex evolution than that seen in temperature reconstructions.

The overall l18Osw decrease that we see at Site 1258 particularly during the later stages of the PETM is
remarkably consistent with the high3CO2 response modeled between iCESM1.2's 6x and 9x CO2 comparison:
seawater l18O/salinity exhibits similar behavior to the observed and model data from Site 1258 where the salinity
actually decreases at peak pCO2, in constrast to the expectation from conceptual models that areas of net
evaporation see further evaporation (driving higher l18O/salinity) in warmer climates. Taken together, the model
and the data both suggest that a threshold exists at very high pCO2, when tropical SSTs rise above→37°C, beyond
which the hydrologic response in the Site 1258 region becomes insensitive to further warming, and even reverses.

What could drive a decrease in tropical Atlantic sea3surface l18O and salinity values in the extremely warm, high
pCO2 climate of the peak PETM? There is some support from a theoretical perspective for a non3linear hydro-
climate response at extreme greenhouse warming, wherein the hydrologic cycle is highly sensitive to changes at
modest warming but asymptotically approaches a maximum at extreme surface temperatures (O’Gorman &
Schneider, 2008). Other global atmospheric reorganizations have been proposed for super3greenhouse climates
that could come play a role during the PETM. Caballero and Huber (2010) propose a global shift to Equatorial
atmospheric super3rotation (westerly winds) at near the same equatorial SST threshold that we reconstruct. Abbot
et al. (2009) propose that at very high surface temperatures, high3latitude convective clouds amplify polar
warming, altering meridional temperature gradients that would certainly effect moisture transport. Either of these
global reorganizations could impart a strongly non3linear character to the tropical hydrologic response to
warming. However, it is important to note that the decrease in Site 1258 seawater l18O/salinity (indicating wetter
conditions) in the iCESM 1.2 6x–9x comparison is in the opposite direction from to the global tropical (<15°N/S)
P3E change in the same model (Cramwinckel et al., 2023), which shows an overall P3E decrease (drier condi-
tions). This suggests that the response observed at Site 1258 is likely due to regional, not global effects.

Regionally, an obvious exception to the global pattern of enhanced low3latitude evaporation with warming is
found in the ITCZ. The ITCZ is an area within 5 degrees of latitude of the equator (on an annual basis) where the
convergence of the trade winds drives intense precipitation and, therefore, a regionally lower sea3surface l18O (e.
g., LeGrande & Schmidt, 2006). The ITCZ migrates north and south with the seasons, and Site 1258 is located
near the maximum Northern Hemisphere summer seasonal latitudinal extreme of the ITCZ (both in the modern,
Schlosser et al., 2014, and on Eocene paleogeography as modeled in iCESM1.2, Zhu et al., 2020) and on an
annual basis currently experiences net evaporation (e.g., Yoo & Carton, 1990). Recent literature has suggested
that anthropogenic climate change is altering the path of the ITCZ, causing it to vary regionally in width and
latitudinal position, with specific regional responses controlled by continental configuration (Bischoff &
Schneider, 2014; Bryne et al., 2018; Donohoe et al., 2013; Mamalakis et al., 2021). During the extreme warmth of
the PETM, northward migration or narrowing of the ITCZ into the Site 1258 region could have driven more local
precipitation, lowering the l18O of seawater. Previous work has offered different conclusions about changes to the
ITCZ in response to Eocene warming: Tierney et al. (2022) suggested a narrowing of the ITCZ during the PETM,
while Cramwinckel et al. (2023), focusing more broadly on the Early Eocene Climatic Optimum, argues that
modeled narrowing of the ITCZ is not supported by tropical paleoproxy data. GCM modeling by Acosta
et al. (2022) argue that increasing pCO2 in the Early Eocene led to a strengthened ITCZ, but did not significantly
alter the position of monsoonal precipitation.
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Enhanced continental runoff is another potential mechanism for the lower l18O value seen in both our PETM
record and isotope3enabled climate modeling. Today, Site 1258 is located only 400 km north of the South
American continent (and would have been a similar distance during the PETM), close enough that the plume of
freshwater from Amazon river discharge periodically extends to the surface waters overlying Site 1258 (Grodsky
et al., 2014; Shi & Wang, 2024). South American continental runoff has a distinctly lower (by several permil)
l18O value than open3ocean tropical Atlantic surface seawater (Karr & Showers, 2002). While the modern
Amazon river has only existed as a transcontinental system with headwaters in the Eastern Andes since the mid3
Miocene (Figueiredo et al., 2009), Eocene paleogeographic reconstructions (including that used by iCESM,
Herold et al., 2014) show large areas of northern South America draining to the northeast, toward the Site 1258
region. If precipitation over northern South America was significantly enhanced during the warmth of the PETM,
this could have increased continental runoff to such an extent that SSS and l18O values were reduced at Site 1258.
Palynological records from Columbia and Venezuela suggest a significant increase in plant diversity during the
PETM, and an increase in morphotypes common in wet tropical rainforest, suggesting greater precipitation during
the event (Jaramillo et al., 2010). Paleosols from the same Columbian section show evidence for increased
chemical weathering and a lack of carbonate nodules, both of which were interpreted as evidence for increased
precipitation (Morón et al., 2013), presumably due to enhanced ITCZ precipitation and/or enhanced South
American monsoonal precipitation (Huber & Goldner, 2012). Either ITCZ narrowing/migration or enhanced
continental runoff, or a combination of the two, could be the cause of the lower l18O value of tropical Atlantic
seawater seen in the latter stages of the PETM in our new reconstruction from Site 1258.

5. Conclusions
The results of this study represent the first sea surface paleotemperature and seawater oxygen isotope re-
constructions across the PETM from deep3sea sediments in the tropical Atlantic. Our coupled Mg/Ca and l18O3
based paleotemperature record demonstrates a pronounced, rapid warming of 4.9 ↑ 0ω4

0ω5 °C coincident with the
PETM CIE. Warm conditions endured for close to 100 kyr before gradually recovering to near pre3event tem-
peratures over the subsequent →100 kyr. The magnitude and timing of rapid warming, a period of sustained
warmth, and then gradual recovery are all consistent with other PETM paleotemperature records from the tropics
(Frieling et al., 2017; Tripati & Elderfield, 2005; Zachos et al., 2003) and elsewhere (Dunkley3Jones et al., 2013).
Comparing the magnitude of warming in our paleotemperature reconstructions with modeled regional temper-
ature fields under elevated pCO2 bolsters support for model skill in reproducing sea surface temperatures under
greenhouse climates.

However, the response of tropical Atlantic hydroclimate, as constrained by reconstructed seawater oxygen iso-
topic composition and salinity, are not as straight forward. Our reconstruction of surface seawater l18O shows
little change at the onset of the PETM, followed by a decrease in seawater l18O during the later stages of the event
—the opposite of what would generally be expected for the tropics under the typical “wet3get3wetter, dry3get3
drier” conceptual model. Intriguingly, some support for a complex, non3linear response of seawater l18O to
extreme greenhouse climates is found in recent isotope3enabled climate modeling (Zhu et al., 2020). Under
extremely elevated pCO2, modeled seawater l18O in the Site 1258 region also declines, hinting at a non3linear
regional response in extreme greenhouse climates. Taken together, both the model and the data seem to sug-
gest that a threshold may exist at very high pCO2/temperature, above which the hydrologic response in the Site
1258 region becomes insensitive to further warming, and even reverses. The reasons for this complex response are
uncertain at present, but we speculate that it could be related to the narrowing or migration of the ITCZ, or
enhanced continental runoff from South America under extreme greenhouse conditions. Such unexpected
regional complexities in the response of the hydrologic cycle to greenhouse warming present a challenge for
predictions of precipitation and evaporation redistribution under future climate change.

Data Availability Statement
All geochemical data (foraminiferal l18O and Mg/Ca) are included in Table S1 in Supporting Information S1, and
archived in the Pangaea online data respository (Penman & Howard, 2025). The Bayesian proxy system model
used here is publicly available through Zenodo (Harper, 2024).
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