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ABSTRACT

Atmospheric warming and circulation reorganization at the end of the last ice age represent the most important
climate change of the last 100,000 years and provide an opportunity to uncover how the southern subtropics
cryosphere responded to strong changes in the global climate system. Extensive mapping and chronologic records
on cryogenic landforms to better understand the association and interactions between glaciers and viscous creep
of ice-rich permafrost landforms (rock glaciers) are widely missing in the region. In this paper, we reconstruct the
geomorphic imprint of the Last Glacial Maximum (LGM) and the Termination I in the high Andes of the Rio
Limar{ Basin (30-31°S) in the subtropical semiarid Andes of Chile. 74 new '°Be surface exposure dating ages
constrain the timing of glaciation, deglaciation, and glacial to periglacial transition. Glacial advances occurred
first by 41.2 + 0.6 — 35.0 £ 0.5 ka during Marine Isotope Stage 3, but probably earlier also; then, a second
advance occurred during the global LGM between 24.2 + 0.4 and 18.6 + 0.2 ka. Deglaciation by 17.6 + 0.2 ka
left extensive hummocky moraines on the main valleys. Characteristic patterns of furrows and ridges typical of
rock glaciers and solifluction superimposed on the LGM hummocky moraine indicate ice-rich permafrost in
glacial deposits likely between 15.5 + 0.3 and 13.6 + 0.3 ka. We propose that moraines deposited by LGM
debris-covered glaciers served as a niche for strong seasonal frost and permafrost creep, which substantially
modified the original landforms. Our results contribute to a better understanding of major transformations in an
ice-rich high mountain area of the southern hemisphere where the interplay of temperature and precipitation
changes drove glacial to periglacial transitions.

1. Introduction

The glacial and periglacial geomorphic record of high mountains,
such as in the subtropical Andes (Zech et al., 2006, 2007; Garcia et al.,
2017; Carraha et al., 2024) and elsewhere, provides a unique opportu-
nity to assess the cryosphere response to climate change (Clark et al.,
1996; Shroder et al., 2000; Frauenfelder and Kaab, 2000; Ballantyne,
2002; Matthews et al., 2017; Amschwand et al., 2021; Palacios et al.,
2021). The Termination I (c. 18-11.5 ka) embraced an abrupt global
reorganization of the ocean and atmosphere circulation patterns
(Denton et al., 2010; Palacios et al., 2022) but there is limited

knowledge on how ice-rich high mountains and associated cryo-
geomorphic processes evolved from the Late-Pleistocene to the Holo-
cene (Oliva et al., 2021). Reconstructing the mountain cryo-geomorphic
processes during the Termination I can add valuable understanding of
the future of ice-rich high mountains with global warming (Hock et al.,
2022). In this paper, we aim to reconstruct the glacial and periglacial
geomorphic processes that resulted from global climate change at the
end of the last glaciation in the Rio Limari Basin (30-31° S) in the
subtropical semiarid Andes of Chile (Figs. 1 and 2). Here, Late Pleisto-
cene glacier downwasting and retreat and the evolution of ice-rich
permafrost have left a distinct geomorphic imprint that we have
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mapped in detail (Carraha et al., 2024). We support our analysis with 74
new °Be surface exposure dates of cryogenic landforms (e.g.,
moraines).

Glaciers and permafrost are primary components of the high-
mountain cryosphere (Haeberli and Burn, 2002). Where the glacier
equilibrium-line altitude (ELA) intersects the relief, glaciers form and
where the ELA is above the relief, ice-rich permafrost-related phenom-
ena such as rock glaciers can develop and predominate if certain envi-
ronmental conditions are met (Haeberli and Beniston, 1998). Whereas
glaciers depend on positive snow/ice mass balance to form and expand,
rock glaciers depend on the growth and long-term preservation of sub-
surface ice (interstitial, segregation or massive ice) inside rock debris,
forming a cohesive ice-rock mixture with reduced internal friction that
deforms by steady-state creep in response to gravity in a permafrost
environment with negative — sometimes near 0 °C - mean air annual
temperature (MAAT) (Haeberli and Vonder Miihll, 1996; Trombotto
et al., 1997; Etzelmiiller and Frauenfelder, 2009; Matthews et al., 2017).
The distribution of permafrost occurs at lower elevations under mari-
time climates where summer temperatures are moderate and favor
ground ice preservation, in places even with slightly positive MAATSs
(Brenning, 2005; Sattler et al., 2016). The climatically sensitive eleva-
tion of the ELA and MAAT determines the development of glacial and
periglacial landforms that represent former climate fluctuations through
time within the high-mountain realm (Brenning, 2005; Hendrickx et al.,
2015). Glacial to periglacial transitions embrace important cryogenic
changes in the mountain environment in response to warming and/or
decreasing precipitation driving a higher ELA and MAAT (Haeberli and
Burn, 2002). For instance, valleys formerly occupied by glaciers in the
Late Pleistocene may have become occupied by ice-rich permafrost-
related viscous creep features (rock glaciers) in the Holocene (Lehmann
et al., 2022). Similarly, present-day degradation of glaciers after the last
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maximum of the Little Ice Age (LIA), the period of a few centuries be-
tween the Middle Ages and the warming of the first half of the 20th
century, as recorded in the northern hemisphere, can be accompanied by
the development of periglacial landforms under permafrost conditions
(Seppi et al., 2014; Colombo et al., 2016). Thereby, ice-rich permafrost
undergoing viscous creep in cases and over extended time scales of
millennia can lead to the formation of often spectacular rock glaciers,
which can sometimes appear spatially associated with glacial deposits
and remains of glaciers, thus forming complex composite features
(Monnier et al., 2014; Vivero et al., 2021; Gartner-Roer et al., 2022;
Haeberli et al., 2024). Through slow/deep freezing and subsurface ice
formation, unconsolidated sediments (talus, debris) with essentially
zero cohesion and high internal friction can transform into coherent
viscous creep features and periglacial rock glaciers (Matthews et al.,
2017). The process of covering ice with debris alone cannot produce
characteristic “rock-glacierized” viscous flow structures with talus-type
oversteepened fronts (cf. the detailed discussion about material prop-
erties and related processes in Haeberli et al. (2024): Glaciers may
contribute with rock material and sometimes remains of dead ice to
creeping frozen bodies (Barsch (1996) but cannot themselves “become”
rock glaciers)).

The subtropical Andes are situated at the present-day northern
boundary of the Southern Westerly Wind belt (SWW), which exerts
direct control on regional precipitation and glacier fluctuations
(Garreaud, 2009; Fernandez-Navarro et al., 2023). Thus, the study area
is climatically sensitive to the latitudinal migration of these winds in link
to the Southern Ocean circulation and sea-ice extent (Lamy et al., 2015).
Main climate shifts and glacier fluctuations throughout the last glacial
period have been associated with the SWW latitudinal position and
strength, although limited paleoglaciological knowledge exists for the
Andean subtropics (Fig. 1) (Stuut and Lamy, 2004; Veit et al., 2015;
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Fig. 1. Regional scale present-day mean surface precipitation. Ocean and atmospheric circulation patterns for the study area after Garreaud (2009); Lamy et al.
(2015); Veit et al. (2015). SWW: Southern Westerly Wind; SPC: South Pacific Current; PCC: Perd-Chile Current; ACC: Antarctic Circumpolar Current; CHC: Cape Horn

Current; SAF: Sub-Antarctic Front.



Garcia et al., 2018, 2019; Gomez et al., 2022; Lira et al., 2022). For
instance, Zech et al. (2006, 2007, 2017) dated moraines using 10ge
surface exposure technique in the Rio Limari (31° S) and Rio Huasco
(29° S) Andean Basins. In Limari (Cordén Dona Rosa site) several
moraine ridges were mapped and dated with °Be ages ranging c. 50-40
ka in the outer moraines and c. 26-18 ka in the inner moraines (Zech
et al., 2017). In Huasco, several moraine ridges were deposited in the El
Encierro Valley between 26 and 18 ka, although previous advances
cannot be ruled out (Zech et al., 2017; Aguilar et al., 2022). In a recent
study, Charrier et al. (2019) obtained two 10ge exposure ages between c.
20-22 ka for the Cerrillos moraine in the Rio Rapel Basin, 34° S
(Santana, 1967). Glaciers in Huasco retreated by 18 ka, but in Rapel and
Maipo they readvanced during the Late-glacial period (c. 14-10 ka)
(Fernandez et al., 2021; Herrera-Ossandon et al., 2023). In our study, we
discuss the new geomorphic and !°Be surface exposure dating
geochronologic reconstruction in link to past SWW latitudinal migration
during the Last Glacial Maximum (LGM) and Termination I. Particular
emphasis is given on the timing of glaciation, deglaciation, and glacial to
periglacial transition denoted by the geomorphic imprint of the Limari
Andes, which was mapped and described in detail by Carraha et al.
(2024).

2. Study area

The subtropical Andes are a rugged terrain dominated by towering
mountains with elevations exceeding 6000 m a.s.l., although in the
Limari Basin, our study area, summits reach about 4000 m a.s.l. (Co.
Cenicero, 4114 m a.s.l.) in the south and above 5000 m a.s.l. in the
north. The Andean landscape is distinguished by widespread valleys
sculpted by ancient glaciers, showcasing remarkably well-preserved
glacial and periglacial features (Caviedes and Paskoff, 1975; Paskoff,
1977; Espizua, 1993; Garcia et al., 2014; Zech et al., 2017; Charrier
et al., 2019). Similarly, the U-shaped valleys and moraines in the Andes

of Limari denote the imprint of Quaternary glaciations (Zech et al.,
2007, 2017; Carraha et al., 2024). At present, only few and small gla-
ciers remain in the Limarf{ Basin covering ~2.6 km? in extent, much less
than intact rock glaciers covering an area of ~25.6 km? as inventoried
by the Direccion General de Aguas (2022). To date, no inventories exist
for the study area that differentiate between active (containing ice and
moving) and inactive (containing ice and rather no movement) rock
glaciers. Nonetheless, clear indications of active permafrost creep can be
observed — where topographically not confined — on cold south-exposed
slopes down to about 3600 m a.s.l. The ELA for glaciers in Limar{ is at
5100-5300 m a.s.l., i.e., far above the 0 °C MAAT at about 3800 m a.s.l.
and the associated lower discontinuous permafrost limit, denoting the
effect of limited precipitation in the area (Azocar and Brenning, 2010;
Haeberli and Burn, 2002). The remaining glacierets and perennial ice
patches are therefore likely to be surrounded by permafrost and be cold,
frozen to their beds.

A significant precipitation latitudinal gradient exists in this part of
the Andes controlled by the SWW with annual totals of ~300 mm in the
north by 31° S (the Limari Basin) and ~1000 mm in the south by 34° S
(Masiokas et al., 2020). Precipitation falls mainly during the southern
winter between May and August (80 % of the annual total), coincident
with a reduced South Pacific Anticyclone blocking effect that allows
storm tracks to reach the area (Vicuna et al.,, 2011; Quintana and
Aceituno, 2012; Sagredo and Lowell, 2012). The semiarid conditions
plus the intense insolation determine that glaciers are rather sensitive to
the limited precipitation they receive (Zech et al., 2008; Sagredo and
Lowell, 2012). At interannual time scales, precipitation and glacier mass
balance follow the El Nino-Southern Oscillation (ENSO) (Vicuna et al.,
2011; Quintana and Aceituno, 2012; Masiokas et al., 2020), although
long-term positive mass balance and glacier advances have been asso-
ciated with the Southern Annular Mode (SAM), suggesting its control
over the position of the SWW and precipitation rates (Fernandez-Nav-
arro et al., 2023).
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3. Materials and methods

Our investigation is based on the detailed geomorphological map-
ping as presented in Carraha et al. (2024). We selected two sub-basins at
the northern and southern limits of the Limari catchment, in which
glacial and periglacial processes were studied: The Rio Hurtado and Rio
Combarbala sub-basins, respectively. Two valleys were selected in each
of the sub-basins: El Viento (EV, 30°38'S; ~3300-4400 m a.s.l.) and El
Despoblado (ED, 30°31'S; ~3600-5300 m a.s.l.) from Rio Hurtado, and
El Toro (TOR, 31°17' S; ~2700-4000 m a.s.l.) and Las Arenas (LAR,
31°20' S; ~2900-3800 m a.s.l.) from Rio Combarbald (Fig. 2). We
selected these valleys because they contain a well-preserved glacial and
periglacial geomorphic record with suitable quartz-rich granodioritic
lithology (SERNAGEOMIN, 2006) to produce our *°Be geochronology.
In the following, we therefore provide a regional perspective of past
cryospheric and climatic changes for the subtropical semiarid Andes.

Geomorphological analysis and sampling for 1°Be cosmogenic
exposure dating was carried out during four field campaigns to the study
area during January 2020, 2022, 2023, and November 2020. Landform
identification was also achieved by extensive analysis of ESRI BaseMap
and Google Earth satellite images, as well as of aerial photographs at the
scale of 1:50000 obtained by the Servicio Aerofotogramétrico de Chile
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(SAF). All elevations and locations were measured with a hand-held GPS
unit. As a result, we built four geomorphic maps integrating both the
field and image-based data, which served as base for our geochrono-
logical interpretation (Figs. 3-7) (Carraha et al., 2024).

To constrain the age of glacial advances, the timing of glacier retreat
and landscape transformation at the Pleistocene-Holocene transition we
applied %Be surface exposure dating. We targeted 74 samples from the
top of quartz-rich granodiorite boulders that were embedded or resting
on top of moraines in all four of the studied valleys: El Toro, Las Arenas,
El Viento, and El Despoblado valleys. We followed standard protocols
for rocks sampling and processing (Fernandez-Navarro et al., 2023).
Boulders were either embedded or resting in apparent stable positions
on the surface of moraines. Whenever possible we sampled well-
preserved polished boulders generally >50 cm high, with limited signs
of postglacial erosion. We preferred boulders preserving signs of sub-
glacial abrasion with subrounded faceted shapes, in some cases preser-
ving the original outer glacially polished surface so to minimize possible
inheritance of '°Be from previous surface-exposure histories.

Samples were collected from the main axis of the outer lateral
moraine ridges, outer and inner ridges punctuating hummocky moraine
surface, line of boulders marking the former margin of glaciers, and
group of boulders and till mantling the top of distinct valley bottom
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Fig. 3. '°Be ages (in thousands of years ago; error 1 sigma) of rock samples from LIM I and LIM II moraines in the El Toro Valley, Andean highlands of the Rio Limar{
Basin. Base geomorphic map from Carraha et al. (2024). Red triangular arrows indicate the locations where photos were taken and the direction the camera

was pointing.
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Fig. 4. '°Be ages (in thousands of years ago; error 1 sigma) of rock samples from LIM I and LIM II moraines in the Las Arenas Valley, Andean highlands of the Rio
Limari Basin. Base geomorphic map from Carraha et al. (2024). Red triangular arrows indicate the locations where photos were taken and the direction the camera

was pointing.

topographic thresholds (i.e., rock steps). We sampled rock surfaces using
hammer and chisel, blasts, and a handheld circular saw to collect the
rock samples.

Rock samples were processed at the Laboratorio de Isotopos Cos-
mogénicos y Paleoclima del Cuaternario at the Universidad Catolica de Chile,
where clean quartz was extracted from the samples and °Be isolated
following a procedure adapted from standard protocols (Kohl and
Nishiizumi, 1992). Targets for 10Be/%Be ratios were measured at the
Center for Accelerator Mass Spectrometry (CAMS) at Lawrence Liver-
more National Laboratory (LLNL). We used the southern Andes 10ge
production rate by Kaplan et al. (2011), and Version 3 of the online
calculators (Balco et al., 2008) to compute exposure dates (Tables 1 and
2). We discussed our ages using the time-dependent Lm scaling scheme
(Lal, 1991; Stone, 2000), but this choice does not affect our conclusions.
We did not consider °Be ages that yielded results either significantly
younger or older than the peak age of the moraine being dated.
Discrimination of outliers from the main population of ages was based
on visual inspection of probability age distribution plots, the 3-sigma
rule, and the morpho-stratigraphic position of samples/ages on ice-
derived landforms.

4. Results
4.1. Geomorphology

The geomorphic maps with the geochronological results and asso-
ciated legends for El Toro, Las Arenas, El Viento, and El Despoblado
valleys are presented in Figs. 3-7. Further detailed geomorphologic
descriptions of these valleys can be found in Carraha et al. (2024).

4.1.1. Glacial features

The upper Limari Basin includes outstanding erosional mountain
glacial geomorphology carved in granitic rocks during Quaternary gla-
ciations. This is best recognized by large-scale landforms including cir-
ques, horns, arétes, and U-shaped valleys, punctuated by tarn and
mountain bogs (“veranadas™). Most of the cirques were exposed south-
ward. Arétes develop as sharp cirques and U-shaped valley edges, which
can be tracked normally only for relatively short distances (c. 5-6 km).
Most of these small valleys develop to the south and southwest and
expose a relatively rapid change from steep to gentler valley sides.
Glacial landforms (i.e., moraines) are ubiquitous within the formerly
glaciated valleys of the Limari Basin. Here, we describe, and 10Be date,
the outer two LIM I and LIM II moraines (see below), which for each
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singular valley are named using the local name, i.e., TOR I and TORII (El
Toro valley); LAR I and LAR II (Las Arenas valley); EV I and EV II (El
Viento valley); and ED II (El Despoblado valley) (Carraha et al., 2024).
All of these moraine belts were targeted for °Be dating. In El Despo-
blado, LIM I was deposited down-valley in El Ternero main valley and
not included in our work. Other inboard (i.e., younger) and high-
elevation moraine belts exist for the area as described in Carraha et al.
(2024), in particular in the El Despoblado valley, where moraine arcs
enclose cirques with headwalls reaching 5000 m a.s.l.

The LIM I landforms are preserved as conspicuous lateral moraines in
all valleys, except for El Despoblado (Fig. 8). They stand-out as very
wide features (more than hundred meters width, such as in El Viento or
Las Arenas valleys). Moraines can extend over 2 km and occur at ele-
vations between 2800 and 3600 m a.s.l. No obvious moraine deposits
occur below this elevation down-valley. LIM I lateral moraine deposits
occur about 6-10 km from the cirques (more extensive in the Hurtado
sub-basin), marking near maximum extent of former ice, as inferred
from their arcuate geometries towards the valley bottoms. Boulders on
LIM I moraine may show significant weathering (e.g., in El Viento) if
compared to the next inner moraine belt (LIM II). Boulders are sub-
rounded and subangular indicating in some cases a subglacial origin

(Fig. 8) (Boulton, 1978). LIM I moraine in Las Arenas can be very wide
and flat in its up-valley section but narrow and steep in its lower part.
The steepness of the moraine crests is higher where the landform is
flanked by small river channels (Fig. 8). In some cases, the moraine LIM I
was deposited over the valley flanks thus separating adjacent valleys, as
in El Viento.

The inboard LIM II moraine can be tracked from the cirques to 3-8
km down-valley (more extensive in the Hurtado sub-basin). Most of the
LIM II morainic relief occurs towards the valley sides where lateral
moraine complexes define the sharp end of the landform (Fig. 9). To-
wards the valley bottoms, multiple lateral and latero-frontal ridges
nested inside each other stand out from the moraine bouldery and
hummocky surface. Thus, the valleys appear covered by moraine de-
posits from side to side describing a concave shape, with slopes angles of
~20-25° (Fig. 9), as in El Viento and El Despoblado. The proximal slope
of the lateral moraine complexes exhibits a stepwise topography defined
by the inboard ridges. Down-valley of El Toro, the lateral moraine
complexes at both sides of the valley bottom acquire a lobate shape, with
convex cross-sections. In general, the morainic bouldery surface has low
relief (up to meters), although in some cases, topography can be more
pronounced. For instance, at TOR II moraine the hummocky topography
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includes meso-landforms on its surface such as depressions probably
evidencing former sinkholes (thermokarst structures; Kjer and Kriiger
(2001) and debris-filled fractures, resembling ground deformation by
freeze-thaw action (Murton, 2021)) (Fig. 10). In El Toro, the LIM II
moraine is flanked by steep ridges or margins, except in sections of the
front where it can gently grade to the ground surface. In the El Despo-
blado valley, the right lateral former glacier margin occurs as lines of
boulders deposited on the topography; the left lateral is a prominent
moraine ridge (Fig. 9). In El Viento, either the slope talus grades towards
the glacial till or a lateral moraine crest stands out over the valley side,
in some cases separated by a terrace surface. In the first case, debris from
both glacial and slope origins can be clearly distinguished in terms of
shape, colour, and size. The LIM II extent is very well-defined in each of
the studied valleys.

Both LIM I and LIM II moraines have bouldery surfaces. Boulders are
of different sizes and degree of weathering (Figs. 8-12). Moraine boul-
ders are rather subangular to subrounded, including even sides, denot-
ing subglacial glacial erosion. Angular boulders are common as well, and
can be associated with rock material sourced from the valley high walls
(Boulton, 1978). LIM I boulders are significantly more weathered than
LIM II boulders, this is particularly true for all valleys, except for Las
Arenas. LIM I boulders in El Viento are the most weathered on the outer
cm layer and show no signs of glacial striations. LIM I surface matrix
consists of granular material. Surface of boulders in LIM II can appear
striated when the outer mm layer is still preserved. Exfoliation of the

surficial striated mm layer is post-depositional. Boulders in LIM I can
also preserve striations.

4.1.2. Periglacial features

Periglacial landforms such as rock glaciers, gelifluction lobes, slope
and protalus lobes were identified and described in detail in the study
area by Carraha et al. (2024) (Fig. 13).

The periglacial landforms indicate the relevance of ground ice and
permafrost occurrence. Their spatial setting in relation to the glacial
features provides additional insight into the chronology of different
climatic phases (Carraha et al., 2024). Periglacial landforms in our study
area are more frequent above 3700 m a.s.l. and found mostly in asso-
ciation with cold south-facing slopes in the case of rock glaciers and
south to southwestern aspects for other periglacial landforms. There is a
greater dominance of periglacial landforms in the valleys of Rio Hurtado
sub-basin, where altitudes are higher, above about 4000 m a.s.l. Stripes
filled with debris are identified in El Despoblado and El Toro valleys
above 3500 m a.s.l. They manifest as sorted stripes, ranging from tens to
hundreds of centimeters in length, and are sometimes filled with small
rocks (around 5 cm diameter) and other times with larger rocks (around
20 cm diameter) (Carraha et al., 2024), similar to patterned ground
representing the effects of cryoturbation (Trombotto, 2000). Meter-scale
gelifluction lobes occur as protuberances on the flanks of detrital slopes
ranging between 20 and 30°, but they are also frequent on moraine
deposits, such as El Despoblado and El Toro LIM II moraines. Protalus
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lobes occur at the base of the gelifluction slopes where the slope changes
from 25°-30° to ~15°. Protalus lobes can develop laterally for hundreds
of meters in most valleys (Figs. 3-6). They have flow structures char-
acterized by ridges and furrows transversal to the flow direction. These
landforms have also been referred to as protalus ramparts (Harrison

et al., 2008) and their origin could also be related to debris slides over
snowbanks. They could be considered as embryonic rock glaciers
(Trombotto, 2000). Active and inactive rock glaciers, either occurring at
the base of talus slopes, cirques or at the valley bottoms, are widespread
in the El Despoblado and El Viento, but are less common in El Toro and



Table 1

Analytical data and attributes for the 74 new '°Be samples at the El Viento, El Despoblado, El Toro, and Las Arenas valleys.”

CAMS Sample Lab Lat °S Long °W Elevation Sample Boulder Shielding Quartz °Be 19Be + 10Be/?Be 10ge
Lab ID D (m a.s.L.) thickness height correction weight (ng) 16 (10* ratio + 1o standardization
(cm) (cm) ® atoms (x1 0’13)
g

El Viento Moraine I

BE51526 LICUCBe3- —30.6407 —70.2913 3621 2.9 50 0.996 23.07 244 326 £5 44.6 £ 0.7 07KNSTD
EV2201

BE51527 LICUCBe4- —30.6406 —70.2911 3615 2.4 50 0.996 14.10 245 351+3 29.2+0.3 07KNSTD
EV2202

BE51528 LICUCBe5- —30.6403 —70.2905 3613 2.8 40 0.996 15.71 243 293+ 3 27.3+£0.2 07KNSTD
EV2203

BE51529 LICUCBe6- —30.6402 —70.2904 3609 2.3 50 0.997 14.51 245 204 + 2 17.5+ 0.2 07KNSTD
EV2204

BE51530 LICUCBe7- —30.6401 —70.2894 3601 2.5 60 0.997 11.65 243 235+ 3 16.3 £ 0.2 07KNSTD
EV2205

El Viento Moraine II

BE52762 LICUCBe6- —30.6402 —70.3314 3787 2.7 70 0.988 22.24 244 125 +£ 2 16.6 +£ 0.2 07KNSTD
EV2206

BE52763 LICUCBe7- —30.6401 —70.3306 3785 2.2 70 0.988 22.67 244 70 +1 9.48 £ 0.12 07KNSTD
EV2207

BE52764 LICUCBeS8- —30.6401 —70.3284 3768 1.8 80 0.987 22.00 243 74 +1 9.62 £ 0.17 07KNSTD
EV2208

BE52765 LICUCBe9- —30.6400 —70.3275 3769 2.5 60 0.986 22.22 243 95 +2 12.6 £ 0.2 07KNSTD
EV2209

BE51655 LICUCBe3- —30.6389 —70.3209 3720 1.6 90 0.990 15.42 246 82+1 7.48 £ 0.13 07KNSTD
EV2210

BE51656 LICUCBe3- —30.6387 —70.3197 3727 2.2 80 0.989 16.32 247 82+2 7.90 £ 0.16 07KNSTD
EV2211

BE51657 LICUCBe5- —30.6357 —70.2972 3498 2.4 130 0.988 15.04 247 62+1 5.50 £ 0.10 07KNSTD
EV2213

BE51523 LICUCBel- —30.6371 —70.3005 3546 1.7 80 0.985 21.15 246 66 +1 8.20 £ 0.15 07KNSTD
EV2214

BE51524 LICUCBe2- —30.6368 —70.3010 3543 3.0 150 0.984 21.64 245 64+1 8.21 £0.14 07KNSTD
EV2215

BE52766 LICUCBel0- —30.6372 —70.3013 3556 1.8 100 0.977 22.12 246 71 +1 9.18 +£0.13 07KNSTD
EV2216

BE52767 LICUCBel1l- —30.6343 —70.3044 3536 1.6 130 0.991 23.76 244 63+1 8.91 + 0.12 07KNSTD
EV2217

BE52768 LICUCBel2- —30.6355 —70.3055 3574 2.5 50 0.988 22.16 242 109 £1 14.4 £ 0.2 07KNSTD
EV2218

BE52769 LICUCBel3- —30.6355 —70.3044 3566 2.5 50 0.989 22.04 243 47 +1 6.23 £ 0.11 07KNSTD
EV2219

El Despoblado Moraine II

BE52741 LICUCBel- —30.5327 —70.2497 3958 2.3 70 0.994 22.49 246 78 £2 10.3 £ 0.2 07KNSTD
ES2201

BE52742 LICUCBe2- —30.5339 —70.2485 3940 2.6 110 0.995 22.32 246 81+1 10.6 £ 0.1 07KNSTD
ES2202

BE52743 LICUCBe3- —30.5339 —70.2489 3939 1.9 70 0.995 22.18 248 87 £2 11.3+£ 0.2 07KNSTD
ES2203

BE52744 LICUCBe4- —30.5318 —70.2507 3980 2.8 130 0.993 22.23 243 94 +2 12.5+ 0.2 07KNSTD
ES2204

BE52745 LICUCBeS5- —30.5286 —70.2537 4019 1.9 50 0.990 22.20 245 177 £ 2 23.2+0.2 07KNSTD
ES2205

BE52746 LICUCBe6- —30.5346 —70.2508 3900 2.2 120 0.993 22.33 244 184 + 2 24.3+0.2 07KNSTD
ES2206

BE52748 LICUCBe7- —30.5367 —70.2603 4027 2.0 110 0.994 22.47 245 109 + 2 14.5+ 0.2 07KNSTD
ES2207

BE52749 LICUCBeS8- —30.5365 —70.2602 4024 2.2 100 0.993 22.32 245 89 +1 11.8 £ 0.1 07KNSTD
ES2208

BE52750 LICUCBe9- —30.5366 —70.2600 4025 2.0 100 0.993 22.38 245 93+1 12.3 £ 0.2 07KNSTD
ES2209

BE52751 LICUCBel0- —30.5370 —70.2598 4021 1.4 80 0.993 22.57 245 90 +1 12.0 £ 0.2 07KNSTD
ES2210

BE52752 LICUCBel1- —30.5462 —70.2495 3731 2.7 170 0.995 24.54 246 67 £1 9.66 £+ 0.16 07KNSTD
ES2211

BE52753 LICUCBel2- —30.5461 —70.2494 3729 2.2 90 0.994 22.36 247 62+1 8.06 £ 0.11 07KNSTD
ES2212

BE52754 LICUCBel3- —30.5466 —70.2497 3728 1.7 160 0.994 22.69 246 160 £1 9.83 £0.14 07KNSTD
ES2213

BE53737 LICUCBel1- —30.5271 —70.2627 4044 1.6 140 0.982 26.49 245 74 +1 25.0 £ 0.2 07KNSTD
ES2214

(continued on next page)



Table 1 (continued)

CAMS Sample Lab  Lat °S Long °W Elevation  Sample Boulder  Shielding  Quartz  °Be  °Be + 10Be/°Be 10ge
Lab ID D (m a.s.l) thickness height correction weight (ng) 16 (10* ratio + 1o standardization
(cm) (cm) @ atoms (x1 013
gl

BE52756 LICUCBel- —30.5271 —70.2629 4044 1.9 90 0.985 21.53 247 130 £1 16.4 £ 0.2 07KNSTD
ES2215

BE52757 LICUCBe2- —30.5275 —70.2619 4024 2.4 110 0.986 22.25 246 133+ 2 17.4 £ 0.2 07KNSTD
ES2216

BE52758 LICUCBe3- —30.5276 —70.2617 4029 2.8 90 0.982 23.11 247 91 +1 124+ 0.2 07KNSTD
ES2217

BE52759 LICUCBe4- —30.5338 —70.2556 3958 2.2 100 0.992 22.19 245 95+1 124 £0.1 07KNSTD
ES2218

BE52760 LICUCBe5- —30.5338 —70.2555 3934 2.4 110 0.992 23.62 244 71+1 9.98 £ 0.13 07KNSTD
ES2219

El Toro Moraine I

BE51534 LICUCBel1- —31.3031 —70.7847 3165 1.4 120 0.998 12.36 243 213+ 3 15.7 £0.2 07KNSTD
TOR2020

BE51659 LICUCBe6- —31.3032 —70.7851 3158 1.4 60 0.998 8.34 247 126 + 2 6.20 £+ 0.09 07KNSTD
TOR2021

BE51533 LICUCBel0- —31.3030 —70.7839 3171 1.9 100 0.998 11.26 244 150 + 2 10.0 £ 0.1 07KNSTD
TOR2022

BE51532 LICUCBe9- —31.3038 —70.7800 3241 1.3 70 0.998 10.09 242 123 £ 2 7.45 £ 0.15 07KNSTD
TOR2023

BES51531 LICUCBeS8- —31.3038 —70.7801 3242 1.9 80 0.998 10.45 244 109 £1 6.60 £+ 0.09 07KNSTD
TOR2024

El Toro Moraine II

BE53726 LICUCBel- —31.2896 —70.7415 3618 2.2 130 0.989 60.55 247 174 +£1 61.9 +£ 0.5 07KNSTD
TOR2001

BE53727 LICUCBe2- —31.2887 —70.7419 3609 1.7 110 0.988 65.57 246 70£1 27.2+0.2 07KNSTD
TOR2002

BE53728 LICUC-Be3- —31.2884 —70.7426 3612 2.3 120 0.989 57.03 246 65+1 21.6 £ 0.2 07KNSTD
TOR2003

BE53729 LICUCBe4- —31.2884 —70.7426 3614 1.8 250 0.987 53.91 245 63+1 19.9 + 0.2 07KNSTD
TOR2004

BE53731 LICUCBe5- —31.2922 —70.7441 3579 1.5 100 0.988 24.85 245 330+ 2 48.8 + 0.4 07KNSTD
TOR2005

BE53732 LICUCBe6- —31.2936 —70.7475 3568 1.1 140 0.991 17.14 245 74 +1 7.51 + 0.08 07KNSTD
TOR2006

BE53733 LICUCBe7- —31.2941 —70.7522 3557 2.3 110 0.996 32.63 246 113 +£1 21.7 £ 0.2 07KNSTD
TOR2007

BE53734 LICUCBeS8- —31.2921 —70.7550 3561 2.1 70 0.998 23.11 246 77 £1 10.5 £+ 0.2 07KNSTD
TOR2008

BE53735 LICUCBe9- —31.2922 —70.7549 3565 1.9 80 0.997 26.71 245 211 +2 33.3+0.3 07KNSTD
TOR2009

BE53736 LICUCBel0- —31.2921 —70.7550 3567 1.9 100 0.997 24.61 244 88 +1 129+ 0.1 07KNSTD
TOR2010

BE52466 LICUCBel- —31.2864 —70.7562 3553 1.9 120 0.994 17.30 246 74 +1 7.53 +£0.14 07KNSTD
TOR2011

BE52467 LICUCBe2- —31.2871 —70.7575 3548 2.2 160 0.997 20.63 242 74 +1 9.10 £ 0.17 07KNSTD
TOR2012

BE52468 LICUCBe3- —31.2893 —70.7692 3419 1.8 150 0.998 15.41 246 45+1 4.12 £ 0.09 07KNSTD
TOR2013

BE52469 LICUCBe3- —31.2892 —70.7691 3442 1.7 70 0.998 15.13 246 31+1 2.73 £ 0.05 07KNSTD
TOR2014

BE52470 LICUCBe5- —31.2903 —70.7712 3393 1.6 90 0.996 15.62 244 43+£1 3.97 £ 0.07 07KNSTD
TOR2015

BE52471 LICUCBe6- —31.2909 —70.7723 3371 1.7 80 0.994 17.33 245 48 +1 4.93 + 0.09 07KNSTD
TOR2016

BE52473 LICUCBe7- —-31.2911 —70.7727 3367 1.7 120 0.994 17.69 246 41 +1 4.30 £+ 0.07 07KNSTD
TOR2017

BE51653 LICUCBel- —31.2920 —70.7714 3347 1.6 140 0.996 14.21 248 56 +1 4.62 + 0.09 07KNSTD
TOR2018

BE51654 LICUCBe2- —31.2929 —70.7721 3346 2.6 80 0.997 16.06 246 59+1 5.59 + 0.10 07KNSTD
TOR2019

Las Arenas Moraine I

BE51660 LICUCBe7- —31.3529 —70.8140 3347 1.2 70 0.999 8.26 247 190 +£ 3 9.18 £0.14 07KNSTD
LAR2001

BE51535 LICUCBel2- —31.3523 —70.8147 3338 2.1 70 0.999 10.10 244 450 £5 26.9 £ 0.3 07KNSTD
LAR2002

BE51661 LICUCBeS8- —31.3512 —70.8183 3315 1.4 70 0.999 8.14 246 214+ 3 10.2 £ 0.2 07KNSTD
LAR2003

(continued on next page)



Table 1 (continued)

CAMS Sample Lab  Lat °S Long °W Elevation  Sample Boulder  Shielding  Quartz  °Be  °Be + 10Be/°Be 10ge
Lab ID D (m a.s.l) thickness height correction weight (ng) 16 (10* ratio + 1o standardization
(cm) (cm) @ atoms (x10713)
gl

BE51662 LICUCBe9- —31.3509 —70.8218 3295 2.0 70 0.999 5.55 245 148 +£3 4.84 + 0.09 07KNSTD
LAR2004

BE51663 LICUCBel0- —31.3516 —70.8244 3255 1.4 60 0.999 8.25 246 78 £1 3.80 £ 0.07 07KNSTD
LAR2005

BE51664 LICUCBel1- —31.3502 —70.8303 3137 1.0 110 0.998 6.84 245 90 £+ 2 3.62 + 0.07 07KNSTD
LAR2006

BE51665 LICUCBel2- —31.3502 —70.8302 3142 1.9 80 0.998 8.23 246 190 + 4 9.21 £0.17 07KNSTD
LAR2007

BE51666 LICUCBel13- —31.3503 —70.8296 3152 1.7 80 0.998 7.97 246 75+1 3.51 £ 0.06 07KNSTD
LAR2008

Las Arenas Moraine II

BE52474 LICUCBeS8- —31.3498 —70.8055 3347 2.0 70 0.998 11.90 244 73+1 5.16 = 0.08 07KNSTD
LAR2009

BE52475 LICUCBe9- —31.3509 —70.8042 3369 2.7 100 0.998 20.69 241 63+1 7.87 £0.11 07KNSTD
LAR2010

BE52476 LICUCBel0- —31.3512 —70.8043 3370 1.8 60 0.997 15.34 243 60+ 1 5.47 £ 0.09 07KNSTD
LAR2011

BE52477 LICUCBel1- —31.3512 —70.8040 3372 2.9 120 0.998 15.51 243 60 +1 5.58 £ 0.11 07KNSTD
LAR2012

BE52478 LICUCBel2- —31.3505 —70.8047 3363 2.0 60 0.998 17.62 246 59+1 6.16 + 0.09 07KNSTD
LAR2013

Blanks

CAMS Sample LabID  Lat Long Elevation Sample Boulder Shielding Quartz “Be 10Be + 10Be/%Be ratio  °Be

Lab ID °S ‘W (m a.s.l.) thickness height correction weight 1g) 10 (10* + 1o standardization

(cm) (cm) (g atoms (x10719)
g

BE51522 LICUCBlank1 246 6.80 1 07KNSTD

BE51525 LICUCBlank2 244 4.98 £ 0.9 07KNSTD

BE51652 LICUCBlank3 244 6.13£1 07KNSTD

BE51658 LICUCBlank4 245 8.45 + 2 07KNSTD

BE52465 LICUCBlank5 248 6.60 + 1 07KNSTD

BE52472 LICUCBlank6 247 7.61 £1 07KNSTD

BE52740 LICUCBlank7 246 6.98 £1 07KNSTD

BE52747 LICUCBlank8 245 150+ 2 07KNSTD

BE52755 LICUCBlank9 246 223 +3 07KNSTD

BE52761 LICUCBlank10 244 992 +1 07KNSTD

BE53725 LICUCBlank11 246 7.68 £1 07KNSTD

BE53730 LICUCBlank12 245 11.6 £2 07KNSTD

2 Samples were measured with a homemade (pk18D2) °Be carrier concentration of 966 + 36 ppm. Samples in the lab were processed in six different batches of 12-13
samples including two blanks each. The '°Be/°Be measured for all blanks (n = 12) ranged between 4,9818E-16 and 2,2321E-15. 1°Be concentrations in samples have
been corrected for background '°Be atoms detected in procedural blanks. For this correction we used the mean of the two respective procedural blank ratios 1°Be/°Be of
each batch of samples. Reported 106 /°Be value for 07KNSTD is 2.85E-12 (Nishiizumi et al., 2007).

Las Arenas (Figs. 3-6). Talus rock glaciers have steep fronts >10 m in
height and lengths up to 200 m. One distinct talus rock glacier in El Toro
develops from the valley slope until the right LIM II lateral ridge, and is
made-up by distinct local angular debris (Fig. 3). This rock glacier has a
rather subdued surface geomorphology and appears to be inactive. In El
Viento, an interpreted rock glacier occurs adjacent to the LIM II hum-
mocky moraine extending along the main valley for near 2 km (Fig. 5).
Another valley rock glacier develops along the Las Arenas valley from
near the cirque until 2 km down-valley. In the El Toro and El Despoblado
valleys, gelifluction lobes and rock glaciers appear overprinting the LIM
II hummocky moraine, particularly where high-slope angles favored
creep of perennially frozen ice-rich materials. In some cases, creeping
lobes appear superimposed to each other. Distinct furrows and ridges
structures on LIM II moraine in El Toro occur after topographic steps,
and denote rock glacier viscous flow of moraine deposits. In the same
valley, near the cirques, lateral moraines display viscous flow structures
on their ~30° proximal slopes (Fig. 14). The mapped active rock glaciers
near the headwalls above 3600 m a.s.1. in the southern part of the Limar{
Basin (Combarbala) and above 3900 m a.s.l. to the north (Rio Hurtado)
indicate present-day ice-rich permafrost creep (Fig. 15) (Carraha et al.,

2024).

4.2. Geochronology

10Be data is presented after rejecting outliers (see Materials and
methods section) and detailed in Tables 1 and 2.

4.2.1. LIM I moraine

Dates from LIM I were obtained in El Toro, Las Arenas, and El Viento,
yielding dissimilar ages in these valleys (Figs. 3-5; Table 2). In El Toro,
LIM I ages range between 41.2 + 0.6 and 35.0 = 0.5 ka (n = 3). LIM I
ages in the Las Arenas valley range between 65.3 + 1.0 and 24.9 + 0.5
ka (n = 7). LIM I ages in the El Viento valley range between 94.2 + 0.9
and 56.0 £+ 0.6 ka (n = 5).

4.2.2. LIM II moraine

From El Toro II moraine a total of 19 rock samples were obtained
from different sections of the hummocky moraine, including two trib-
utary valleys: the right and left lateral ridges, areas of accumulation of
boulders, and ridges on top of topographic thresholds by the El Toro



Table 2

10ge exFosure cosmogenic ages for LIM I and LIM II moraines in El Viento, El

Despoblado, El Toro, and Las Arenas valleys."
Sample ID St Lm LSDn
El Viento Moraine I
EV2201 96,700 + 1500 88,300 + 1400 87,400 + 1300
EV2202 104,000 + 1000 94,200 + 900 93,300 + 900
EV2203 86,800 + 800 79,400 + 700 78,300 £+ 700
EV2204 59,900 + 700 56,100 + 600 55,300 + 600
EV2205 69,800 + 800 64,200 + 700 63,400 + 700
El Viento Moraine II
EV2206 33,700 + 500 30,900 + 400 30,300 + 400
EV2207 18,800 + 300 18,500 + 300 18,500 + 300
EV2208 19,800 + 300 19,300 + 300 19,300 £ 300
EV2209 25,800 + 500 24,200 + 400 23,900 + 400
EV2210 22,700 + 400 21,600 + 400 21,500 + 400
EV2211 22,700 + 500 21,700 + 400 21,600 + 400
EV2213 19,400 + 400 19,000 + 400 19,100 + 400
EV2214 19,900 + 400 19,400 + 400 19,500 + 400
EV2215 19,800 + 300 19,300 + 300 19,400 + 300
EV2216 21,500 + 300 20,700 + 200 20,800 + 250
EV2217 19,100 + 300 18,800 + 300 18,900 + 300
EV2218 32,700 + 400 29,900 + 400 29,700 + 400
EV2219 14,300 + 200 14,500 + 200 14,500 + 200
El Despoblado Moraine II
ES2201 19,000 + 400 18,600 + 400 18,500 + 400
ES2202 19,900 + 300 19,400 + 300 19,300 + 300
ES2203 21,400 + 400 20,700 + 400 20,600 + 400
ES2204 22,900 + 400 21,800 + 400 21,600 + 400
ES2205 42,100 + 400 38,700 + 400 37,900 + 400
ES2206 46,400 + 500 41,500 + 400 40,700 + 400
ES2207 25,700 + 400 24,100 + 300 23,600 + 300
ES2208 21,000 + 300 20,400 + 200 20,200 + 200
ES2209 21,900 + 300 21,100 + 300 20,800 + 300
ES2210 21,100 + 300 20,500 + 300 20,300 + 300
ES2211 18,400 + 300 18,100 + 300 18,100 + 300
ES2212 16,900 + 200 16,800 + 200 16,800 + 200
ES2213 20,200 + 300 19,600 + 300 19,600 £ 200
ES2214 37,700 + 300 34,800 + 300 34,200 + 300
ES2215 30,700 + 300 28,300 + 300 27,600 + 300
ES2216 31,700 + 400 29,100 + 300 28,400 + 300
ES2217 21,900 + 300 21,000 + 300 20,800 + 300
ES2218 23,100 + 300 22,000 + 300 21,700 + 300
ES2219 17,600 + 200 17,400 + 200 17,300 + 200

El Toro Moraine I

TOR2020 77,600 + 1100
TOR2021 45,700 £ 700
TOR2022 54,300 + 800
TOR2023 42,600 £+ 900
TOR2024 37,800 £ 500

El Toro Moraine I1

TOR2001 49,800 £ 400
TOR2002 20,000 £ 200
TOR2003 18,400 + 200
TOR2004 17,800 + 200
TOR2005 97,900 + 700
TOR2006 21,400 + 200
TOR2007 33,100 + 300
TOR2008 22,300 + 300
TOR2009 61,600 + 500
TOR2010 25,500 + 200
TOR2011 21,600 + 400
TOR2012 21,600 + 400
TOR2013 14,100 + 300
TOR2014 9400 + 200
TOR2015 13,500 + 300
TOR2016 15,500 + 300
TOR2017 13,300 + 200
TOR2018 18,100 + 300
TOR2019 19,400 + 400

71,100 £+ 1000
41,200 + 600
49,800 + 700
39,100 + 800
35,000 + 500

44,600 + 400
19,500 + 200
18,100 + 200
17,600 + 200
89,600 + 700
20,700 + 200
30,400 + 300
21,400 + 300
57,800 + 500
24,000 + 200
20,800 + 400
20,900 + 400
14,300 + 300
10,200 + 200
13,800 + 300
15,500 + 300
13,600 + 200
17,800 + 300
19,000 + 400

70,800 + 1000
41,100 £ 600
49,500 £ 700
39,100 + 800
35,000 £ 500

43,300 £ 300
19,500 + 200
18,100 + 200
17,600 + 200
88,500 + 700
20,700 £ 200
30,000 + 300
21,300 £ 300
57,000 £ 500
23,700 £+ 200
20,800 + 400
20,800 + 400
14,400 + 300
10,400 £ 200
13,900 + 300
15,600 + 300
13,800 + 200
18,000 + 300
19,200 + 400

Table 2 (continued)

Sample ID St Lm LSDn

Las Arenas Moraine I

LAR2001 61,700 £ 1000 57,900 + 900 57,600 + 900
LAR2002 151,600 + 1600 131,700 + 1400 128,200 + 1300
LAR2003 71,100 £+ 1100 65,300 + 1000 64,700 + 1000
LAR2004 49,700 =+ 900 44,500 + 800 43,900 + 800
LAR2005 26,600 + 500 24,900 + 500 24,800 + 500
LAR2006 32,600 + 600 30,000 + 600 30,000 + 600
LAR2007 70,200 + 1400 64,600 + 1200 64,500 + 1200
LAR2008 27,100 =+ 400 25,300 + 400 25,400 =+ 400

Las Arenas Moraine II

LAR2009 23,700 £ 400 22,500 + 400 22,400 + 400
LAR2010 20,500 £ 300 19,900 + 300 20,000 + 300
LAR2011 19,200 + 300 18,800 + 300 19,000 + 300
LAR2012 19,500 + 400 19,100 + 400 19,200 + 400
LAR2013 19,100 + 300 18,700 + 300 18,900 + 300

2 10Be ages + internal or analytical error (1 s, AMS) in years calculated with
three different scaling protocols as reported by the online age calculator (version
3, Balco et al., 2008). “St” is the is dependent scaling scheme of Stone (2000);
“Lm” is the time dependent version of Stone/Lal scaling scheme (Lal, 1991;
Stone, 2000); LSDn is the time dependent version of Lifton et al. (2014) scaling
scheme. We discuss the "Lm" age output in our paper (bold text). All ages were
calculated using a 1°Be production rate of 3.71 + 0.11 atoms g~ * yr~* measured
at south Andes (Kaplan et al., 2011). Density of rock used for calculating 10Be
ages is 2.65 g cm~>. Outliers have been italicized.

Lake and by the cirque. The ages from the outermost right lateral ridge
range between 15.5 & 0.3 and 10.2 & 0.2 ka (n = 5). These ages cluster
between 15.5 + 0.3 and 13.6 + 0.3 ka (n = 4), hence the youngest age is
rejected as an outlier. We note this age range is significantly younger
than the other LIM II ages obtained from the other three valleys, with
implications we discuss further down (Section 5.4.3). Two samples a few
tens of meters inboard of the right lateral yielded an age range between
19.0 £+ 0.4 and 17.8 + 0.3 ka, which is slightly younger than the ages
from two samples obtained from boulders resting in the outermost left
lateral moraine ridge up-valley both yielding an identical age of 20.8 +
0.4 ka (n = 2). Three boulders by the lake El Toro obtained from boul-
ders perched on bedrock, standing on a ridge and on the hummocky
moraine yielded a range between 23.9 + 0.2 and 20.7 + 0.2 ka. Finally,
three boulders few hundred meters from the cirque headwall yielded an
age range between 19.5 + 0.2 and 17.6 + 0.2 ka.

In the Las Arenas valley, LIM II moraine was dated with five boulders
resting on ridges near the distal position of this landform. Boulders
yielded an age range between 22.5 + 0.4 and 18.7 + 0.3 ka (n = 5).

In the El Viento valley, the LIM II moraine was dated based on 13
boulders resting on outer and inboard right lateral moraine ridges. Some
of the dated boulders were located in stable positions at the transition
zone between scree talus slopes and moraine ridges thus delineating the
outermost position of the former glacier (Fig. 12). The boulders yielded
an age range for moraine formation between 24.2 + 0.4 and 18.5 + 0.3
ka (n = 10).

In the El Despoblado valley, the LIM II moraine was dated based on
19 1%Be ages from the outer and inner sections of this landform. Four
samples forming part of discrete lines of boulders demarking precisely
former maximum positions of the glacier in this valley yielded an age
range between 24.1 + 0.3 and 20.4 £+ 0.2 ka (n = 4). Four boulders
sampled from the left outermost lateral crest yielded an age range be-
tween 21.8 &+ 0.4 and 18.6 £+ 0.4 ka (n = 4). Three boulders from the
outer crest merging the El Ternero right lateral yielded an age range of
19.6 +£ 0.3 - 16.8 + 0.3 ka (n = 3). Inboard ridges near the center of LIM
I in El Despoblado valley yielded ages between 22.0 + 0.3 -17.4 £ 0.2
ka (n = 2). Two nearby inboard ridges yielded ages ranging between
34.8 + 0.3 - 21.0 + 0.3 ka (n = 4). Another boulder resting on an
inboard ridge yielded an age of 41.5 + 0.4 ka. Because these inboard
ridges cannot be older than the outer ridges, we exclude the samples



Fig. 8. The LIM I moraine landform in each of the studied valleys: El Viento (a),
Las Arenas (b) and El Toro (c).

>28 ka (n = 4) when estimating the El Despoblado Il moraine age, which
yielded an age range between 17.4 + 0.2 and 24.1 + 0.3 ka. As in the
other valleys, all rejected outliers are significantly older (or younger)
than the main population of dates, and not included to constrain the age
of the LIM II landform (Fig. 16). Nonetheless, we discuss the implica-
tions of the whole population of dates in the next section.

5. Discussion
5.1. Landform interpretation
Interpretation of massive and diamictic landforms can be problem-

atic in this part of the Andes where mass-wasting deposits may have
morphologic similarities with moraine deposits or vice versa (Paskoff,

1977; Abele, 1984; Antinao and Gosse, 2009; Moreiras et al., 2015).
Both glacial and gravitational types of deposits can result in a massive
chaotic and irregular landform (Abele, 1984). Nonetheless, several lines
of evidence can be used for safe interpretation and accurate identifica-
tion of landform evolution (Abele, 1984; Charrier et al., 2019). In this
work, LIM I and LIM II landforms have been interpreted to be products of
glacial origin based on their (1) ridged geometry, (2) presence on both
sides of the valleys denoting lateral moraine complexes deposited at the
margins of former glaciers, (3) occurrence on the topographic divide of
contiguous valleys with no possible gravitational origin (LIM I), and (4)
the presence of subglacially shaped clasts, in some cases including
distinct signs of glacial abrasion (i.e., striations, Fig. 11). Thus, LIM I and
LIM II moraine belts represent two distinct phases of glacial advances.
On the one hand, LIM I has been preserved as prominent lateral mo-
raines in all valleys with granitoid boulders covering its surface, repre-
sent the main ice advance in the study area. This glacial advance reached
near 6-10 km in extent and was the most extensive. The size of the
lateral moraines may indicate more than a single glacial expansion into
the same extent (Benn and Owen, 2002). On the other hand, the inboard
LIM II moraine is preserved as a massive lateral moraine complex. A
cross-section describes a concave geometry between both valley sides
with massive hummocky debris accumulation increasing towards the
slopes demarking the LIM II glacial extent. LIM II represents a less
extensive glacier advance than LIM I, reaching 3-8 km from the cirques
and embracing a main second phase of ice expansion in the study area.

5.2. Moraines from debris-covered glaciers

In this section, we discuss evidence for former debris-covered gla-
ciers occupying the studied valleys. As discussed below, we interpret the
LIM Il moraine as a main advance that was followed by the steady retreat
of a debris-covered glacier. A sequence of inboard ridges was built in
response to multiple cycles of glacier re-advance and retreat during
overall deglaciation into the cirques and final glacier collapse.

Despite we did not provide absolute data regarding the shape of the
boulders on LIM II moraine, our field observations indicate frequent
subangular to subrounded boulder shapes, which help to discriminate
how the debris was entrained and transported (Boulton, 1978; Ander-
son, 2000). Angular to subangular boulders are linked to a high-level
supraglacial passive transport (Boulton, 1978). These boulders are
delivered to the glacier surface from the surrounding steep valley slopes
by gravity processes (e.g., rock fall and avalanche debris) affecting
physically weathered bedrock and available slope sediments (Benn and
Owen, 2002). On the other hand, boulders with smooth sides and sub-
rounded shapes, in some cases preserving striations, indicate a subgla-
cial active transport along the traction zone (Boulton, 1978). These
glacially polished boulders could have been eroded away by plucking at
the glacier sole or alternatively, delivered from the headwalls in the
glacier accumulation area where they became buried under snow and
ice eventually reaching the traction basal zone (Boulton, 1978). The
presence of basal boulders on the LIM moraines surface requires sub-
glacial debris being elevated to the supraglacial by basal freeze-on
processes, along thrust planes in polythermal glaciers, or planes sepa-
rating active and inactive glacier marginal zones (Hambrey et al., 1999;
Benn and Owen, 2002). Finding of basal boulders in lateral moraine
complexes, such as LIM II, is rather expected, as it has been reported for
present debris-covered glaciers in the Himalaya (Benn and Owen, 2002).
Here, medial flow lines can elevate debris towards the glacier margin
(Boulton, 1978). Former glaciers in Limari transported a mixture of
angular to subrounded debris as observed on the LIM lateral moraine
complexes. This boulder geometry denotes both a supraglacial passive
and a subglacial active transport of debris sourced from the steep rock
walls and at the subglacial bedrock, respectively. It is therefore stated
that former glaciers in Limari were mantled with debris that after
deglaciation left a massive moraine deposit covering the valley bottoms
and sides.



Fig. 9. The LIM II moraine landform in El Viento (a), El Toro (b) and El Despoblado (c and d).

Debris-covered glaciers are common in mountain regions with steep
walls from where abundant debris can be delivered to the glacier surface
(Mayr and Hagg, 2019). Glacier size, precipitation rates, and bedrock
erodibility are other relevant factors (Benn and Owen, 2002). Debris
mantle on glaciers occur in response to glacier melting and thinning in
association with overall snout stagnation (Kirkbride and Deline, 2013).
Increase of debris supply during deglacial stages may also be associated
with a decrease of falling snow and warming of mountain permafrost
(Deline, 2005). Former Limar{ glaciers became debris-mantled in their
snout and ablation zones during deglaciation in response to a negative
mass balance, leaving the boulder-rich and extensive LIM II moraine
landforms. Glaciers with debris cover are characterized by landforms
that include lateral moraines, low-relief hummocky moraine, glaci-
fluvial terraces, fluted moraines, and roches moutonnées (Benn and
Owen, 2002), some of which are characteristic of the Limari glacial
geomorphic record (Carraha et al., 2024) and of other glacier forelands
nearby (Zech et al., 2006, 2007; Fernandez et al., 2022). The LIM II
inboard concentric latero-frontal ridges record multiple long-term mass-
balance cycles driving intercalated active transport and ablation-
dominant conditions during overall deglaciation (Kirkbride and
Deline, 2013; Fernandez et al., 2022). The ridges themselves were
formed by thickening and readvances of active ice with debris transport
in response to a positive mass balance (Benn and Owen, 2002). Ablation
areas of debris-mantled glaciers include active zones differentiated from
inactive ice marginal zones without significant movement (Kirkbride
and Deline, 2013). A slow-moving, thinning ice snout is potentially
buried under debris with no significant change in its position (Naito
et al., 2000). This can evolve to ice core marginal moraines that reflect
an in-situ deglaciation dominated by downwasting of ice-cored land-
forms, disconnected from up-glacier active flow (Hambrey et al., 1997).
The latter deposit can obstruct a following glacial expansion and add

stress to longitudinal ice flow favoring elevation of basal debris to the
glacier surface to develop a debris cover including subglacial sub-
rounded boulders mixed with supraglacial angular ones as observed in
Limari (Figs. 8-12) (Kirkbride and Deline, 2013).

5.3. Glacial/periglacial interaction and transition

The widespread presence of permafrost-related-landforms on the
valley slopes and, in particular, on LIM II moraines of the Limar{ Basin,
helps to better understand how glacial and periglacial domains transit
from one to the other in response to climate change (Palacios et al.,
2021). Moraines in Limari show the geomorphic effect of permafrost,
which implies that periglacial conditions followed deglaciation at the
studied sites (Berthling, 2011; Murton, 2021). The geomorphic evidence
for postglacial periglaciation and permafrost conditions in formerly
glaciated areas of Limari includes pervasive reworking of moraine debris
by gelifluction and with viscous creep of perennially frozen materials
(rock glaciers; Fig. 14) (Matsuoka, 2001; Lillegren and Etzelmdiller,
2011; Murton, 2021). Rework of till deposits by gelifluction is a common
phenomenon where periglaciation postdate glaciation (Murton, 2021).
Gelifluction lobes are indicative of periglacial terrain and linked to the
active geomorphic effects of frozen ground on seasonal timescales
(Matsuoka, 2001). Seasonally thawing of the active layer results in the
downslope displacement of the plastic soil up to few decimeters in
depth. This process may eventually yield medium-sized solifluction
lobes as high as 30-200 cm (Matsuoka, 2001). The soil moisture content
is critical for forming gelifluction lobes. Thus, seasonal thawing of the
active layer implies the continuous availability of moisture during the
frozen season, but also the addition of moisture from snowmelt as well
(Matsuoka, 2001; Matthews and Nesje, 2022). The bouldery surface on a
fine underlying sediment matrix making up the LIM II moraines, such as



Fig. 10. Periglacial and in situ down-wasting features in LIM II moraine. (a)
Meter-scale debris filled fractures on the TOR II moraine surface indicating
periglacial ground deformation by frost-thaw action. Thermokarst subsidence
type of features in the LIM II moraine at El Toro (b) and El Despoblado (c).

TOR II, thus seems to have favored gelifluction and annual frost creep in
a periglacial environment dominated by discontinuous permafrost
(Fig. 14) (Murton, 2021).

Lower limits of rock glaciers with their typical surface patterns of
ridges and furrows indicate lower limits of permafrost occurrence
(Barsch, 1996). Viscous flow structures that characterize the TOR II
moraine, are another expression of periglaciation of Limari after
deglaciation. These structures are more obvious in those areas where the
moraine have steeper slopes (i.e., topographic steps) (Fig. 14). Slopes
produce the critical driving stress for rock glacier-like features to form
by cumulative deformation of ice-supersaturated perennially frozen

materials (Barsch, 1996; Haeberli et al., 2006; Kenner and Magnusson,
2017). The implication is that the original glacial LIM II moraine was
reworked into transversal viscous flow structures that expose the
cohesive flow of rock glaciers (Haeberli et al., 2006). Although these
structures appear somewhat degraded today, it is apparent that coherent
creep under frozen conditions did reshape the moraine by transforming
the original glacial deposit (Murton, 2021). The moraine surface is
characterized by boulders of different sizes resting or embedded in a till
matrix, but zones of former ground-ice creeping could also be evidenced
in boulder-rich surface areas, where surficial fine sediment is less
common (Amschwand et al., 2021). In addition, the superimposed
coarse debris-filled fractures resembling frozen ground cracks suggest
that periglaciation developed after moraine deposition (Murton, 2021).
In similar manner, gelifluction deforming lateral moraines near the
cirques indicate glaciers had totally abandoned the valleys when peri-
glacial conditions affected the former glacier forefields (Fig. 14). Alto-
gether, these periglacial-derived landforms reworking glacial moraines,
indicate a glacial to interglacial transition in Limari. Here, we mapped
these features as moraine-related rock glacier (Figs. 3-6) and observe
that boulder-rich hummocky moraines derived from debris-covered
glaciers, which are abundant in many glaciated mountain areas (Mayr
and Hagg, 2019), can be a niche for rock glaciers to form under pre-
vailing permafrost conditions and slope-derived stress (Barsch, 1996).
The geomorphic product is a composite landform including super-
imposed both glacially and periglacially derived aspects (Berthling,
2011; Lillegren and Etzelmdiller, 2011). It is not clear if paraglacial ac-
tivity played any role in preconditioning the periglacial activity in the
Limari moraines because these glacial deposits remained disconnected
from any potential rock failures from steep slopes (Matthews and Nesje,
2022). Our debris-covered glacier with rock glacier-type landforms can
be interpreted as a sequence and transition of two independent events,
and as that, it does not depend on the existence of a continuum of
landforms (sensu Janke et al., 2015; Monnier and Kinnard, 2015).
Rather, it requires the existence of regional-scale permafrost conditions
affecting a moraine body forced by climate change for a certain time at
the end of the last glaciation (Berthling, 2011). The key role relates to
deep and slow freezing processes forced by the long-term existence of
negative subsurface temperatures, i.e., permafrost (Berthling, 2011).
Such long-term and deep freezing produces ice contents, which mostly
by far exceed the pore volume of the original material in unfrozen
conditions (cf. Hu et al., 2023). It is this excess ice or ice-supersaturation
which fundamentally changes the geotechnical properties of the affected
materials by inducing strong cohesion between individual rock particles,
but also by reducing internal friction by separating of rock particles from
each other (Springman et al., 2012). Such ice-rich frozen ground or “ice
with rock inclusions” undergoes steady-state or secondary creep with
unlimited, cumulative deformation. The formation of visually recog-
nizable viscous landform features, however, requires combinations of
stress-dependent creep rates and time (Haeberli et al., 2006).

5.4. Landform ages

5.4.1. LIM I moraine: pre-LGM glacier advance(s)

All 1°Be dates of the LIM I moraine at the three studied valleys (El
Toro, Las Arenas, and El Viento) except for 1 sample (total of 18 ages)
fall within the last glacial period chronozone (Marine Isotope Stage
(MIS) 4 - MIS 2) (Jouzel et al., 2007). This implies that the LIM I moraine
was deposited by glaciers that extended during pre-LGM times but
within the last ice age in the headland of the Limar{ Basin. The precise
date of this advance cannot be constrained with the available scattered
data. For instance, in TOR I the °Be age ranges between 41.2 + 0.6 —
35.0 £+ 0.5 ka, in LAR between 65.3 + 1.0 — 24.9 + 0.5 ka, and in EV
between 94.2 £+ 0.9 — 56.0 + 0.6 ka. Several scenarios can be considered
to explain the observed difference in ages among the LIM I moraines at
the three valleys. First, LIM I does not represent one single generation of
deposits but rather glacier advances at different times within the last ice
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Fig. 11. Examples of sampled boulders in LIM I moraines and their surface exposure cosmogenic ages (in thousands of years ago; error 1 sigma).
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Fig. 12. Examples of sampled boulders in LIM II moraines and their surface exposure cosmogenic ages (in thousands of years ago; error 1 sigma).

age (the elevation difference of these moraines supports this scenario).
Second, LIM I could be a composite moraine ridge thus containing
boulder surface exposure ages that represent more than one ice advance
reaching the same ice margin several times within the last ice age. Third,
in LIM I the distribution of ages results from unknown post-depositional
geomorphic processes. Taking the TOR I data at face value, this moraine
was deposited during the MIS 3, with most of the obtained exposure ages
ranging between 41.2 + 0.6 — 35.0 & 0.5 ka (n = 3). Previously, Zech
et al. (2007, 2017) obtained similar 1°Be ages for outer moraines
marking the pre-LGM maximum glacial advance in the Cordén Dona
Rosa. Their 1°Be ages point to a middle MIS 3 glacial advance, similar to
our TOR I data, although Zech et al. (2007) indicate they should be
referred as minimum ages for the associated glacial advance. Glacial
advances punctuating the MIS 3 have been recorded in the southern

Andes and elsewhere in the southern hemisphere and are not unex-
pected in the southern Andean Subtropics (Kelley et al., 2014; Garcia
et al., 2018, 2021).

5.4.2. LIM II moraine: the LGM glacial advance

Nearly 70 % of all samples obtained from moraine LIM II in all four
studied valleys (El Toro, Las Arenas, El Viento, and El Despoblado) range
between 24.2 + 0.4 and 16.8 + 0.2 ka (n = 38). The younger most
frequent '°Be ages of the outermost lateral moraines in Las Arenas, El
Viento, and El Despoblado range between 18.7 and 18.5 ka. Those from
the El Toro are discussed in the next section (5.4.3). The statistical mode
for LIM II dates yielded 19.0 ka (Fig. 16), which indicates the most
frequent date recorded in LIM II moraine. Hence, we conclude that LIM
II moraine deposition occurred during a glacial expansion between 24.2



Fig. 13. Periglacial features in the Limari Basin. (a) Viscous flow derived
landforms on the LIM II moraine in El Despoblado Valley; (b) Gelifluction lobes
on the slope of the El Despoblado Valley. Lobes were cross-cut by the road; (c)
Moraine-related rock glacier in Las Arenas.

4+ 0.4 and 18.6 + 0.2 ka and culminated by 19 ka. °Be surface exposure
data from glacially transported boulders near the cirque headwalls in E1
Toro indicate that complete glacier-free conditions were reached by
17.6 + 0.2 ka in this valley, constraining the timing of the deglaciation
in the cordillera. High-elevation and prominent moraine ridges enclos-
ing cirques in other valleys, such as in El Despoblado, denote that small
glaciers lingered longer after the LGM above ~4200 m a.s.l., but not
below. Altogether, the implication is that we have dated the LIM II
moraine to the global LGM chronozone (24-18 ka; Mix et al., 2001). In
fact, the LIM II advance between 24.2 + 0.4 and 18.6 + 0.2 ka shows a
striking correspondence to the global LGM period. Within this time
range glaciers expanded in each of the valleys and then they melted out
to leave a prominent moraine mantling the valley bottoms. Nearby

glacial expansions within the LGM expose the regional scale of the LGM
glacial advance in the subtropical Andes (Zech et al., 2017). Deglacia-
tion was characterized by a steady ice retreat and thinning, and was
completed by 17.6 + 0.2 ka or earlier, leaving the main valleys glacier-
free. Glacier ice abandonment of the Andean Encierro Valley (29° S) was
recorded to occur in the same time range (18-17 ka) as based on 10ge
dating of boulders on moraines and scoured bedrock (Aguilar et al.,
2022). All of our studied sites in Limari are remarkably similar in their
10Be chronological and geomorphic record, which supports our inter-
pretation of the last glaciation and deglaciation fluctuation during the
LGM and early Last Glacial Termination.

The samples yielding ages >28 ka in LIM II (n = 12) are rejected as
outliers as they are significantly older than the main population of LIM II
ages. These boulders have unknown geomorphic exposure histories. For
instance, it is possible that the 1°Be inheritance of these boulders is
associated to previous ice advances in the same valleys, and then
reworked by the LGM glacial advance. Most of these outliers date to the
MIS 3, corresponding to the age of LIM I advance in some of our sites in
Limari, and also similar to the outer moraines dated by Zech et al. (2007,
2017) in the region. On the other hand, we do not rule out that the 10ge
inheritance in these boulders could also be the response to other causes,
including previous exposures on the headwalls or talus slopes before
being delivered to the glacier surface or entrained by glacier erosion
(Lehmann et al., 2022). In any case, these boulders were included by the
LGM glacier expansion into the LIM II moraine, and they significantly
overestimate the LGM age of this landform.

5.4.3. Late -Glacial periglaciation of the Limari Andes

The younger 1°Be dates of exposure of the outer right lateral LIM II
moraine in TOR Valley, ranging between 15.5 + 0.3 and 13.6 + 0.3 ka,
can be potentially linked to the glacial to periglacial transition revealed
by the geomorphic record. We hypothesize that these anomalous but
consistent set of young R ages expose morphogenetic activity
resulting as a consequence of periglacial geomorphic processes (Murton,
2021). These '°Be samples were obtained from the top of a relatively
steep section of the TOR II lateral ridge, a location susceptible of soli-
fluction under seasonal frost and permafrost conditions (Matsuoka,
2001), potentially affecting the boulders stability and their exposure
history. Thus, we posit these glacially deposited boulders were reworked
by the effect of permafrost-related spatial displacements of frozen
morainic material during the Late-Glacial time, thereby producing
anomalously young exposure ages underestimating the LGM age of LIM
II landform as dated elsewhere in all valleys. The Late-Glacial
(~14.7-11.5 ka; Jouzel et al., 2007) is a global period of renewed low
near glacial temperatures during the Last Glacial Termination (Denton
et al., 2010) recorded by advanced glaciers in the Andes of central Chile
(Fernandez et al., 2021; Herrera-Ossandon et al., 2023), Patagonia, and
elsewhere (Strelin et al., 2011; Garcia et al., 2012; Sagredo et al., 2018).
For instance, the Universidad Glacier at 34° S reached about 2/3 of its
LGM extent during the Late-Glacial (Fernandez et al., 2021). Opposite,
the Limari glaciers at 31° S had already abandoned the main valleys
early after the LGM, as had also the Huasco glaciers to the north by c. 18
ka (Aguilar et al., 2022). Thus, a Late-glacial periglaciation seems to
have dominated the high subtropical Andes in these formerly glaciated
valleys.

5.5. Paleoclimate implications

The LGM in the Andean subtropics was a period with an estimated
mean temperature depression of 5-6 °C and increased precipitation by
~100 % (Kull et al., 2002), comparable to other southern mid-latitude
areas (Heusser et al.,, 1999; Putnam et al., 2013; Petherick et al.,
2022). The Limari LGM glaciers ended at ~3300 m a.s.l. close to the
LGM permafrost limit ~3000-3300 m a.s.l. as estimated from the tem-
perature depression reported by Kull et al. (2002). Under such thermal
conditions with prevailing negative temperatures, LGM glaciers were
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Fig. 14. Ice-rich viscous flow in the LIM II moraine in El Toro Valley. Permafrost type of flow structures and rock glaciers derived from left lateral moraines near the
cirque (upper panel) and from the LIM II hummocky moraine at the valley bottom (lower panel). It is hypothesized that the observed ice-rich permafrost creeping

occurred during the Late Glacial period in moraines deposited during the LGM.

likely polythermal with partially temperate firn areas but predominantly
cold ablation areas (Cohen et al., 2018). The calculated ELA drop of
>1000 m linked to lower temperatures and higher precipitation trig-
gered an LGM glacier expansion in the semiarid subtropical Andes well-
recorded in mountain chains worldwide and thus a global glacial event
(Denton et al., 1999, 2021). The ELA, today at 5100-5300 m a.s.l., was
lowered somewhat more than the lower permafrost limits, which is in
accordance with more humid regional conditions during the LGM than
today (Fig. 17). LGM-dated glacially polished boulders in the cirques of
El Toro Valley (samples TOR2002, TOR2003, and TOR2004) point to
warm-based glaciers at 3600-3700 m a.s.l., at or above the LGM ELA,
which implies an ELA lowering of 1000-1500 m with respect to present.

Again, the latter points to the effect of the global temperature drop and
the regional increase in precipitation during the LGM. Similarly calcu-
lated ELAs have been estimated for Andean glaciers at 33° S (Herrera-
Ossandon et al., 2023). Augmented precipitation in the Andes during the
LGM was forced by a northern migration of the SWW in response to an
expanded influence of the Antarctic realm through the ocean and at-
mosphere linking mid-to-high latitudes (Lamy et al., 2015). Several lines
of evidence point to expanded SWW into lower latitudes prompting a
colder and wetter LGM than present, including expanded glaciers, pol-
len, lacustrine sediment, and Bt paleosol development (Heusser et al.,
1999; Kull et al., 2002; Valero-Garcés et al., 2005; Garcia et al., 2019;
Fernandez et al.,, 2021; Aguilar et al.,, 2022). Moreover, marine



Fig. 15. Examples of rock glaciers in the Rio Limari Basin. Left: Active rock glacier extending down until 4320 m a.s.l. flanked by a lateral moraine ridge (right side of
the rock glacier, segmented yellow line) in El Despoblado Valley (Rio Hurtado). Right: Inactive rock glacier extending down until 3430 m a.s.l. north of the El Toro

Valley (Combarbald). Red arrows delimit the rock glaciers.

sediments also record a wetter climate during the LGM (e.g., Stuut and
Lamy, 2004). After the LGM, global warming associated with a southern
migration of the SWW and the expansion of the subtropical front trig-
gered an ELA rise and glacier collapse early in the Last Glacial Termi-
nation (Denton et al., 2010; Palacios et al., 2023). Resumed cold and
humid climate during the Late-Glacial affected again the southern
middle latitudes but the effective moisture brought by the northward
shifted SWW did not reach the Limari Basin to produce significant
glacier expansions here at 30-31° S, as it did further south (Fernandez
et al., 2021). Instead, we hypothesize the subtropical Andean glacial
LGM deposits at ~3000-4000 m a.s.l. in Limari were exposed to a cool
and dry climate that prompted ice-rich permafrost creep processes and
spatial displacements of frozen morainic material (Fig. 17). In other
words, the reduction of precipitation after the LGM produced greater
glacier retreat than permafrost retreat at higher altitudes. Our study
exposes the central role of latitude and altitude thresholds in link with
the position of the SWW in determining if glacial or periglacial condi-
tions dominated the subtropical Andes at the end of the last ice age.

6. Conclusions

A total of 74 new °Be ages constrain the timing of glaciation,
deglaciation, and glacial to periglacial transition denoted by the
geomorphic imprint of the Limari Basin in the subtropical semiarid
Andes of northern Chile. Mountain glaciers expanded first during MIS 3
by 41.2 + 0.6 — 35.0 £ 0.5 ka, and probably earlier as well. The next

glacier advance occurred between 24.2 + 0.4 and 18.6 + 0.2 ka
throughout the global LGM and culminated by 19 ka. Glacier retreat
followed and by 17.6 + 0.2 ka glaciers had already abandoned the
valleys below ~4000 m a.s.l. early in the Last Glacial Termination. Our
record of LGM and deglaciation nicely mimics the main global signal of
glaciers, ice sheets, and sea-level change, evidencing interhemispheric
near synchrony of climate forcing.

The LGM LIM II moraine was built as a composite landform that
involved a sequence of glacial, deglacial, and periglacial morphogenetic
processes. A massive hummocky moraine deposited by LGM debris-
covered glaciers served afterwards during the Late-Glacial as a niche
for seasonal frost and permafrost creep, which substantially modified
the original landforms. The widespread development of solifluction and
rock glaciers under permafrost conditions in glacially derived debris
helps to understand the observed geomorphic record in the high Andes
of Limari and high mountains elsewhere that evidence glacial-
periglacial transitions and interactions at the end of the ice age. There
is a general lack of studies on debris-covered glaciers and their inter-
action with periglacial landforms in the subtropical Andes. Thus, this
study contributes to a better understanding of the wide range of cryo-
spheric landforms indicating the response to climate change in maritime
dry mountain settings.

In particular, the studied glacial and periglacial geomorphic imprint
denotes the sensitive response of the cryosphere of the subtropical Andes
to the latitudinal migration of the southern westerly winds (SWW). The
latitude and elevation factors determined if glacial or periglacial
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conditions controlled the geomorphic processes in the subtropical high

Andes in link with the position of the SWW at the end of the last ice age.

Further investigation is suggested for the periglacial landforms in the
Andes in order to assess the geographic extent of the conclusions derived

from this study.
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