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Abstract. Determining the timing and extent of Quaternary glaciations around the globe is critical to understanding the drivers
behind climate change and glacier fluctuations. Evidence from the southern mid-latitudes indicates that local glacial maxima
preceded the global Last Glacial Maximum (LGM), implying that feedbacks in the climate system or ice dynamics played a
role beyond the underlying orbital forcings. To shed light on these processes, we investigated the glacial landforms shaped and
deposited by the Lago Argentino glacier (50° S), an outlet lobe of the former Patagonian Ice Sheet, in southern Argentina. We
mapped geomorphological features on the landscape and dated moraine boulders and outwash sediments using '°Be cosmo-
genic nuclides and feldspar infrared stimulated luminescence (IRSL) to constrain the chronology of glacial advance and retreat.
We report that the Lago Argentino glacier lobe reached more extensive limits prior to the global LGM, advancing during the
middle-to-late Pleistocene, between 243—132 ka, and during Marine Isotope Stage 3 (MIS 3), culminating at 44.5+8.0 ka and
at 36.611.0 ka. Our results indicate that the most extensive advance of the last glacial cycle occurred during MIS 3, and we

hypothesize that this was a result of longer and colder winters, as well as increased precipitation delivered by a latitudinal
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migration of the Southern Westerly Winds belt, highlighting the role of local and regional climate feedbacks in modulating ice

mass changes in the southern mid-latitudes.

1 Introduction

Unraveling the timing of continental ice sheet growth and decay is crucial for determining glacier response to climate forcings
and feedbacks within the Earth’s system. However, our understanding of the climatic drivers behind global glacier change is
limited by the availability of highly resolved past glacial records. For instance, Northern Hemisphere insolation intensity has
been proposed to pace the climate of the Southern Hemisphere during the last million years, implying synchronous ice sheet
growth and decay across hemispheres every ~100 ka, coincident with the eccentricity cycles of the Earth’s orbit (Abe-Ouchi
et al., 2013; Hays et al., 1976; Imbrie et al., 1993). Nonetheless, evidence indicates that glaciers in mid-to-high latitudes in the
Southern Hemisphere expanded prior to the global Last Glacial Maximum (LGM, 26.5-19 ka; Clark et al., 2009), suggesting
that other mechanisms, apart from the underlying orbital parameters, could have played a role in inducing pre-LGM glacier
growth, such as local ice dynamics, ocean-atmosphere interactions, and latitudinal shift of the Southern Westerly Winds (SWW;
Fig. 1A; Darvill et al., 2015, 2016; Denton et al., 2021; Doughty et al., 2015; Garcia et al., 2018; Hall et al., 2020; Mendelova
et al., 2020; Shulmeister et al., 2019).

Since glacial chronologies are necessary to determine the timing and occurrence of glacial expansions and recessions, dating
glacial deposits provides a first order constraint on past glacier fluctuations. In South America, evidence indicates that the
Patagonian Ice Sheet (PIS) expanded during the last glacial cycle (115-11.7 ka; Hughes et al., 2013), reaching its maximum
extent between 35-28 ka in northern sites and around 47 ka in southern sites (Davies et al., 2020). The PIS formed a continuous
ice sheet along the spine of the Andean Cordillera from 38°S to 55°S (Fig. 1B), with a sea level equivalent of approximately
1.5 m (Davies et al., 2020; Hulton et al., 2002)

Lago Argentino (Fig. 1B) is located on the eastern flank of the Southern Patagonian Icefield and constitutes the largest
ice-contact lake in the world, with multiple lake-terminating glaciers calving into it (Van Wyk de Vries et al., 2022). Lago
Argentino drains to the east into the Rio Santa Cruz basin and, ultimately, the Atlantic Ocean. Given that during the LGM
the western margin of the PIS reached the sea (Davies et al., 2020), fewer moraines are preserved in the terrestrial geological
record. In contrast, glacial landforms in the arid eastern foreland of the Andes are better preserved due to lower weathering
rates, in response to the rain shadow effect imposed by Andean Range (Garreaud et al., 2009), making moraines located in
the Argentine steppe more suitable for geochronological dating. Despite well-dated glacial records for the Lago Argentino and
Rio Santa Cruz basin during the Plio-Pleistocene (Clague et al., 2020; Mercer, 1976; Strelin and Malagnino, 1996; Strelin
et al., 1999) as well as during the Late Glacial and Holocene (Kaplan et al., 2011; Strelin et al., 2011, 2014), the middle-to-late
Pleistocene glacial history of the Lago Argentino glacier lobe, an outlet lobe of the former PIS, remain largely unstudied.

To fill this data gap on the age and extent of the Lago Argentino glacier lobe for the remainder of the Pleistocene and to
improve the understanding of glacial cycles in the Southern Hemisphere during this period, we produce a new highly resolved

geomorphological map of the upper basin of the Rio Santa Cruz, date moraine-crest boulders with cosmogenic nuclide surface
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Figure 1. (A) Location of study site in a hemispheric context along with Southern Westerly Winds (SWW) speed data at 850 mb after Kalnay
et al. (1996), (B) Ice extent of the former Patagonian Ice Sheet (PIS) at 35 ka (Davies et al., 2020) along with major outlet lobes, topographic
hillshade, bathymetry data, and ice bodies: Northern (NPI) and Southern (SPI) Patagonian Icefields, Gran Campo Nevado (GCN), and
Cordillera Darwin Icefield (CDI). The white star denotes the location of the study site (Lago Argentino glacier lobe), (C) Digital Elevation
Model (DEM) of the upper basin of Rio Santa Cruz located eastward of Lago Argentino. Shades of purple indicate the defined (solid lines)
and inferred (dashed lines) of the middle-to-late Pleistocene glaciation limits (Strelin and Malagnino, 1996, 2009).

exposure dating, and date proglacial outwash using feldspar Infrared Stimulated Luminescence (IRSL). We report the extent of
the Lago Argentino glacier lobe during the late Quaternary, and show that the maximum ice extent during the last glacial cycle

occurred during Marine Isotope Stage 3 (MIS 3; 57-29 ka; Lisiecki and Raymo, 2005), preceding the Northern Hemisphere
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glacial maximum that occurred during MIS 2 (MIS 3; 29-14 ka; Lisiecki and Raymo, 2005). Therefore, this dataset highlights
the PIS sensitivity to local and regional climate feedbacks and provides an improved understanding of the landscape evolution
of the Lago Argentino basin during the Pleistocene.

2 Background
2.1 Physical setting

The Rio Santa Cruz valley 60° S) runs 250 km from the easternmost end of Lago Argentino to the Atlantic Ocean. Late
Miocene to early Pliocene basaltic plateaus bound it to the north and south (Ramos and Kay, 1992). These plateaus are underlai
by early to middle Mesozoic marine and uvial sedimentary successions (Casadio et al., 2000; Goyanes and Massabie, 2015).
The upper sector of this valley consists of a broad plain (Fig. 1C) that narr@wkm east of the lake's margin, where glacial
landforms are present (Strelin and Malagnino, 1996).

The drainage basin surface area is about 3®XI6?, where river length is 385 km with a maximum modern water
discharge of 1200 n¥/s in March, while minimum discharge values are measured in SeptemB80(n¥/s, Pasquini et al.,
2021). Discharge has increased in the Lago Argentino basin throughoutstloe@tLiry due to rapid and accelerating ice loss
on the eastern ank of the ice elds (Van Wyk De Vries et al., 2023). The SWW deliver the bulk of the precipitation from the
west in a predominant SW-NE direction (Fig. 1A), with greater summer intensity (Garreaud et al., 2009). In a similar seasonal
fashion, ice melt rates and glacier velocity reach their maximum during the summer (Minowa et al., 2017, 2021; Mouginot and
Rignot, 2015). Precipitation is abundant on the west of the Andean range and reaches annual values of between 5000-1000!
mm, but the semiarid terrain around Lago Argentino receives less than 200 mm per year (Garreaud et al., 2013; Lenaerts et al.
2014).

2.2 Glacial history and previous studies

Several authors have contributed to the understanding of the local landscape evolution, even though no chronological evidence
is available for the middle-to-late Pleistocene glaciations. During his journey to South America, Darwin (1842) discussed the
possible glaciomarine origin of erratic boulders in the Rio Santa Cruz basin. The rst geomorphological assessment was carried
out by Caldenius (1932), who identi ed four distinct moraine belts, and according to their preservation state, assigned relative
ages based on the Fennoscandian glaciations (De Geer, 1927). Caldenius (1932) named these moraine systems (from easte
outer to western inner) Initioglacial, Daniglacial, Gotiglacial, and Finiglacial.

Based on this framework and new observations, different authors assigned Caldenius' Finiglacial moraines to the Last
Glaciation, and the outer moraines complexes to the early and middle Pleistocene glaciations (Feruglio, 1944; Strelin and
Malagnino, 1996; Strelin et al., 1999; Strelin and Malagnino, 2009; Rabassa and Clapperton, 1990; Wenzens, 1999, 2005).
Mercer (1976) provided one of the rst geochronological constraints by dating lava ows overlying glacial deposits, and



80

85

90

95

100

105

determined the easternmost glaciations occurred during the Pliocene and early Pleistocene at 3.5-1.5 Ma. These results wel
supported by additional dating carried out in the vicinity of Lago Viedma and Lago Argentino (Clague et al., 2020).

Strelin and Malagnino (1996, 2009) mapped and described glacial deposits and provided the rst geomorphological map
with its associated stratigraphy. They proposed that ve glaciations occurred in the upper Rio Santa Cruz basin and named therr
(from eastern outer to western inner) Estancia La Fructuosa, Chui Aike, Cerro Fortaleza, Arroyo Verde, and El Tranquilo.
For this work, we only focus on the Arroyo Verde and El Tranquilo moraines, as identi ed by Strelin and Malagnino (1996).
These authors interpreted that the Lago Argentino glacier lobe deposited the Arroyo Verde | and Il moraines at one of the
narrowest points of the valley, and then El Tranquilo | and Il moraines, located closer to the lake's margin (Fig. 1C). Based on
a morphostratigraphic approach, they suggested that the Arroyo Verde | and Il moraines were deposited during the Penultimate
Glaciation, and that a large proglacial lake developed after the glacier receded. Later, they suggested that El Tranquilo | and
Il moraines could have been deposited during the last glacial cycle, but without the geochronology necessary to con rm this.
Lastly, Strelin and Malagnino (1996, 2009) suggested that the Lago Argentino glacier lobe readvanced and deposited the
Puerto Banderas moraines westwards of El Tranquilo moraines. The latter are known to date from the Antarctic Cold Reversal,
deposited about 10 km from the modern ice from a8,000 cal yrs before present (Strelin et al., 2011).

3 Methods
3.1 Geomorphological mapping

We built on previous mapping efforts and geomorphological studies carried out in the vicinity of the upper basin of Rio Santa
Cruz to create a new, detailed geomorphological map of the Arroyo Verde and El Tranquilo glaciations over an areal extent
of 2000 kn?f (Strelin and Malagnino, 1996; Strelin et al., 1999; Strelin and Malagnino, 2009). We identi ed landforms
remotely using a 5 m resolution aerial-photogrammetry-derived digital elevation model (DEM) provided by the Instituto Ge-
ogréa co Nacional of Argentina (IGN) and an orthomosaic of the area (pixel = 40 cm). We complemented these using Google
Earth satellite imagery and ASTER GDEM. We conducted eld validation during 2019 and 2020 to complement the remote
sensing and verify initial geomorphological interpretations (Chandler et al., 2018). We assessed glacial landsystems by per-
forming sedimentary and stratigraphic loggings around the major landforms, and then manually digitized the geomorphological
features using ArcMap 10.5 and QGIS, where we created both polygons and polylines to delineate the landforms. We followed
previously published criteria (Cooper et al., 2021; Leger et al., 2020; Mendelova et al., 2020; Peltier et al., 2023; Soteres
et al., 2020, 2022), and we classi ed these features based on their primary depositional environment as ice marginal (e.g.,
moraines, hummocks), subglacial (e.g., glacial lineations, drumlins), glacio uvial (e.g., outwash plains), glaciolacustrine, and
other non-glacial features (such as modern hydrography). Lastly, we used built-in geospatial tools to derive the count, length,
and orientation of the mapped topographic features.
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3.2 Geochronological dating
3.2.1 1%Be cosmogenic nuclide surface exposure dating

We determine the age of moraine abandonment (therefore, culmination of ice advance) b{’Bsitgsmogenic nuclide

surface exposure dating on moraine boulders. We targeted boulders from the Arroyo Verde and El Tranquilo moraines, as
de ned by Strelin and Malagnino (1996). We sampled eighteen quartz-bearing boulders of 0.5—4 m in height, deposited across
three different moraine complexes (i.e., Arroyo Verde I, El Tranquilo |, El Tranquilo Il). We targeted subrounded boulders
lacking erosional features (e.qg., pitting) to avoid removal of nuclides due to post-depositional processes, and sampled those
exposed on moraine crests. We collected approximately 1.5-2 kg from at surfaces using a hammer and a chisel. We report the
location (latitude, longitude, elevation) of the sampled boulders using a handheld GPS with a vertical uncertainty of < 10 m.
We account for topographic shielding using a GIS-based toolbox (Li, 2013, 2018) on the DEMs employed for mapping (see
section 3.1). We provide eld and analytical information in Table 1.

We processed the samples f8Be extraction at the University of Wisconsin-Madison following standard laboratory pro-
cedures (Ceperley et al., 2020; Jones et al., 2023), usieaarrier solution prepared from raw beryl (OSU WhitBe
concentration = 251.60.9 ppm; Marcott, 2011):°BefBe ratios were measured at the Purdue University Rare Isotope Mea-
surement Laboratory (PRIME Lab) and normalized to standard 07KNSTD, which has an as8BaRRk ratio of 2.85 10'?
(Nishiizumi et al., 2007). Lastly, we background-correctedfie concentrations with batch-speci ¢ blank values (Table 1,

S2).

We calculated exposure ages using Version 3 of the CRONUS-Earth online calculator (last accessed October 20th, 2023;
Balco et al., 2008), employing a local production rate developed for the Late Glacial chronology at Lago Argentino (3.71
0.11 atoms/g/yr; Kaplan et al., 2011). We did not apply snow correction to our ages given the low precipitation levels in the area
today, and we considered a rock density of 2.65 g/@ks part of a sensitivity test, we calculated the ages with different erosion
rates for all landforms, ranging from 0.2—1.4 mm/ka according to Douglass et al. (2006) and Kaplan et al. (2005), respectively,
with the latter representing a maximum erosion rate. Since the outcomes of using different erosion rates (Table S1, Fig. S6)
do not change the main results of this work and given that age differences overlap within analytical uncertainties, we use an
erosion rate equivalent to zero for all the samples for our reported ages and interpretations. Here, we report the calculated age
using the time dependent scaling (Lm: Lal, 1991; Stone, 2000), the non-time-dependent scaling (St: Stone, 2000; Lal, 1991),
and the LSDn scaling scheme developed by Lifton et al. (2014). Even though we account for different scaling schemes listed
in Table 2, the choice of the scaling scheme (LSDn) does not impact our interpretations. We report the age of each moraine
complex in the text as the computed mean and standard deviation (Table 2). Lastly, we employ the iceTEA toolbox to plot age
distribution and to identify outliers (Jones et al., 2019).

3.2.2 Feldspar infrared stimulated luminescence (IRSL) dating

We collected four proglacial sediment samples and two loess samples to date the timing of outwash and aeolian deposition
using infrared stimulated luminescence (IRSL, Table 3, Table S3). Luminescence approaches, including optically stimulated






