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During the Last Glacial Maximum (23,000 to 19,000 years ago), the Patagonian
Ice Sheet covered the central chain of the Andes between 38 °S and 55 °S. The
paleoclimatic evidence from Patagonia and New Zealand suggests that the
maximum glacier expansion of the Southern Hemisphere mid-latitudes was
desynchronized with the Northern Hemisphere glacial history. Here we pre-
sent numerical simulations of the Patagonian ice sheet throughout the Last
Glacial Cycle. Our analysis suggests that the Patagonian ice sheet had two main
periods of advance, during the Marine Isotope Stage 4 and late Marine Isotope
Stage 3, experiencing inter-millennial scale variability. We show that the
Patagonian Ice Sheet long-term evolution can be attributed to changes in the
integrated summer insolation, which combines the summer duration and
insolation intensity and has an obliquity-like periodicity. We further suggest
that this metric also modulated the behaviour of glaciers over the entire
Southern Hemisphere mid-latitudes.

During the last glacial period, particularly during the Last Glacial
Maximum (LGM, -23, 000 to 19,000 years ago'), the Earth hosted
extensive ice sheets beyond those in Antarctica and Greenland. Nota-
bly, North America, northern Europe, and Patagonia were covered by
the North American Ice Sheet complex, the Eurasian Ice Sheet com-
plex, and the Patagonian Ice Sheet (PIS), respectively®. As the waxing
and waning of ice masses is largely controlled by variations in tem-
perature and precipitation, past ice sheets provide important infor-
mation on past climate changes.

The PIS extended between approximately 38°S and 55°S, and
recent geochronological advances have refined our understanding of
its extent and chronology®. As such, studies of the evolution of the PIS
provide unique insights into the Southern Hemisphere mid-latitudes
climate system, for which there is a notorious lack of proxy
information®. At the LGM, the PIS covered an estimated area and
volume comparable with the size of the former British-Irish Ice Sheet
that covered the British Isles during the LGM and was part of the
Eurasian Ice Sheet complex®**. Notably, based on geochronological
reconstructions, it has been proposed that the PIS reached its

maximum extent at around 35ka, during the Marine Isotope Stage
(MIS) 3. Relatively stable conditions followed until 30 ka when it star-
ted to retreat until a temporary stabilization at around 20 ka before the
final deglaciation®. Although the PIS extension over the last deglacia-
tion has been relatively well constrained using moraine dating and
glacial erratics, large uncertainty remains in both the pre-LGM evolu-
tion and the dynamical processes of the ice sheet related to millennial-
scale variability, which are not resolved by geochronological
reconstructions®~’.

The temporal evolution of the PIS, in particular its asynchronous
history when compared to the ice masses in the Northern Hemisphere
during the global LGM, is still a matter of debate*'°"™ In general,
paleoclimate proxy reconstructions suggest an extended LGM in the
Southern Hemisphere, where the onset of maximum glacial conditions
commenced from about 35 ka, even though this pattern is subject to
spatial heterogeneity and millennial-scale variability”. The asynchro-
nous timing of the Southern Hemisphere mid-latitude ice fields and
glaciers, and particularly of the PIS, has been linked to the latitudinal
migration and strength of the southern westerly winds'>**" as well as
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to the expansion of the Antarctic sea-ice, suggesting a dominant role of
obliquity’®. More recently, the equatorial migration and strengthening
of the southern westerly winds, linked to global cooling and a steeper
meridional temperature gradient, have been proposed as main drivers
for the glacial expansion, as well as interhemispheric teleconnections®.

Simulating the spatio-temporal evolution of the PIS over the Last
Glacial Cycle (LGC, ~120,000 years ago to present day) is notoriously
difficult due to the lack of continuous climate forcing fields”. However,
a recently published alkenone-based sea surface temperature (SST)
record from marine sediment core MR16-09 PCO3 provides us with an
opportunity to reconstruct the Patagonian climate over the past 140 ka
as the core is situated about 150 km offshore the Taitao Peninsula in
southern Chile/central Patagonia (Fig. 1), and has a temporal resolution
high enough to resolve millennial-scale variability’.

Here we present results from transient model simulations of the
PIS throughout the complete LGC using the numerical ice sheet model
SICOPOLIS® and making use of the MR16-09 PCO3-based climate
reconstructions. To this end, we employ a glacial index approach using
two different alkenone-based temperature proxies U5, and U;. The
two indices differ in alkenone C37:4, which occurs mainly in cold
regions. Both alkenone records show strong orbital-scale changes,
suggesting glacial-interglacial sea surface temperature differences
between 5 and 8 °C (Fig. 1) and reproducing coherent chronologies
with the glacial histories of New Zealand and South America, sug-
gesting the presence of large-scale common mechanisms®'***?, At the
core site, the choice of the index is critical, in particular since
millennial-scale variability associated with cold Antarctic stadials is
well pronounced in the UX; record, but almost lacking in the U, record
(Fig. 2)°. Therefore, the use of both proxy records in our study allows
us to elucidate the role of millennial-scale Antarctic cold stadials in the
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Fig. 1| Study zone. PATICE geochronological reconstruction of the Patagonian Ice
Sheet at 35 ka, 20 ka, and 0.2 ka are shown’. The position of the offshore record
MR16-09 PCO3 is shown with a red star’. The position of the Offshore records used
to compare the results is shown in orange circles. Present-day continental margins
are shown for reference.

dynamics of the PIS, even though Hagemann et al.’ argue that U%; is
preferable at the core location.

The goal of this study is to explore the spatio-temporal history of
the PIS throughout the LGC, assessing the timing and dynamics of
glacial advances and retreats. In particular, we investigate the role of
millennial-scale climate variability in forcing and response and revisit
the orbital forcing mechanisms of the PIS.

Results

The simulation forced by the U’3<7 record suggests an ice inception at
around 115 ka (Fig. 2b). During the MIS 5, the ice conditions remained
relatively stable, entering a quasi-steady state. By approximately 70 ka,
coinciding with the onset of MIS4, the model reconstructs a significant
increase in the ice extent. The growth of the ice sheet during this
period resembles the extent reached during the LGM. This growth is
punctuated by a millennial-scale variabilily, associated with two pro-
minent cold pulses, which facilitated ice sheet expansion, with a
notable increase around 65 ka (Fig. 2a). However, these pulses did not
solely contribute to the ice sheet’s overall growth but instead marked a
plateau of sustained glaciation through the late MIS4 to early MIS3,
stabilizing near 40 ka. During the late MIS3 and the MIS2, millennial-
scale variability has then triggered cold pulses that have promoted the
ice sheet growth, reaching the maximum ice extent during the LGC.
During this period, the results suggest that the ice sheet has experi-
enced waxing and waning rather than a smooth glacial history (Fig. 2b)
as opposed to the earlier suggestions based on geological
reconstructions’.

The simulation driven by U’3(7 reveals a distinctive trajectory, with
rapid ice sheet growth during MIS5, reaching ice extent comparable to
the LGM. Notably, around 95ka, the model exhibits a marked and
abrupt reduction in ice extent, followed by a rapid recovery at
approximately 90 ka. This decrease is associated with a warming signal
in sea surface temperature, which is much less pronounced in the U%,
record (Fig. 2a). During the MIS4, the simulation performed with U§7
showcases quasi-stable ice extent behavior, with only minor fluctua-
tions, and a nearly absent millennial-scale variability as opposed to
U§7-based simulation. The impact of the millennial-scale variability on
the ice sheet geometry and thickness is mainly over the north- and
south-western margins as well as over the eastern margin in the veci-
nity of MR16-09 PCO3 (Supplementary Fig. 6). A modest growth occurs
during the MIS4-MIS3 transition (Fig. 2b), but during MIS3 and MIS2,
the ice sheet remains in a relatively stable condition, again indicating
that UX does not capture millennial-scale variability during the MIS2,
suggesting minimal variations in the ice sheet geometry.

In summary, the simulation with the U’_,f7 forcing suggests two
main periods of glacier advance, one during the MIS4 and another
during the late MIS3-early MIS2, with millennial-scale variability
throughout the interval with the maximum ice extent. The modeled
PIS is mainly drained by fast-flowing outlet glaciers to the east, while
even larger velocities can be found in the western ice margin (Sup-
plementary Figs. 3 and 5). The velocities of ice streams that terminate
in the Pacific Ocean range over 1000 ma™, whereas the velocities of
land-terminating fast-flowing outlet glaciers at the eastern margins of
the PIS are generally within 100 ma™. The ice divide mainly extends
north-south along the Patagonian Andes between. On the other hand,
the simulation performed with U’3(7 shows less variability, representing
the LGM as a phase of stability with limited dynamical shifts in the ice
sheet configuration (Fig. 3).

Discussion

Biomarker records from the core MR16-09 PCO3 revealed phases of
high terrigenous input occurring at millennial time scales (Fig. 2e),
which have been interpreted to reflect increased ice discharge due to a
growing PIS’. It was further suggested that these phases were asso-
ciated with millennial-scale Antarctic stadials. The results of our
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Fig. 2 | Glacial history between 120 and O ka. a Sea surface temperature (SST)
reconstruction based on UX, and UX; obtained from the offshore record MR16-09
PC03’°. b Modeled Patagonian Ice Sheet (PIS) area by using the SST-based Glacial
Index displayed in (a) and the PATICE reconstructed area of PATICE’. ¢ Summer
(21st of December) and winter (21st of June) insolation®. d Integrated Summer

Energy (ISE) using a threshold of 300 Wm following Huybers? based on the
insolation values of Laskar®®. e Terrigenous biomarkers’ and timing of glacial
advance in New Zealand**** and northern*®*, central***** and southern’**¢ Pata-
gonia. fBeryllium (Be) isotope ratios for Site JI002*. g0 record from the EDML ice-
core®®. ACR Antarctic Cold Reversal, AIM Antarctic Isotope Maxima.

simulation forced by the U record confirm the important role of cold
stadials in driving the growth and variability of the PIS. Phases of PIS
growth in this simulation coincide with phases of enhanced terrige-
nous input during the MIS4 and late MIS3 (Fig. 2b). This high-frequency
variability is poorly captured by geological reconstructions of ice
margins due to limited in situ constraints. Available reconstructions
indicate relatively stable ice conditions despite the heterogeneous
chronologies along the eastern margin of the PIS*°. The glacial
advances during the MIS4 and late MIS3 are closely aligned with the
broader glacial history of New Zealand®, East Falkland”, South
Georgia®’, and Marion Island®, highlighting that large-scale climate
mechanisms might have driven the PIS evolution during the
LGC (Fig. 2e).

The UX,-forced simulation also shows strong coherence with the
Be isotope record from Site J1002 (Fig. 1), close to the core MR16-09
PCO03*. Both datasets illustrate similar glacial-interglacial patterns and

phases of the PIS growth (Fig. 2f). These similarities bolster the cred-
ibility of the U%,-based reconstruction in capturing the dynamics of the
PIS. The onset of the glacial advance during the MIS4 is proposed to be
earlier by Sproson et al.*. However, we associate those temporal dis-
crepancies with the increase in the age model uncertainties, particu-
larly during the proposed glacial advance around the MIS4.

Despite some overall agreement, the results of UX, and UK
simulations diverge significantly during the MIS5 and MIS3 periods
(Fig. 2b). While both records generally track the PIS glacial history, U’3(7
provide a better fit with both the MAR record of Hagemann et al.’ and
records of Sproson et al., suggesting two main periods of glacial
advance, rather than a quasi-stable glacial condition throughout the
LGC. Specifically, during the MIS3-MIS2 transition, US, captures high
variability phases that U’3<7 does not, suggesting that U§7 offers more
reliable insights into glacial dynamics, particularly when near offshore
records are considered®”**. During the MIS5, our simulation with U,
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Fig. 3| Ice sheet geometry. a—e Ice thickness modeled at 80, 65, 57, 35, and 21 ka by
using the glacial index method based on UX; . f-j Ice thickness modeled at 80, 65, 57,
35, and 21 ka by using the glacial index method based on U§7 Those snapshots are
chosen as representatives of the Marine Isotope Stage (MIS) 5, MIS4, early MIS3,

MIS3-MIS2 transition, and Last Glacial Maximum, respectively. Both proxies, U’§7
and U%;, were obtained from the offshore records MR16-09 PCO3’. PATICE geo-
chronological reconstruction of the Patagonian Ice Sheet at 35 ka is shown in

orange’. Red star indicates the position of the offshore records MR16-09 PC03°.

shows an earlier inception and growth than those with U§7, nearly to
the LGM conditions (Fig. 2b). The glacial index method takes as
reference values the pre-industrial conditions and the LGM. The
millennial-scale variability captured by U’_,f7 inserts an offset of 1.5°C
colder than U, during the LGM, interpolating the conditions during
the MIS5 as non-LGM-like conditions, unlike UX, that reconstructs
conditions similar to the LGM.

Our results suggest that millennial-scale Antarctic cold stadials
played a critical role in the PIS growth and variability (Fig. 2b, g).
Increased ice discharge phases, as recorded offshore, are closely
associated with Antarctic stadials’. These findings are consistent with
previous studies linking southern mid-latitude glacial advances to
fluctuations in southern westerly winds and oceanic fronts, often
synchronous with the Antarctic cold phases®.

Our simulation aligns well with the total area reconstructed by
PATICE® for the MIS3-MIS2 transition (Fig. 2b). The PATICE dataset
suggests that the maximum ice extent in Patagonia took place at
around 35 ka, while a rapid deglaciation began at around 18 ka, which
coincides with the simulation’s portrayal of high variability and rapid
ice loss during this interval (Supplementary Figs. 4 and 5). The ice sheet
thickness modeled in this study is within the range of the existing
literature®”*?°, However, while PATICE proposes a relatively smooth
glacial history, our UX,-based results indicate inter-millennial fluctua-
tions in the PIS extent during this time as was also suggested by
Hagemann et al.’. Mismatches in the ice extent have been found not
only in this research work but also in previous works, being largely
attributed to the coarse resolution of the atmospheric forcing and the
poorly represented topography”. Coarse and inaccurate orographic
forcing in Patagonia induces wetter conditions and colder

temperatures over the leeside of the Andes”, promoting ice expansion
beyond its geologically reconstructed margin over its fasten domain®.

We further suggest that local peak summer insolation cannot fully
account for the PIS growth and demise during the LGC (Fig. 2a, b). The
summer insolation in the southern mid-latitudes shows a relative
maximum at the beginning of the MIS4 period, when the PIS experi-
enced a glacial advance**'*?°. The winter insolation in the Southern
Hemisphere mid-latitudes cannot explain the observed glacial advance
history of the PIS either (Fig. 2c). Relative maxima can be found during
MIS4 and late MIS3, while a minimum of insolation takes place during
the early MIS3, preventing larger accumulation that would enable a PIS
growth®, The insolation pattern alone contradicts the observed
growth, indicating that other factors must have played a role in driving
the glaciation.

Sproson et al.* proposed that summer duration serves as a more
suitable orbital metric for understanding the PIS evolution. They
argued that shorter summers in the Southern Hemisphere allowed for
more extensive ice buildup, a factor not fully captured by peak sum-
mer insolation values. This approach better explains the timing and
extent of PIS growth compared to insolation alone.

We propose that the integrated summer energy (Fig. 2d), which
combines summer duration with the insolation intensity®’, provides an
even more accurate metric for explaining PIS evolution (Supplemetary
Fig. 1). The local minimum in integrated summer energy during the
beginning of the MIS4 aligns well with the timing of the PIS growth,
while the positive anomaly in early MIS3 helps explain the gradual
disintegration of the ice sheet (Fig. 2b). Moreover, during the MIS3-
MIS2 transition, a minimum in the integrated summer energy matches
with the proposed maximum PIS extent over the LGC®. We suggest that

Nature Communications | (2025)16:8776


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64614-5

this metric offers a more nuanced understanding of the PIS behavior
than either peak insolation or summer duration alone.

Existing modeling efforts of the PIS have concluded that the
timings of maximum glacial advance and the consequent asynchroni-
city with the global mean behavior are not captured by Antarctic ice
cores, and local proxy data is needed to capture the local variability".
However, the orbital-scale variability has imprints in different offshore
records in the Pacific Ocean (Supplementary Fig. 2) and the EDML
Antarctic ice core record® (Fig. 2g). A previous modeling study
focusing on the PIS has shown that Antarctic ice core record repro-
duces a relative maximum of glacial conditions in broad agreement
with the ISE, suggesting two main periods of glacial advance centered
around the MIS4 and late MS3-MIS2".

Here, through a numerical modeling approach and its comparison
with in situ data, we have investigated the PIS history throughout the
LGC by performing transient simulations driven by the glacial index
approach. The glacial indices were derived from offshore records
(MR16-09 PCO3) located 150 km offshore Chile at 46°S in central
Patagonia. Our findings suggest that the PIS had two main periods of
advance: during the MIS4 and the MIS3-MIS2 transition. Southern
Hemisphere peak summer insolation cannot explain the timing of the
ice variability in Patagonia. Instead, periods of glacial advance are
associated with low integrated summer energy. Combining the sum-
mer duration with the insolation intensity, the integrated summer
energy has an obliquity-like variability throughout the LGC. In addi-
tion, the integrated summer energy pattern would also partially
explain the earlier maximum ice extent not only of the PIS but also
elsewhere in the Southern Hemisphere mid-latitudes. Furthermore,
millennial-scale climate variability favored glacial advances and is
related to inter-millennial variations in PIS extent.

Methods

Ice sheet model and climate forcing

We apply the open-source, three-dimensional, thermomechanical ice
sheet model SICOPOLIS (SImulation COde for POLythermal Ice
Sheets™) for the area between 80 °W and 62 °W and between 36 °S and
58°S. The ice model setup was presented in a previous publication”
and is briefly summarized here. Supplementary Table 1 contains an
overview of the applied model parameters.

The inception and evolution of the PIS in our model are driven by
the surface mass balance (SMB), which is calculated as the difference
between the applied fields of accumulated precipitation and surface
ablation. The latter is computed using a positive-degree-day (PDD)
model”, based on the given near-surface air temperature field. PDD
parameters have been selected based on contemporary and paleo
studies in the area”?**2, Surface mass accumulation is assumed to
depend on monthly precipitation and temperature fields. The transi-
tion between solid and liquid precipitation is linearly proportional to
variations in air temperature with 0 °C to 2 °C limiting purely solid or
purely liquid, respectively®. As the model domain surface evolves,
discrepancies between the prescribed (fixed) topography used in the
climate model snapshots and the dynamic one in SICOPOLIS are
accounted for by implementing a near-surface air temperature lapse-
rate correction of — 6.5 Kkm™. The precipitation changes by 7.3% for
each degree Celsius of air temperature change*. Glacial isostatic
adjustment of this bedrock produced by temporal variations in the ice
mass load is accounted for through an elastic lithosphere-relaxing
asthenosphere (ELRA) model®* using standard parameter values. To
isolate the atmospheric dynamics and the ocean dynamics, the model
is set as such that it calves as soon as it reaches the coast.

Aiming to explore the glacial history of the PIS before the global
LGM, we perform transient simulations of the PIS throughout the full
LGC. To generate a climate state at any given model time, LGM and
PI conditions from MPI-ESM1-2-LR have been used, representing
peak glacial and interglacial conditions. Based on previous studies,

MPI-ESM1-2-LR stands as the best-fitted paleoclimate model in Pata-
gonia for equilibrium and transient studies”*. These two snapshots
are then subject to a weighted interpolation following a glacial index
approach with

X() - Xp;

GlO= @

LGM — XPI

where t is time and X is the SST derived from the offshore records”.
The time-dependent climate-forcing fields are then given by

T()=Tp +GIET .60 — Tpp) 2

P(t)=Pp, <1 —GI(t) - (1 - ’%) ) , 3)
Pl

where T and P represent the temperature and precipitation fields
through time, respectively.

In the present study, the time-dependent weight Gl is derived
from the offshore sediment core MR16-09 PCO3. The core covers the
past 140 ka, being retrieved at around 46 °S, 77 °W from a water depth
of 3082 m’. SST records were derived from two different alkenone-
based proxies from the same core, U, and UX;. The computation of Gl
uses the 19-23ka mean of SST to define peak glacial conditions.
Likewise, peak interglacial conditions are defined near the Pl period by
averaging over the last 3 ka. Each simulation is initiated from ice-free
conditions.

Calculation of integrated summer energy

The integrated summer energy” has been calculated using the daily
mean insolation data from ref. 38. The integrated summer energy was
calculated assuming ISE =Y ;W; - 86400), with W; being the daily mean
insolation and i equal to one when W; is greater than or equal to a
threshold 7 and equal to zero otherwise”.

Data availability

The data required to reproduce all figures in this study have been
deposited in the Zenodo database under accession code zenodo.org/
records/17131020. https://doi.org/10.5281/zenodo.17131020.

Code availability

The SICOPOLIS base code of version 5.2 that was used for all simula-
tions shown in this manuscript is available at Zenodo under zeno-
do.org/records/17131226. https://doi.org/10.5281/zenodo.17131226.

References

1. Clark, P. U. et al. The last glacial maximum. Science 325, 710-714
(2009).

2. Gowan, E. J. etal. A new global ice sheet reconstruction for the past
80 000 years. Nat. Commun. 12, 1199 (2021).

3. Davies, B. J. et al. The evolution of the Patagonian Ice Sheet from 35
ka to the present day (PATICE). Earth Sc. Rev. 204, 103152 (2020).

4. Sproson, A. D. et al. Near-synchronous Northern Hemisphere and
Patagonian Ice Sheet variation over the last glacial cycle. Nat.
Geosci. 17, 450-457 (2024).

5. Hughes, A. L., Gyllencreutz, R., Lohne, @. S., Mangerud, J. &
Svendsen, J. I. The last Eurasian ice sheets-a chronological data-
base and time-slice reconstruction, DATED-1. Boreas 45, 1-45
(2016).

6. Wolff, I. W., Glasser, N. F., Harrison, S., Wood, J. L. & Hubbard, A. A
steady-state model reconstruction of the patagonian ice sheet
during the last glacial maximum. Quat. Sci. Adv. 12, 100103 (2023).

7. Peltier, C. et al. The large MIS 4 and long MIS 2 glacier maxima on
the southern tip of South America. Quat. Sci. Rev. 262, 106858
(2021).

Nature Communications | (2025)16:8776


https://doi.org/10.5281/zenodo.17131020
https://doi.org/10.5281/zenodo.17131226
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64614-5

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Caniupan, M. et al. Millennial-scale sea surface temperature and
Patagonian Ice Sheet changes off southernmost Chile (53 S) over
the past 60 kyr. Paleoceanogr. Paleoclimatol. 26, https://doi.org/10.
1029/2010PA002049 (2011).

Hagemann, J. R. et al. A marine record of Patagonian ice sheet
changes over the past 140,000 years. Proc. Natl. Acad. Sci. USA121,
2302983121 (2024).

Darvill, C. M., Bentley, M. J., Stokes, C. R. & Shulmeister, J. The
timing and cause of glacial advances in the southern mid-latitudes
during the last glacial cycle based on a synthesis of exposure ages
from Patagonia and New Zealand. Quat. Sci. Rev. 149, 200-214
(2016).

Ciner, A. et al. Terrestrial cosmogenic 10Be dating of the Ultima
Esperanza ice lobe moraines (52 S, Patagonia) indicates the global
Last Glacial Maximum (LGM) extent was half of the local LGM.
Geomorphology 414, 108381 (2022).

Huynh, C., Hein, A. S., McCulloch, R. D. & Bingham, R. G. The last
glacial cycle in southernmost Patagonia: A review. Quat. Sci. Rev.
344, 108972 (2024).

Petherick, L. M. et al. An extended last glacial maximum in the
Southern Hemisphere: A contribution to the SHeMax project. Earth
Sci. Rev. 231, 104090 (2022).

Denton, G. H. et al. The Zealandia Switch: Ice age climate shifts
viewed from Southern Hemisphere moraines. Quat. Sci. Rev. 257,
106771 (2021).

Lira, M. P. et al. The last glacial maximum and deglacial history of
the Seno Skyring Ice Lobe (52 S), Southern Patagonia. Front. Earth
Sci. 10, 892316 (2022).

Fogwill, C. J., Turney, C. S. M., Hutchinson, D. K., Taschetto, A. S. &
England, M. H. Obliquity control on southern hemisphere climate
during the last glacial. Sci. Rep. 5, 11673 (2015).

Castillo-Llarena, A. et al. Climate and ice sheet dynamics in Pata-
gonia throughout marine isotope stages 2 and 3. Clim. Past 20,
1559-1577 (2024).

Sato, T. & Greve, R. Sensitivity experiments for the Antarctic ice
sheet with varied sub-ice-shelf melting rates. Annal. Glaciol. 53,
221-228 (2012).

Garcia, J. L. et al. The MIS 3 maximum of the Torres del Paine and
Ultima Esperanza ice lobes in Patagonia and the pacing of southern
mountain glaciation. Quat. Sci. Rev. 185, 9-26 (2018).

Schaefer, J. M. et al. The southern glacial maximum 65,000 years
ago and its unfinished termination. Quat. Sci. Rev. 114, 52-60
(2015).

Hall, B. L., Lowell, T. V. & Brickle, P. Multiple glacial maxima of
similar extent at 20-45 ka on Mt. Usborne, East Falkland, South
Atlantic region. Quat. Sci. Rev. 250, 106677 (2020).

Lesi¢, N. M., Streuff, K. T., Bohrmann, G. & Kuhn, G. Glacimarine
sediments from outer Drygalski Trough, sub-Antarctic South
Georgia-evidence for extensive glaciation during the Last Glacial
Maximum. Quat. Sci. Rev. 292, 107657 (2022).

Rudolph, E. M. et al. Early glacial maximum and deglaciation at sub-
Antarctic Marion Island from cosmogenic 36Cl exposure dating.
Quat. Sci. Rev. 231, 106208 (2020).

Kaiser, J., Lamy, F., Arz, H. W. & Hebbeln, D. Dynamics of the
millennial-scale sea surface temperature and Patagonian Ice Sheet
fluctuations in southern Chile during the last 70 kyr (ODP Site 1233).
Quat. Int. 161, 77-89 (2007).

Sugden, D. E., Hulton, N. R. & Purves, R. S. Modelling the inception
of the Patagonian icesheet. Quat. Int. 95, 55-64 (2002).

Yan, Q., Wei, T. & Zhang, Z. Modeling the climate sensitivity of
Patagonian glaciers and their responses to climatic change during
the global last glacial maximum. Quat. Sci. Rev. 288, 107582 (2022).
Damseaux, A., Fettweis, X., Lambert, M. & Cornet, Y. Representation
of the rain shadow effect in Patagonia using an orographic-derived
regional climate model. Int. J. Climatol. 40, 1769-1783 (2019).

28. Romero, M. et al. Late Quaternary glacial maxima in southern
Patagonia: insights from the Lago Argentino glacier lobe. Clim. Past
20, 1861-1883 (2024).

29. Huybers, P. Early Pleistocene glacial cycles and the integrated
summer insolation forcing. Science 313, 508-511 (2006).

30. EPICA Community Members. Stable oxygen isotopes of ice core
EDML. PANGAEA, https://doi.org/10.1594/PANGAEA.754444
(2010).

31. Calov, R. & Greve, R. A semi-analytical solution for the positive
degree-day model with stochastic temperature variations. J. Gla-
ciol. 51, 173-175 (2005).

32. Cuzzone, J., Romero, M. & Marcott, S. A. Modeling the timing of
Patagonian Ice Sheet retreat in the Chilean Lake District from 22-10
ka. Cryosphere 18, 1381-1398 (2024).

33. Marsiat, I. Simulation of the Northern Hemisphere continental ice
sheets over the last glacial-interglacial cycle: experiments with a
latitude-longitude vertically integrated ice sheet model coupled to
a zonally averaged climate model. Palaeoclimates 1, 59 (1994).

34. Huybrechts, P. Sea-level changes at the LGM from ice-dynamic
reconstructions of the Greenland and Antarctic ice sheets during
the glacial cycles. Quat. Sci. Rev. 21, 203-231 (2002).

35. Le Meur, E. & Huybrechts, P. A comparison of different ways of
dealing with isostasy: examples from modelling the Antarctic ice
sheet during the last glacial cycle. Annal. Glaciol. 23, 309-317 (1996).

36. Jungclaus, J. 2006. MPI-M MPI-ESM1.2-LR model output prepared
for CMIP6 PMIP lgm. Earth System Grid Federation. https://doi.org/
10.22033/ESGF/CMIP6.6642 (2019).

37. Mas e Braga, M., Bernales, J., Prange, M., Stroeven, A. P. & Rogoz-
hina, I. Sensitivity of the Antarctic ice sheets to the warming of
marine isotope substage 11c. Cryosphere 15, 459-478 (2021).

38. Laskar, J. et al. A long-term numerical solution for the insola-
tion quantities of the Earth. Astron. Astrophys. 428, 261-285
(2004).

39. Strand, P. D. et al. Millennial-scale pulsebeat of glaciation in
the Southern Alps of New Zealand. Quat. Sci. Rev. 220,
165-177 (2019).

40. Garcia, J. L. et al. A composite 10 Be, IR-50 and 14 C chronology of
the pre-Last Glacial Maximum (LGM) full ice extent of the western
Patagonian Ice Sheet on the Isla de Chiloé, south Chile (42° S). Quat.
Sci. J. 70, 105-128 (2021).

41. Moreno, P. I. et al. Radiocarbon chronology of the last glacial
maximum and its termination in northwestern Patagonia. Quat. Sci.
Rev. 122, 233-249 (2015).

42. Glasser, N. F. et al. Cosmogenic nuclide exposure ages for moraines in
the Lago San Martin Valley, Argentina. Quat. Res. 75, 636-646 (2011).

43. Hein, A. S. et al. The chronology of the Last Glacial Maximum and
deglacial events in central Argentine Patagonia. Quat. Sci. Rev. 29,
1212-1227 (2010).

44. Mendelova, M., Hein, A. S., Rodés, A. & Xu, S. Extensive mountain
glaciation in central Patagonia during Marine Isotope Stage 5. Quat.
Sci. Rev. 227, 105996 (2020).

45. Garcia, J. L. et al. Glacier expansion in southern Patagonia throughout
the Antarctic cold reversal. Geology 40, 859-862 (2012).

46. Kaplan, M. R. et al. Southern Patagonian glacial chronology for the
Last Glacial period and implications for Southern Ocean climate.
Quat. Sci. Rev. 27, 284-294 (2008).

Acknowledgements

A.C.L. acknowledges support from the Agencia Nacional de Investiga-
cion y Desarrollo (ANID) Programa Becas de Doctorado en el Extranejero,
Becas Chile, for the doctoral scholarship. A.C.L. and M.P. acknowledge
support from the PalMod project under grant numbers 01LP2315A and
01AP2304A. A.C.L. and M.P. acknowledge the support of Cluster of
Excellence EXC 2077 ("The Ocean Floor—Earth’s Uncharted Interface”).
The authors thank Dr. Julia Hagemann for the forcing data and the

Nature Communications | (2025)16:8776


https://doi.org/10.1029/2010PA002049
https://doi.org/10.1029/2010PA002049
https://doi.org/10.1594/PANGAEA.754444
https://doi.org/10.22033/ESGF/CMIP6.6642
https://doi.org/10.22033/ESGF/CMIP6.6642
www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-64614-5

discussion about it. The authors thank the University of Bremen for
funding this research article. This study focuses on Patagonia and
includes contributions from a Chilean researcher and another
researcher based in Chile, ensuring that regional perspectives are
represented. Our author team brings together diverse cultural and
national backgrounds, reflecting a commitment to inclusive and colla-
borative research.

Author contributions

The original concept was conceived by A.C.L. and M.P. Experiments
have been carried out by A.C.L. A.C.L., M.P,, and I.R. contributed to the
writing and reviewing processes.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-025-64614-5.

Correspondence and requests for materials should be addressed to
Andrés. Castillo-Llarena.

Peer review information Nature Communications thanks Ethan Lee, and
the other anonymous reviewers for their contribution to the peer review
of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2025

Nature Communications | (2025)16:8776


https://doi.org/10.1038/s41467-025-64614-5
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Orbital and millennial-scale forcing of the Patagonian Ice Sheet throughout the Last Glacial Cycle
	Results
	Discussion
	Methods
	Ice sheet model and climate forcing
	Calculation of integrated summer energy

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




