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Abstract

The Pleistocene Epoch is characterized by global cooling and an increase in the intensity and duration of
glacial cycles. Regional surface and subsurface ocean temperature records follow distinct trends over
this interval, suggesting dynamic changes in zonal and meridional heat transport and ocean circulation.
Here we provide a record of global ocean heat content (or mean ocean temperature) over the last 3
million years from ice core noble gas (Xe/Kr) measurements. We find long-term ocean cooling over this
interval, a prominent period of cooling coincident with the Plio-Pleistocene transition (~2.7 Ma), and
steady temperatures across the mid-Pleistocene transition (1.2-0.8 Ma). Comparisons with a recent
global sea surface temperature compilation show broad consistency in long-term cooling, but important
differences at the Plio-Pleistocene and mid-Pleistocene transitions. We suggest that the different trends
in surface temperature and mean ocean temperature during these intervals are related to a redistribution
of heat between the surface and subsurface via changes in deep water formation and upwelling. Our
temperature record also permits an estimate of global ice volume changes between 3 and 0.5 Ma
through a deconvolution of the benthic foraminiferal 6180 record pointing to a period of enhanced ice
sheet growth around the mid-Pleistocene transition.

Full Text

The last 3 million years of Earth’s climate history are punctuated by two important events, 1) the onset of
large-scale Northern Hemisphere glaciation and strengthening of the 41-kyr periodicity in glacial cycles
at the Plio-Pleistocene transition (PPT; 2.7 Ma) and 2) the shift in periodicity from 41kyr to 100kyr
periodicity at the Mid-Pleistocene Transition (MPT; 1.2 to 0.8 Ma). Critically, the paleoclimate record that
best characterizes these two key events - the oxygen isotopic composition (6'80) of benthic
foraminifera - is a somewhat ambiguous metric of Earth’s climate system as it tracks both the size of the
ice sheets and the temperature of the oceans'?. Consequently, the global expression and driving
mechanisms of the PPT and MPT remain subjects of ongoing debate.

Measurements of noble gases in air trapped in ice cores (Xe/Kr) provide a direct constraint on global
ocean temperature through the temperature-dependent solubilities of these gases®. Variations in
atmospheric Xe/Kr are driven by the changes in the fraction of these gases dissolved in the oceans,
which is primarily controlled by mean ocean temperature (MOT) change. Because the temperature
dependence of xenon’s solubility is greater than that of krypton, a change in ocean temperature leads to
a larger change in the ocean/atmosphere partitioning of xenon relative to krypton; whole ocean cooling
leads to a decrease in atmospheric Xe/Kr and warming leads to an increase.

Here we report noble gas measurements in new Allan Hills ice core archives to examine ocean
temperature evolution over the last 3 million years. Noble gas-based MOT provides a precise estimate of
the global ocean heat, a quantity that reflects both global radiative forcing and the distribution of heat
through circulation. When combined with reconstructions of local/regional temperatures from marine-
based proxies, MOT provides a critical boundary condition that constrains plausible changes in radiative
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forcing and ocean vertical mixing. Here we report, for the first time, a noble gas-based MOT record
spanning the last 3 million years from measurements in new ice core archives from Allan Hills*.

3 million year old ice core reconstruction of Mean Ocean Temperature

We present measurements from three shallow (~200 meter) Allan Hills ice cores drilled in the 2019-2020
and 2022-2023 field seasons. Two ice cores (ALHIC1901 and ALHIC1902, figure S1) come from a region

within the Allan Hills blue ice field where horizontal and vertical velocities approach zero® and are
located near previously drilled ice cores that contain stratigraphically disordered ice older than 2 million
years®. The third ice core (ALHIC1903) contains a continuous record spanning the Penultimate Glacial
Maximum and Last Interglacial ((~115-150 ka’®). Samples from this core preserve the full range of
glacial-interglacial variability from the Allan Hills blue ice area, which we use for comparison when
evaluating older climate ‘snapshots’ from ALHIC1901 and ALHIC1902 that are not in stratigraphic order.
In addition, we include published argon isotope and Xe/Kr measurements from ALHIC1502 and

ALHIC1503 in our MOT analysis®.

MOT reconstructions from Allan Hills ice core records covering Termination Il and the Last Interglacial
match published records in range® (Figure S2), but indicate a consistent cold bias of up to 0.5°C in the
Allan Hills MOT reconstruction relative to published values. This aligns with other studies showing
reconstructions of MOT change are more reliable than absolute MOT values®~"". To account for this,
relative and absolute MOT uncertainties are reported (Methods).

Sample dating relies on the contemporary “°Ar degassing rate and measured “°Ar deficit relative to the

modern atmosphere (and corrected for gravitational enrichment, 64°Ar,,.,)2. Uncertainties in dating

arise from analytical precision in 640Aratm measurements and “CAr degassing rates, with larger absolute

uncertainties in older samples due to the 11% uncertainty in “°Ar degassing. The deepest dated samples
in ALHIC1901 and ALHIC1902 extend back to 4.0+0.4 Ma and 6.0+0.7 Ma, respectively—significantly

older than previously dated ice from this region®.

The ALHIC1901 dating illustrates a complex stratigraphy, with multiple age reversals and large age
variations over narrow depth windows (Figure S1). In the most extreme case, at ~148 meters depth, we
find a ~2-million-year age change over less than a meter. Such variation is likely also present in the
ALHIC1502 and ALHIC1503 cores, but these cores were not dated at sufficiently high depth resolution to
assess the full extent of stratigraphic disturbance. The abrupt variations in age with depth argue against
strong signal attenuation. As in refs “ and '3, we consider the possibility for a depth dependence in the
resolution of these snapshots. Following this convention, the samples are characterized into short-
exposure snapshots that preserve some/most/all of the true glacial-interglacial variability, and long-
exposure snapshots that preserve climate signals that more closely represent the mean over glacial
cycles. The short-exposure snapshots are limited to samples <900 ka, and therefore, their inclusion or
exclusion in our analysis has no influence on the long-term trends suggested by the data.
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Figure 1 shows reconstructed MOT for the Allan Hills samples. We find evidence - in the form of
implausible Xe/Kr/Ar ratios - for noble gas alteration in the deepest, oldest parts of each core (see
methods), limiting our MOT reconstruction to the last 3.1 Ma. Our record reveals a 2 + 0.4°C cooling
between the late Pliocene (~3 Ma) and the onset of the MPT at 1.2 Ma. Although gaps exist, much of
this cooling seems to coincide with Northern Hemisphere glaciation intensification at the PPT (~2.7 Ma).
Importantly, no significant MOT trends are observed across the MPT.

Ocean heat content changes

Ice core-based MOT offers unique new constraints for resolving global ocean temperature changes over
the last 3 million years. While global benthic foraminifera 6'80 compilations contain information about
deep ocean temperature, the ice volume effect is comparable in magnitude and difficult to separate out.
Deep ocean temperature (DOT) reconstructions for the Pleistocene are limited to several Mg/Ca-based

records and show significant inter-basin differences during key intervals of this period'*. The new Allan
Hills Xe/Kr record provides a global context for understanding these regional deep ocean temperature
trends.

Only one high-resolution Mg/Ca-based DOT reconstruction covers the PPT, a record from the North
Atlantic'®. This reconstruction suggests strong (~2°C) cooling across the PPT, consistent with—though
approximately twice the magnitude of—the reconstructed MOT trend for this interval (Figure 2). We are
not aware of records from other ocean basins for this period. However, reconstructions of the mid-
Piacenzian (~3.3-3.0 Ma) in multiple ocean basins indicate warmer than present DOTs globally within
this period, with a more substantial temperature anomaly in the Atlantic compared to other basins °.
The differing inter-basin DOT anomalies for this period are broadly consistent with the larger magnitude
of Atlantic DOT change compared to MOT across the PPT.

Reconstructed MOT shows no robust trend across the MPT (1.2-0.8 Ma). Several Mg/Ca-based DOT
records exist for comparison'#'>17_ While cooling is observed in the deep Atlantic’®), the deep North '#
and South'” Pacific show no cooling, or even slight warming across the MPT. The differing trends
between ocean basins are key evidence for the complex dynamics at play; because MOT averaged over
all depths and basins, it provides crucial context for the interpretation of available DOT records.

Surface-subsurface temperature decoupling

Next, we compare the MOT results to a recent global SST compilation and reconstruction of regional SST
change'®. We observe broad agreement in the overall global SST and MOT trends of long-term cooling
across the Plio-Pleistocene. However, the records differ in detail; the global SST reconstruction shows a
steady cooling from ~4 to 1.5 Ma, followed by accelerated cooling from 1.5 to 0.9 Ma, with the highest
rates centered on the MPT. In contrast, the reconstructed MOT indicates accelerated cooling centered on
the PPT and no cooling across the MPT. These observations suggest SST-MOT decoupling during both
the PPT and MPT.
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Surface and interior ocean temperatures are key climate parameters fundamentally linked to the global
energy budget. Surface temperatures are influenced by shortwave and longwave radiation fluxes, zonal
and meridional transport, and ocean-atmosphere heat exchange. Wind-driven and buoyancy-driven
circulation changes related to upwelling, intermediate, and deep-water formation and ventilation control
the distribution of heat between the surface and interior layers, and therefore the SST-MOT coupling.
Below, we explore processes that may cause surface and subsurface temperatures to become
decoupled, particularly in the context of global MOT and SST changes, and regional surface and
subsurface trends across the PPT and MPT.

Enhanced subsurface cooling at the Plio-Pleistocene transition driven by intensification of Northern
Hemisphere glaciation

What mechanisms may lead to an enhanced deep/mean ocean cooling without a prominent expression
at the surface at the Plio-Pleistocene boundary? The PPT is marked by large-scale Northern Hemisphere
glaciation. General circulation model (GCM) simulations by ref 1 suggest that Northern Hemisphere ice
sheet growth was associated with only minimal sea surface temperature (SST) changes, but a
significant shift in North Atlantic winter tropospheric circulation. This shift may have altered interior
ocean properties via changes in wintertime deepwater formation, without requiring a strong global

expression in SST.

20 offer

Recent single forcing experiments with fully coupled GCMs, such as the TraCE-ICE experimen
new insight. In response to imposing a Laurentide Ice Sheet, these simulations show minimal surface
temperature changes, but enhanced mean ocean cooling driven by increased wintertime deep
convection. In addition to the strong MOT (relative to SST) response, the simulation suggests that North
Atlantic DOT cooled about twice as much as MOT, broadly consistent with regional temperature

reconstructions across the PPT (Figure 2a, Figure 3S).

Despite differences between TraCE-ICE (LGM) boundary conditions and those during the late
Pliocene/early Pleistocene, model results appear to be robust across various climate states; Broccoli
and Manabe's preindustrial-boundary simulations align with the TraCE-ICE findings though they lack
subsurface data for validation. Additionally, although the LGM-Preindustrial ice sheet changes were likely
larger than those at the PPT, the coupling between ocean heat content and ice extent in TraCE-ICE is
strongest under intermediate/small ice sheet boundary conditions (Figure S3), suggesting that even
small Northern Hemisphere ice sheets could impact deep/mean ocean temperatures. Future research
should further investigate this ice sheet-ocean coupling and improve MOT resolution at the PPT to better
constrain the timing and magnitude of ocean cooling.

Surface-interior decoupling across the mid-Pleistocene transition suggest change in the structure of
vertical ocean heat fluxes

Ocean temperature reconstructions from the early Pleistocene suggest long term cooling of both the
surface and interior, and an increase in both meridional temperature gradients and zonal temperature
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gradients across the equatorial Pacific'®?'. These trends are consistent with the gradual emergence of
the eastern equatorial Pacific cold tongue, which may have played a key role in global surface cooling

across this interval?122,

The MPT reflects a departure from this gradual trend; at its onset (~1.2 Ma), cooling of the eastern
equatorial Pacific accelerates and then ceases by ~1Ma. At this time SST trends in the eastern and
western equatorial Pacific converge (Figure 2c). This shift aligns with the strongest rates of global SST
cooling in the past 4.5 million years and largest increase in SST variance'®. In contrast, the noble gas-
based reconstructions show no long-term MOT change across the MPT. We speculate that these
contrasting trends are driven by the permanent establishment of the cold tongue, which represents a
substantial fraction of the modern atmosphere-ocean heat flux and dominant source of interannual
climate variability.

The establishment of the cold tongue provides a mechanism for substantial global surface cooling??,
while simultaneously increasing total ocean heat content through enhanced atmosphere-ocean heat
exchange and strong tropical shortwave radiative forcing, effectively decoupling global SST and MOT.
Part of this global surface cooling signal would have been transferred to the interior ocean through
intermediate and deep-water formation sites (such as the North Atlantic), counterbalancing the ocean
heat flux in the tropics in a manner consistent with observed SST, DOT, and MOT trends.

Ocean temperature / ice volume evolution across the Pleistocene

Noble gas-derived MOT provides a unique tool to disentangle the ocean temperature contribution to
global benthic 680 records from changes in seawater 680 due to the changes in the volume and/or
isotopic composition of polar ice sheets?3. From 3 to 0.5 Ma, benthic 6'80 increased by approximately
0.95%o. Using our MOT reconstruction and the ref 24 paleotemperature equation, we estimate that ~70%
of this increase (0.67%o) resulted from ocean cooling, while the remaining 0.28%o reflects changes in

seawater 6'80 driven by changes in the ice sheets (Figure 3).

The ~0.28%o increase in the d'80 of seawater can be further broken down into contributions from an
increase in the volume of the polar ice sheets and changes in the isotopic composition of the polar ice
sheets. New direct measurements of the East Antarctic ice sheet in the Early Pleistocene® indicate a ~3-
4%o decline in 6780 from 3.0 to 0.5 Ma. Assuming this decline is representative of global changes in the
isotopic composition of ice sheets, this would account for about a quarter (0.07%o) of the 0.28%eo
increase in the 680 of seawater. The remaining 0.21%o would then be due to increased ice sheet
volume and associated lowering of eustatic sea-level. Using an oxygen isotope mass balance model?®
and assuming the global ice volume increase is primarily driven by the development of ice sheets in the
Northern Hemisphere, we estimate that a 0.28%o increase in seawater 680 in combination with a 4%
decline of the global ice sheets between 3.0 and 0.5 Ma would be associated with a ~24 meter lowering
of sea-level over this interval (methods). Although a rigorous evaluation of the tempo of ice sheet growth
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across the Pleistocene is beyond the scope of this study, we note that the largest period of ice sheet
growth coincides with the MPT (Figure 3).

As an independent check on our seawater 680 estimate, we can compare it with records of the 680 of
0, from the same Allan Hills ice cores'3. The 6'80 of atmospheric 0, is a complex tracer of
photosynthesis and respiration in the marine and terrestrial biosphere that exhibits considerable

variability on both orbital and millennial timescales?6~28 due to changes in the hydrological cycle at low
latitudes and/or the isotopic fractionation associated with respiration, a set of processes collectively

known as the Dole Effect?®. As the ultimate source of H,0 for all photosynthesis, changes in the §'80 of

0, also reflect the changes in the 680 of seawater. Between 2.7 and 0.5 Ma, 680 of 0, measured in
Allan Hills ice core samples increased by ~0.3%o. This result is similar to, but slightly larger than, the
0.28%o increase in seawater 6120 between 3 to 0.5 Ma estimated from changes in MOT and the

6180 values of benthic foraminifera.

Conclusions

The first direct noble gas record of MOT from recently discovered Pliocene and Pleistocene ice cores in
the Allan Hills Blue Ice Area, East Antarctica, reveal a long-term cooling of 2-2.5 °C between 3 million
years and the Late Pleistocene (0.5 Ma). Cooling appears to have been strongest around the PPT with
little (if any) MOT cooling occurring across the MPT (Figure 1). Greenhouse gas data from the same
Allan Hills ice cores show a ~25 ppm CO, decrease and minimal change in CH, across the early

Pleistocene’® (2.7 to 1.2 Ma), suggesting that cooling is accompanied by a relatively modest decline in
atmospheric greenhouse gas concentrations. The decoupling of MOT and SST trends throughout the
Pleistocene, likely driven by ice sheet dynamics and shifts in ocean circulation and mixing, support this
observation, suggesting that factors other than direct radiative forcing from greenhouse gases likely
explain most of the ocean cooling we observe over the Plio-Pleistocene. Future research into the
interactions among ice sheets, ocean circulation, the terrestrial biosphere, and the global energy budget
will be essential in providing a clearer picture of climate evolution over the Plio-Pleistocene.
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Figure 1

3 million years of mean ocean temperature from ice core noble gases. Points shown are from
stratigraphically disturbed ice cores from the Allan Hills BIA dated with argon isotope ratios'2. Samples

from ALHIC1903, which is a core that is in stratigraphic order and covers Termination IIREF is included
for comparison. Error bars indicate the relative error in MOT. Points shown as ‘0’ indicate samples that
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are characterized as ‘long exposure’ snapshots, while those shown as ‘x’ are characterized as ‘short
exposure’ snapshots. Cubic spline of the record with the 10 confidence envelope is also shown with
solid line and dotted line, respectively. Data in Table S1.
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Figure 2

Surface and interior ocean temperature evolution over the last 3 million years. a) Deep ocean
temperature anomalies (relative to a Holocene average) are shown for the North Atlantic’® (pink) and

South Pacific'” (lilac). Mean ocean temperature is shown for comparison in blue. b) Global and c)
equatorial Pacific sea surface temperature anomalies (relative to a Holocene average) are shown from a

recent compilation'®. In c) the orange line shows the temperature anomaly for the eastern tropical
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Pacific, and the yellow line shows the Indo-Pacific warm pool. For all sediment records, the lighter
colored records show the published data, and thicker and darker lines show the long-term trends from a
400kyr moving mean of the original data. For the MOT record, individual ‘long-exposure’ snapshots are
shown as points and a 400-kyr moving mean of the interpolated record is shown for comparison of the

long-term sediment record trends.

Image not available with this version

Figure 3

This image is not available with this version.
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Contributions of temperature and ice volume to the 6'80 values of benthic foraminifera over the last 2.7
million years. Using our noble gas based mean ocean temperature (MOT) reconstruction and the

paleotemperature equation of 24 we estimate that the d'80 of seawater was 0.28%o higher at 3.0 Ma

compared to 0.5 Ma. This increase is very similar to that observed in the d'80,,,,, of ‘long’ snapshots

from ALHIC ice cores (see text).
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