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Abstract Despite the crucial role of the Southern Hemisphere (SH) westerlies in modulating modern and
past climate evolution, little is known about their behavior and possible forcing mechanisms during the early
Cenozoic. We probe changes in the hydroclimate of southwest Australia during 62-51 Ma, based on
sedimentary proxy records from the International Ocean Discovery Program Site U1514 in the Mentelle Basin.
Our results reveal a transition from a less humid climate to wetter conditions at mid—high latitudes starting from
the early Eocene, which suggests poleward migration of the SH westerlies. This long-term trend is punctuated
by short-lived events of aridification during the Mid-Paleocene Biotic Event and wetter intervals during the
Paleocene-Eocene Thermal Maximum, indicating additional short-term meridional shifting of the westerlies.
We propose that the evolution of SH westerlies was driven by the equator-to-pole temperature gradient
regulated by global warming and ephemeral growth of the Antarctic ice sheet.

Plain Language Summary The Southern Hemisphere (SH) westerlies, which are the dominant
atmospheric circulation patterns in the middle latitudes, play a key role in regulating global and regional climate.
Currently, the knowledge of past changes in SH westerlies relies mainly on the late Quaternary. Its dynamics
over longer timescales, especially under early Cenozoic greenhouse climate states, remain poorly understood.
The Mentelle Basin off southwest Australia was located at a more southerly location than at the present day, and
was potentially under the influence of SH westerlies. To examine the long-term hydroclimate changes in
southwest Australia during the mid-late Paleocene to the early Eocene (62-51 Ma), we measured neodymium
and hafnium isotopic compositions of fine-grained detrital sediments from a borehole (IODP Site U1514)
drilled in the Mentelle Basin, in addition to clay mineralogy, and elemental abundances. Our results suggest a
gradual wetting of southwest Australia since the early Eocene, which we relate to the poleward migration of SH
westerlies in response to a reduced latitudinal temperature gradient. An abrupt northward shift of SH westerlies
was observed during the short-lived Middle Paleocene Biotic Event (~59 Ma), possibly driven by ephemeral
growth of the Antarctica ice sheet.

1. Introduction

Characterizing climate dynamics over geological timescales, especially during warm intervals associated with
high levels of atmospheric carbon dioxide (pCO,), is crucial for understanding the possible future evolution of
global climate following ongoing anthropogenic emissions (Komar et al., 2013; Norris et al., 2013; Thomas
et al., 2006; Zachos et al., 2008). The Early Cenozoic (~65-34 Ma) stands as a typical greenhouse interval,
characterized by high pCO, (1,000-4,000 ppmv), decreased latitudinal temperature gradients, and no/minimal
bipolar glaciation (Crame, 2020; Deconto & Pollard, 2003; Pearson & Palmer, 2000; Zachos et al., 2001). The
early Cenozoic warmth peaked during the early Eocene (Early Eocene Climatic Optimum, ~53-51 Ma),
following a long-term warming trend initiated during the Late Paleocene and Early Eocene (~60-50 Ma)
(Kirtland Turner et al., 2014; Westerhold et al., 2020). To date, many studies have focused on short-lived
hyperthermal events (e.g., Paleocene-Eocene Thermal Maximum, PETM) that punctuated the Early Cenozoic,
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yet the long-term global climate variability and its impact on regional hydroclimate patterns still remain poorly
documented (Zachos et al., 2008).

The Southern Hemisphere (SH) westerlies, which are the strongest time-mean surface winds on Earth, play an
important role in regulating ocean circulation and in delivering moisture to continental regions located at middle-
high latitudes, thus exerting substantial control on continental weathering and erosion, marine biogeochemistry
and ocean-atmosphere CO, exchange (Hodgson & Sime, 2010; Menviel et al., 2018; Saunders et al., 2012). At
present, SH westerlies are located within a latitudinal belt of 40-60°S, with their position and intensity varying as
a consequence of changes in temperature and pressure gradients between mid-latitudes and Antarctica (Shul-
meister et al., 2004). Over millennial timescales, precipitation- or dust-related proxy records and modeling studies
consistently indicate a strengthening and poleward migration of the westerlies since the Last Glacial Maximum,
possibly corresponding to a smaller interhemispheric temperature contrast under warm climate conditions (Goyal
etal., 2021; Lamy et al., 2010). Over longer timescales, however, the dynamics of SH westerlies and their driving
mechanisms remain poorly investigated, apart from a few proxy studies mostly focused on the late Cenozoic
(Abell et al., 2021; Groeneveld et al., 2017). Reconstructing the response of SH westerlies under different climate
states, especially during the warmer-than-present early Cenozoic, is particularly important in order to improve our
understanding of the hydroclimate evolution of mid-latitude regions in the context of global warming.

The Mentelle Basin off southwest (SW) Australia, a deep-water sedimentary basin formed during the Paleozoic-
Mesozoic breakup of eastern Gondwana, has experienced a complex history of volcanism, rifting activity, and
thermal subsidence throughout the Cenozoic (Borissova et al., 2010; Maloney et al., 2011; Sykes & Kidd, 1994).
The Mentelle Basin was located in the southern middle—high latitudes (~55°S) during the Early Cenozoic, when
southeast Australia was still connected to Antarctica, until the final breakup resulting from the fast-spreading of
Southern Ocean during the mid-Eocene (Huber et al., 2019). A much more southerly location than present and
significant influence of the SH atmospheric circulation on SW Australia has been suggested at least since the
Cretaceous (Groeneveld et al., 2017; Sykes & Kidd, 1994). The well-preserved Cenozoic sediment records in the
Mentelle Basin thus provide unique archives for reconstructing the paleoclimate evolution of surrounding con-
tinental regions and its link to the SH westerlies (Huber et al., 2019).

In this study, we present a multi-proxy record of clay mineralogy, elemental abundances, and neodymium-
hafnium (Nd-Hf) isotopic compositions of the fine-grained siliciclastic fraction of middle-late Paleocene to
early Eocene sediments retrieved from International Ocean Discovery Program (IODP) Site U1514. Combined
with a well-resolved age model (Huber et al., 2019; Vahlenkamp et al., 2020), this study aims to reconstruct
paleoclimatic variations in the source regions at mid—high latitudes and further reveal the evolution of the SH
westerlies during the early Cenozoic (~62-51 Ma) (Figure 1).

2. Materials and Methods

Site U1514 (33°7.2327'S, 113°5.4672'E) is the northernmost and deepest (water depth: 3,850 m) site drilled in the
Mentelle Basin off SW Australia during IODP Expedition 369 (Figure 1; Huber et al., 2019). This study mainly
focuses on the interval of 240.7-362.2 m core composite depth below seafloor (CCSF), which spans from the
middle-late Paleocene to the early Eocene. The studied section consists of nannofossil chalk with clay, clayey
nannofossil chalk, nannofossil-rich claystone and clay stone (Huber et al., 2019). The age model of this section
was established by nannofossil and foraminiferal biostratigraphy and magnetostratigraphy, with additional
constraints from the chemostratigraphy based on bulk carbonate &'>C (Table S1 in Supporting Information S1 and
Figure S1 in Supporting Information S1) (Edgar et al., 2022; Huber et al., 2019). The stratigraphic location of
PETM, characterized by a prominent 8'>C negative excursion, presents at ~280.3 m CCSF of Site U1514 (Edgar
et al., 2022; Vahlenkamp et al., 2020).

In this study, a total of 77 samples from Site U1514 were sampled at intervals of ~1.5 m, resulting in a mean
temporal resolution of ~0.12 Myr. Detailed descriptions of the analytical methods can be found in the in Sup-
porting Information S1.

3. Results

The clay mineral assemblages at Site U1514 are dominated by smectite (70%—98%, average 92%), with illite (1%—
20%, average 5%) and kaolinite (0%—16%, average 3%) being present in lesser abundance (Figure S2 in
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Figure 1. (a) Map showing the location of IODP Site U1514 of the Mentelle Basin. Major geological features and drainage
systems of SW Australia are indicated (modified after Kohn et al., 2002; Wang et al., 2022). The red arrow shows the present-
day SH westerlies. MB = Mentelle Basin, NP = Naturaliste Plateau, KP = Kerguelen Plateau, EQ = equator.
(b) Discrimination plot of (La/Sm), versus (Gd/Yb),, and (c) whisker plot of Nd isotope ratios of Site U1514, compared with
potential sources (Wang et al., 2022 and references therein). REE values were normalized to Post Archean Australian Shale
(PAAS) as indicated by “n”, based on Pourmand et al. (2012). LB = Leeuwin Block; PB = Perth Basin; YC = Yilgarn
Craton; AFO = Albany-Fraser Orogen; KP = Kerguelen Plateau.
Supporting Information S1 and Dataset S1). Chlorite content is negligible (<1%) throughout the investigated
interval. In general, the kaolinite and illite contents show a similar down-core pattern, exhibiting relatively low
values during the middle-late Paleocene (62-56 Ma), and followed by an abrupt pulse during the PETM
(~55.9 Ma) and a subsequent gradual early Eocene increase (55-51 Ma) (Figure S2 in Supporting Informa-
tion S1). Variation in the smectite content is inversely related to those of kaolinite and illite. The crystallinity of
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smectite varies between 0.59 and 1.83°A20 (average 0.88°A20), while the illite crystallinity shows a narrow
range of values between 0.15 and 0.37 (average 0.25°A260).

The median grain size of Site U1514 varies between 4.7 and 35.9 pm (average 11.8 pm) (Figure S2 in Supporting
Information S1). The MAR
index remains relatively steady throughout the studied interval, except for an abrupt peak at ~59.5 Ma (Figure S2
in Supporting Information S1).

ranges from 0.2 to 4.3 g/cmz/kyr, with an average of 0.7 g/cmz/kyr. This

siliciclastic

Apart from Mn, elemental abundances of siliciclastic sediment fractions at Site U1514 display similar down-core
variability, marked by an upward gradual decrease during the middle-late Paleocene (62-56 Ma) and an upward
general increase with large fluctuations during the early Eocene (55-51 Ma), intruded by an abrupt pulse during
PETM (Figure S3 in Supporting Information S1). The rare earth elements (REEs) display a similar pattern to
those of major elements (Dataset S1).

Nd and Hf isotopic compositions of clay-size siliciclastic fractions at Site U1514 are given in Table S1 in
Supporting Information S1. exq(;, ranges between —17.2 and —12.2 (average —14.2), while ey, varies between
—17.9 and —12.7 (average —15.0), plotting between the correlation trends defined by the Clay Array and the
Terrestrial Array (Figure S4 in Supporting Information S1). gy4 displays limited variability during the middle-late
Paleocene (62-56 Ma) and a gradual decreasing trend during the early Eocene (55-51 Ma), whereas ey, is
punctuated by additional abrupt changes across ~59.5 Ma and 55.8 Ma (Figure 2).

4. Discussion
4.1. Sediment Provenance

While source-to-sink processes in the Mentelle Basin have been relatively sparsely investigated compared to the
adjacent Perth Basin, recent studies based on sedimentary archives from IODP Expedition 369 have shown that
river catchments in SW Australia acted as the main source of sediments to the deep basin, at least since the early
Cretaceous (Chen et al., 2022; Fan et al., 2022; Sun et al., 2022; Wang et al., 2022). Three major geological units
dominate in SW Australia: Archean gneiss and granitoids (Yilgarn Craton), Paleo-Mesoproterozoic orthogneisses
and granitic rocks (i.e., Albany-Fraser Orogen), and Neoproterozoic granitic orthogneisses (i.e., Perth Basin and
Leeuwin Block), characterized by distinct geochemical features (Figure 1) (Wilde & Nelson, 2001). Increased
sediment contribution from more distal provenance (e.g., Yilgarn Craton) relative to proximal source regions
(e.g., Perth Basin and Leeuwin Blocks) has been inferred during short-lived warm intervals such as Oceanic
Anoxic Event 2, interpreted as reflecting reactivation of large fluvial systems triggered by an enhanced hydro-
logical cycle (Chen et al., 2022; Wang et al., 2022). Although the final breakup of East Antarctica and southern
Australia was incomplete until the late Eocene, detrital supply from East Antarctica was most likely negligible
owing to the cessation of the transcontinental fluvial pathway in early Cretaceous (~136 Ma) (Maritati
et al., 2021). In addition, volcanogenic sediments associated with the Kerguelen and Réunion hotspots may have
represented substantial sources of terrigenous sediments to the Indian Ocean since the early Cretaceous (Sykes &
Kidd, 1994). However, the subsidence and subsequent immergence of the Kerguelen Plateau after 80—70 Ma and
the remoteness of the Réunion hotspots from the Mentelle Basin most likely exclude them as dominant sediment
sources to the Mentelle Basin (Sykes & Kidd, 1994).

Here, REEs and clay-size radiogenic Nd isotopic ratios are employed as provenance tracers (Bayon et al., 2015).
Both REE ratios and ey indicate that sediments delivered to Site U1514 were mostly sourced from SW Australia
and not from distant volcanogenic sources (e.g., Kerguelen Plateau) (Figure 1). Note that igneous rocks from the
Naturaliste Plateau, lying at the western flank of the Mentelle Basin, display similar geochemical signatures with
sediments as the study site (Figure 1b). Although weathered volcanic products from the southern Naturaliste
Plateau have been suggested as a major source of volcaniclastic-rich sequence deposited in the Mentelle Basin
during the early Cretaceous breakup of East Gondwana (Lee et al., 2020), the lack of major tectonic events (e.g.,
rifting and volcanism) and the absence of any volcanic clasts in the investigated sediment interval at Site U1514
indicate no or minor contribution from the Naturaliste Plateau (Huber et al., 2019; White et al., 2022).

In SW Australia, the distal source regions of the Yilgarn Craton and the Albany-Fraser Orogen exhibit highly
unradiogenic ey values (average —33) compared with the proximal geological provinces composing the Leeuwin
Block and the Perth Basin (Osei et al., 2021) (Figure 1). The paleo Yilgarn River draining mostly Archean
terranes represented a major westward river in SW Australia before the late Eocene drainage reversal
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et al., 2009, 2013; Hollis et al., 2014) and latitudinal SST gradient (Gaskell et al., 2022), (f) Global benthic 8'80 (Westerhold et al., 2020), (g) Schematic maps showing
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(Beard, 1999) (Figure 1). In contrast, relatively small river systems (e.g., Blackwood River) flowed through the
coastal regions of the Perth Basin and the Leeuwin Block), whereas the Albany-Fraser Orogen was mainly
drained by southward-flowing rivers (Figure 1). Therefore, the relatively radiogenic ey, signature observed in this
study can be largely explained by mixed sediment contribution from the Perth Basin and the Leeuwin Block
catchment regions. This inference is also supported by REE discrimination plots, in which samples from Site
U1514 show more resemblance to the proximal terranes of SW Australia (Figure 1b).

However, the temporal eyy changes at Site U1514 reveal a small but gradual decreasing trend starting from the
early Eocene, consistent with enhanced sediment contribution from distant terranes (Figure 2a). Such change in
provenance is further confirmed by the synchronous variation pattern of LREE/HREE ratios at Site U1514, which
indicates increased detrital supply from felsic sources (i.e., Yilgran Craton) since the early Eocene (Figure 2a).
Large catchments of the Yilgarn River remain almost intermittent or inactive except under climate with
exceptionally high rainfall, while small river systems draining the Perth Basin and Leeuwin Block receive
comparatively high amounts of precipitation as they lie at the frontal side of the wind belt (Beard, 1999; Chen
et al., 2022). Such differences would make sediment discharge from distal catchment regions particularly more
sensitive to hydroclimate changes. Therefore, we argue that the siliciclastic sediments of Site U1514 were mainly
derived from SW Australia, dominated by contributions from the proximal terranes (i.e., Leeuwin Block and
Perth Basin). The provenance remained relatively stable during the early Cenozoic, with a slightly increased
contribution from more distal regions in SW Australia starting from the early Eocene, possibly associated with
regional climate change (Chen et al., 2022).

4.2. Hydroclimate Evolution of SW Australia During the Early Cenozoic

Given that the detrital sediments delivered to Site U1514 were predominately sourced from SW Australia, proxies
of climatic parameters (rainfall, temperature) are suitable for reconstructing the paleo-environmental evolution of
corresponding source regions. A€yy,y, Which represents the vertical deviation of ey from the Clay Array
(egr = 0.78 X eng + 5.23) defined by the world river clays (Figure S4 in Supporting Information S1), has been
successfully applied to trace continental chemical weathering over various geological timescales (Bayon
etal., 2022; Chen et al., 2023; Corentin et al., 2022). Enhanced terrestrial weathering is indicated by higher values
Of A€pgclay, resulting from the preferential dissolution of Lu-rich accessory minerals (e.g., phosphate) during
incongruent weathering and subsequent release of more radiogenic ey to surface environments (Bayon
et al., 2016). Besides, the intensity of chemical weathering can be also constrained by the ratio of mobile versus
immobile elements (e.g., Mg/Al), which has been widely applied in many marine archives (e.g., Wan et al., 2017).
In this study, we use the kaolinite/smectite ratio as a proxy for humidity (Li et al., 2019), as the formation of
kaolinite typically correlates with strong chemical weathering under intense hydrolytic conditions, while smectite
formation is related to warm climate conditions with strong seasonality (Chamley, 1989). The origin of kaolinite
in marine sediments during the early Cenozoic, especially across the PETM, has been argued to result from the
erosion of ancient kaolinite-bearing soil sequences in the source regions rather than corresponding to intense
contemporaneous chemical weathering (Thiry & Dupuis, 2000). However, at Site U1514, kaolinite contents do
not display any particular correlation with MARgjiciclasiic that is, a parameter that is generally used to trace
physical erosion and/or terrigenous fluxes (Clift et al., 2014), hence ruling out any significant contribution of
inherited kaolinite. Besides, increased kaolinite content observed during the high-sea-level early Eocene suggests
insignificant influence of differential settling on clay mineral assemblages of Site U1514 (e.g., Handley
et al., 2011).

Despite subtle differences, Aeygcay, kaolinite/smectite, and Mg/Al clearly collectively suggest limited weath-
ering variability during the mid-late Paleocene, followed by large-scale fluctuations in the early Eocene, punc-
tuated by an abrupt event of intense chemical weathering across the PETM (Figure 2). Instead, the Zr/Rb ratio, an
indirect proxy for grain-size and eolian versus fluvial detrital inputs (e.g., Crocker et al., 2022), displays an
upward decreasing trend, with high-frequency fluctuations during mid-late Paleocene (Figure 2). The observed
Zr/Rb trend is consistent with the median grain size record at Site U1514 (Figure 1), suggesting a gradual shift
toward enhanced fluvial inputs during the early Eocene.

During the 62-56 Ma time interval, relatively less humid conditions can be inferred by very low kaolinite/
smectite, suggestive of reduced continental surface weathering in SW Australia, as also inferred from the
observed low values of Agyyg,, and high Mg/Al at Site U1514 (Figure 2b). Interestingly, the low-resolution
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Agyper,y data records an additional marked decrease in continental surface silicate weathering at ~59.5 Ma,
correlating well with a short-lived cooling event recorded by TEX4-derived sea surface temperature (SST) of
ODP Site 1,172 off northern Tasmania (Hollis et al., 2014). Given that no obvious correlation was observed
between ey, Zr content and eyy, any potential influence from a putative “zircon effect” and/or provenance
changes is unlikely to account for the observed negative excursion of Agyg,y at Site U1514 (Bayon et al., 2016;
Dataset S1). This short-lived event that occurred during the middle/late Paleocene transition has been previously
reported elsewhere in central Pacific and south Atlantic Ocean and is known as the Mid-Paleocene Biotic Event
(MPBE), which is typically identified by carbonate dissolution and substantial change in microfossil assemblages
(Hancock & Dickens, 2006; Petrizzo, 2005). At Site U1514, the presence of this short-lived cooling event is
further evidenced by concomitant increases in MAR gjiciciasic at ~59.5 Ma (Figure S2 in Supporting Informa-
tion S1), which is likely the result of greater coastal erosion due to sea-level fall, as also observed in many ODP
sites and terrestrial records at similar latitudes (Hollis et al., 2014).

Across the PETM, which represents the most extreme carbon cycle perturbation of the early Cenozoic (Zachos
et al., 2003), most records at Site U1514 display considerable changes. Collectively, the changes observed in
kaolinite/smectite, Mg/Al, Zr/Rb and Aeyy,, indicate an abrupt shift toward wetter climate conditions in SW
Australia associated with enhanced chemical weathering and fluvial inputs (Figure 2). Meanwhile, a shift in
provenance, suggestive of enhanced sediment contribution from distant catchment regions, is also inferred from
elevated LREE/HREE ratio and a negative excursion of eyy (Figure 2; Chen et al., 2022). The observed changes in
humidity and drainage reorganization coincide with vegetation proxy records from southern Australia and ODP
Site 1,172, which documented rapid expansion of meso-megathermal rain forests at southern high latitudes at the
onset of the PETM (Contreras et al., 2014; Huurdeman et al., 2020; Sluijs et al., 2011). During 55-51 Ma,
although the detailed correlation between proxy records is unclear, the combination of the kaolinite/smectite, Mg/
Al, Zr/Rb ratios and Aggy,, Suggest an overall trend toward more humid conditions, coinciding with the long-
term early Eocene global warming (Kirtland Turner et al., 2014; Sexton et al., 2011). The concurrent provenance
shifts further suggest that enhanced humidity during the early Eocene was accompanied by drainage reorgani-
zation in the catchment regions (Figure 2a).

To summarize, during the mid-late Paleocene, mid—high southern latitudes regions in SW Australia experienced a
relatively stable climate that gradually shifted toward more humid conditions from the early Eocene, interspersed
with abrupt environmental changes across the short-lived cooling and hyperthermal events of MPBE and PETM,
respectively.

4.3. Implications for the Migration of SH Westerlies

Although the exact position of SH westerlies during the early Cenozoic cannot be constrained by existing proxy
data, modeling studies suggest that Australia was dominated by SH westerlies due to its southernmost paleo-
geographic location compared to the present (Carmichael et al., 2018; Liu et al., 2017; Reichgelt et al., 2022;
Shields et al., 2021). In particular, the SW Australian region, with a paleolatitude of ~55°S, was possibly located
at the southern margin of the wind belt; as such, it would have experienced a hydroclimate pattern controlled by
the latitudinal migration and strength of the SH westerlies (Reichgelt et al., 2022; Shields et al., 2021). Given that
the records of kaolinite/smectite, Zr/Rb, Agyy,, and Mg/Al at Site U1514 were predominantly or at least
partially controlled by the humidity (i.e., precipitation change) of SW Australia, those proxies thus can be used to
trace the changes in SH westerlies during the early Cenozoic (Figure 2).

During the present-day austral winters, SH westerlies tend to extend northward with decreased wind intensity,
while moving southward with strengthened intensity during the austral summer (Lamy et al., 2010). A relatively
more distant position of the SH westerlies from SW Australia and/or a weaker atmospheric circulation is sus-
pected from the observed limited variability in precipitation proxy records during the mid-late Paleocene,
especially across the MPBE, as inferred from reduced humidity levels, riverine runoff, and continental weathering
(Figure 2). Such observation is consistent with the vegetation and paleo-temperature reconstructions from the
East Tasman Plateau (paleolatitude: ~65°S) and eastern New Zealand (paleolatitude: ~50-60°S), which indicate
a warm-temperate climate during mid-late Paleocene and cool-temperate conditions across mid/late Paleocene
transition (~59.5-59.0 Ma) (Contreras et al., 2014; Hollis et al., 2014). Weakened SH westerlies would simply
result in a consistent decrease of rainfall/circulation intensity along the mid to high latitudes covered by the wind
belt. In contrast to Site U1514, however, terrestrial records from Cerro Bayo in northwestern Argentina
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(paleolatitude: ~35-40°S), which was situated close to the northern margin of the SH westerlies, document a
rapid increase in temperature and precipitation across the MPBE (Figure 2d) (Hyland et al., 2015). Furthermore,
the eolian dust grain size records from DSDP Site 215 (~45-50°S), which have been used to track the intensity of
SH atmospheric circulation, show a transient increase at ~59.5 Ma (Figure 2d; Hovan & Rea, 1992). Such
discrepancies in the hydroclimate/circulation between Site U1514 and locations further north thus can be only
explained by a northward migration of the SH westerlies, which placed the wind belt center (possibly near ~50°S)
further away from SW Australia, especially across the MPBE.

High-precipitation climate thrived at mid-high latitudes starting from the early Eocene, especially across the
PETM, as indicated by increased humidity in SW Australia (this study), Margaret Point in southeast Australia
(Huurdeman et al., 2020), Tasmania (Contreras et al., 2014), and New Zealand (Sluijs et al., 2011). The globally
elevated temperatures during the early Eocene likely contributed to a “supercharged” hydrological cycle, via
increased water vapor being transported from the tropics to high latitudes (Carmichael et al., 2017; Reichgelt
et al., 2022; Shields et al., 2021). However, in addition to a more active hydrological cycle owing to greenhouse
climate conditions, enhanced moisture from the incoming westerlies must have exerted additional influence, as
supported by a relatively higher modeled Eocene precipitation of SW Australia compared to the interior lands in
Eastern Australia (Reichgelt et al., 2022). In particular, across the PETM, a reduction in the intensity of SH
atmospheric circulation has been inferred from decreased eolian grain sizes at DSDP Site 215 (~45°-50°S)
(Figure 2d) (Hovan & Rea, 1992), thus suggesting a southward displacement of the SH westerlies under short-
lived hyperthermal conditions (Figure 2). By analogy, despite the lack of any available supporting evidence
from dust accumulation record for southernmost latitudes in the early Eocene, we infer a further south location of
the SH westerlies' center (possibly close to ~60°S) during the early Eocene (Figure 2). This would thus result in
more humid conditions prevailing at southern high latitudes compared to the mid-late Paleocene interval.

4.4. Possible Mechanisms Driving the Migration of SH Westerlies During the Early Cenozoic

Over geological timescales, changes in the position and intensity of the westerlies have been suggested to be
predominately regulated by equator-to-pole temperature gradients and/or the extent of the ice sheet (Abell
etal., 2021; Goyal et al., 2021; Groeneveld et al., 2017; Lamy et al., 2010). Additionally, tectonic forcing such as
topographic uplift and continental drift might also change the course of the westerlies or the relative landfall
position of the associated rain belt (Liu et al., 2017; Tang et al., 2022). Nevertheless, the significant northward
motion of the Australian plate was not initiated until the mid-Eocene (~45 Ma) (Hall, 2012; Li & Powell, 2001;
Wang et al., 2022). Moreover, one would expect a gradual increase in humidity if tectonic forcing (i.e., northward
drifting) had played a major role in accounting for our proxy records, which is obviously inconsistent with the
large variability observed for for example, kaolinite at Site U1514 during the early Eocene (Figure 2; Wang
et al., 2022). Therefore, we infer that the hydroclimate evolution of SW Australia cannot be explained by tectonic
forcing alone, suggesting additional climatic controls.

During the mid-late Paleocene, Mg/Ca ratio records from ODP Site 865 (paleolatitude: ~2°N) in the central
equatorial Pacific Ocean indicate relatively high and stable tropical SST (Tripati et al., 2003). At the same time, a
warm temperate climate prevailed at southern high latitudes except for a short-lived cooling event at ~59.5 Ma,
thus resulting in no, or only minor, changes to latitudinal SST gradients throughout much of this interval
(Contreras et al., 2014; Hollis et al., 2012). We infer this relatively stable climate setting largely explains the
limited variability of our precipitation proxy records for SW Australia during mid-late Paleocene. Conversely, a
markedly decreased latitudinal SST gradient between sub-equator and sub-polar was observed during the early
Eocene (~55-51 Ma), as evidenced by much warmer mid-high latitudes and slightly warmer low latitudes
(Figure 2e) (Bijl et al., 2009; Gaskell et al., 2022). Additionally, exceptional low meridional temperature gra-
dients have been reported across the PETM, in response to the extreme global warmth related to elevated CO,
levels (Gaskell et al., 2022). This pattern would potentially contribute to a poleward shift of the SH westerlies,
thus transporting increased moisture to mid-high latitudes, especially across the PETM (Figure 2). The consis-
tency among TEXg4-derived SST at ODP Site 1,172 and precipitation-related proxies at Site U1514 adds further
support for major climate control over SH westerlies (Bijl et al., 2009, 2013; Hollis et al., 2014). High-latitude
surface temperatures are particularly sensitive to global climate change and are thus likely to dominate the
evolution of latitudinal SST gradients over geological timescales, especially under greenhouse conditions.
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At the mid/late Paleocene transition (~59.5 Ma), short-lived cooling associated with the MPBE has been inferred
from various terrestrial and marine records at southern high latitudes (Hollis et al., 2012, 2014). This cooling
event could relate to the growth of ephemeral ice sheets in upland regions of Antarctica, possibly resulting from
atmospheric CO, drawdown (Hollis et al., 2014). Though disputed, a recent study has indeed proposed that
mountain glaciers were likely present in the Transantarctic Mountains of Antarctica during the mid-late Paleocene
(~60-56 Ma) (Barr et al., 2022), which would have potentially resulted in a greater atmospheric pressure dif-
ference between low- and high-latitudes and, as a consequence, in the northward migration of the SH westerlies.
Such a SH atmospheric circulation shift would have moved the core of the rain belt away from SW Australia, thus
explaining the differentiated hydroclimate conditions observed across the mid—high latitudinal band (Figure 2).

As discussed above, our proxy records suggest that the hydroclimate evolution of mid-high latitudes during the
early Cenozoic was dominated by the latitudinal migration of SH westerlies, probably driven by equator-to-pole
temperature gradients. Of course, our reconstruction is based on one single case study and as such it can only
provide limited constraints on the exact extent of the meridional SH westerlies shift at that time. Additional
studies will be needed to reconstruct the large-scale evolution of the SH westerlies based on multiple records
along a wider latitudinal band or on a global view. Nevertheless, given that the early Cenozoic is considered one
of the closest analogs for future climate change (e.g., Norris et al., 2013), our findings still provide direct support
that current anthropogenic warming could result in a poleward migration of the present-day westerlies. The
resulting reorganization of SH atmospheric circulation pattern would also likely affect the global carbon cycle, via
its presumed impact on regional upwelling and marine productivity.

5. Concluding Remarks

IODP Site U1514 in the Mentelle Basin (Southeastern Indian Ocean) provides an excellent record of early
Cenozoic paleoclimate evolution at mid-high southern latitudes influenced by the westerlies. Our multi-proxy
investigation for the 62-51 Ma time interval indicates that detrital sediments deposited at Site U1514 were
mainly derived from the Leeuwin Block and the Perth Basin in SW Australia, with additional contributions from
more distant catchment regions (i.e., Yilgarn Craton) since the early Eocene. Various precipitation-related proxies
suggest less humid and relatively stable climate conditions during the mid—late Paleocene (62-56 Ma), followed
by a gradual increase in humidity since the early Eocene (55-51 Ma). This long-term hydroclimate pattern was
punctuated by abrupt decreases and increases in humidity at ~59.5 Ma and ~55.9 Ma, corresponding to the short-
lived cooling (MPBE) and hyperthermal (PETM) events, respectively.

We argue that the latitudinal migration of the SH westerlies controlled by changes in the equator-to-pole tem-
perature gradient drove the variability of precipitation proxy records at Site U1514. Though the potential in-
fluence of tectonic forcing (i.e., northward continental drifting) cannot be fully excluded, we propose that the SH
westerlies remain relatively stable during the mid-late Paleocene, before shifting southward from the early
Eocene, largely caused by markedly reduced latitudinal temperature gradients under greenhouse warming con-
ditions, especially across the PETM. The presence of ephemeral ice sheets in highlands of Antarctica during the
mid-late Paleocene most likely forced a transient northward migration of the SH westerlies during the MPBE. Our
study emphasizes the significant role the SH westerlies on hydroclimate conditions at mid-high latitudes during
the early Cenozoic. By analogy, and in agreement with previous reconstructions for the late Cenozoic, our
findings provide further evidence that the current global warming could progressively result in the poleward
migration of the westerlies.

Data Availability Statement

The original data present in this study are included in the in Supporting Information S1. Supplementary data are
archived in an open-source online data repository hosted at the Zenodo database via Chen and Xu (2024).
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