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Reconstructing latest Holocene (<1000 years) glacial landscape development in the Central Andes of Chile
(30–35° S) is key for understanding the response of the cryosphere during periods of negative glacier mass bal-
ance, such as the current one. The excellently preserved glacial landscape produced during the latest ice advance
and retreat cycle is of particular interest for examining the detailed response of glaciers to deglaciation. To estab-
lish a conceptualmodel of glacier behavior underwarm and dry climatic conditions, we reconstructed and dated
the recent glacial history of the UniversidadGlacier (34° S) throughdetailed geomorphologicalmapping and 10Be
cosmogenic surface exposure dating. Ourmappingdescribes a landsystem that spans from the current ice front to
~3 kmdown-valley, where amosaic of glacial landforms includesmounded relief; sinkholes; debris-filled stripes;
moraine belts; flutings; and a prominent basal till plain. Our 10Be ages suggest that the Universidad Glacier has
fluctuated in its forefield since the 13th – 15th centuries CE.We propose that the glacier evolved froma clean gla-
cier to a debris-covered glacier, to an ice-cored moraine, and finally, to a massive dead-ice topography. This
deglacial evolution intermittent and potentially reset bymultiple standstills and/or re-advances during the over-
all retreat. The implication is that phases of active ice were followed by stagnation associated with progressive
melting of dead ice under the supraglacial debris layer. Similar geomorphic features and processes are recorded
in the present-day Universidad Glacier ablation zone, denoting a recurrent reconditioning over time analogous to
the glacier's evolution during the latest Holocene.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

Glacial landforms in high mountains are unique indicators of mor-
phogenetic processes linked to distinct glacial dynamics and climatic
fluctuations (Benn and Evans, 2014; Mackintosh et al., 2017). Despite
the existence of well-preserved Holocene glacial landforms in the Cen-
tral Andes of Chile (30–35°S), only a few studies have aimed at under-
standing the geomorphological transition from glacial to non-glacial
landscapes in response to climate warming (Bodin et al., 2010; García
et al., 2014; Janke et al., 2015; Monnier and Kinnard, 2017; Iturrizaga
and Charrier, 2021). Notable unresolved questions include:

- What are the geomorphic processes that occur duringwarm and dry
periods in a glaciated basin of the Central Andes of Chile?
- Do glacier fronts retreat abruptly or by progressive de-icing with
standstills and/or re-advances phases during the overall deglaciation?

- Is it possible to define a latest Holocene deglaciation landsystem
model for a prominent glacier system in the Central Andes of Chile
based on geomorphic records?

In this paper, we aim to build a conceptualmodel of deglaciation that
better characterizes the response of glaciers towarm and dry periods in
the Central Andes of Chile. Our model is based on detailed geomorphic
mapping of the latest Holocene glacier record constrained by 10Be expo-
sure dating in the forefield of the Universidad Glacier (34° 42′ S, 70° 20′
W). This approach provides temporal context for the deglaciation of the
20th and 21st centuries and insights into the long-term deglacial pro-
cess for this mountain area. Our study area in the hinterland of the
most populated area in Chile represents one of the chief sources of
freshwater for human and agricultural uses (Bellisario et al., 2013;
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Ayala et al., 2016). Understanding the response of local glaciers to cli-
mate change is essential for sustainable water planning.

1.1. Conceptual models of de-icing

Geomorphological processes related to ice melting are enhanced
in high mountains. In these areas, the deglacial process that follows
a glacial expansion includes a long-term period of sediment and
geomorphic adjustment (Ballantyne, 1995, 2002, 2008; Benn and
Owen, 2002; Evans and Twigg, 2002; Curry et al., 2006) character-
ized by a high rate of debris mobilization and deposition at the
lower margin of glaciers due to negative mass balance and ice stag-
nation (Eyles, 1979; Kjær and Krüger, 2001; Lukas et al., 2005, 2007;
Schomacker, 2007; Evans, 2014). The debris generally comes from
mass movement of ice-free adjacent valley slopes (Eyles and
Rogerson, 1978; Eyles, 1979; Curry et al., 2006; Evans, 2009; Eichel
et al., 2018) or avalanches (Owen, 1991; Shroder et al., 2000;
Hambrey et al., 2008). Englacial debris accumulates on the glacier
surface when the ice is thinning (Janke et al., 2015). In the transition
between the active glacier and the stagnant snout, subglacial sedi-
ments can be thrust up to the supraglacial environment (Glasser
and Hambrey, 2002; Swift et al., 2018).

Geomorphological models of deglaciation have been constructed
for the Andes, Himalayas, and Europe to understand the current de-
icing process. According to Janke et al. (2015), the present-day
evolution of glacial landscapes in the Central Andes of Chile could
be better understood as a continuous transition from clean to
debris-covered glaciers and, possibly, glaciogenic rock glaciers. Com-
plementarily, García et al. (2014) suggested that a transitional state
from clean glaciers to debris-covered glaciers may be ice-cored mo-
raines: buried bodies of ice detached from the active or stagnant gla-
cier up-valley (Kjær and Krüger, 2001; Lukas et al., 2007; Evans,
2014). In both cases, ice melt produces an upper layer of rock mate-
rial that mostly insulates underlying ice (García et al., 2014; Janke
et al., 2015). In the Himalayas, Shroder et al. (2000) suggested that
the transition from debris-covered glaciers to rock glaciers depends
on the sediment transfer rate from ablation zones to glaciofluvial
systems. An inefficient transfer would thicken the supraglacial
layer, increasing the insulation of internal ice (Shroder et al., 2000;
Jones et al., 2019). Other investigations in Central Asia found that the
main causes of mass loss in debris-covered snouts are supraglacial
melt-out ponds and ice cliffs (Sakai et al., 2000; King et al., 2020; Buri
et al., 2021). In this manner, surface lowering is associated with the de-
velopment and subsequent degradation of dead-ice zones (Benn and
Owen, 2002).

In Europe, the degradation of ice-cored moraines has been well-
established. Backwasting of the ice front and glacier downwasting be-
come a significant cryogeomorphic process during warm periods
(Kjær and Krüger, 2001; Krüger et al., 2010; Reid and Brock, 2014).
The variable thickness of the glacier's debris cover results in differential
downwasting rates in the ablation area, producing a hummocky topog-
raphy (Patterson, 1998; Schomacker, 2008; Evans, 2009; Oliva and
Ruiz-Fernández, 2015). Features associated with a karstic evolution on
stagnant ice may be identifiable, such as funnel-shaped sinkholes
(sensu Clayton, 1964; Kjær and Krüger, 2001; Schomacker and Kjær,
2008) and debris-filled stripes, which are produced from tension cracks
(Eyles, 1979; Kjær and Krüger, 2001). Complete de-icing of the ice-
cored moraines results in a dead-ice moraine with massive ice-free
hummocky topography (Kjær and Krüger, 2001; Schomacker and
Kjaer, 2007; Krüger et al., 2010).
Fig. 1. Location of the study area in the Central Andes of Chile (30–35°S). (a) Location of the stu
markedwith yellow stars; (b) The glacier inventory (Dirección General deAguas, 2014) and the
(red lines)mapped along the Universidad Glacier valley; (c)Universidad Glacier and the latest H
The oldest historical imagery of the Universidad Glacier from 1944 with view to the west.
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Debris-covered glacier de-icing models contrast inactive ice at the
terminus with active flowing ice up-valley in the same glacier tongue
(Kjær and Krüger, 2001; García et al., 2014; Phillips et al., 2017). This re-
sults in a stationary ice front, unlike the retreating ice front typical of
clean mountain glaciers during negative mass balance periods (Bennett
et al., 2000; Krüger et al., 2010).

2. Regional setting

The highest peaks in the Central Andes of Chile reach ~6000 m a.s.l
(Fig. 1a). The Andes' rugged topography is characteristic of active tec-
tonic uplift, volcanism, and incised glacial basins (García et al., 2014;
Charrier et al., 2019). Its altitude and physical setting promote different
sizes and types of glaciers (Lliboutry, 1998), such as clean glaciers; clean
glaciers with debris-covered snouts; debris-covered glaciers; and rock
glaciers. Clean glaciers and debris-covered glaciers are more common
to the south of 33° S, while rock glaciers dominate the North (Azócar
and Brenning, 2010).

The entire glacier-covered area in the Central Andes of Chile has
been shrinking dramatically since at least themiddle of the 20th century
(Barcaza et al., 2017). Between 2000 and 2019, an accelerated loss of
glacier mass has been observed (Hugonnet et al., 2021). Moreover, the
present mega-drought in central Chile is the longest dry period in the
last millenium (Garreaud et al., 2020). Malmros et al. (2016) confirmed
a total reduction of the exposed ice area in the Central Andes of Chile
and Argentina (32°–33° S) from 134 to 94 km2 between 1955 and
2014. The loss of glaciated area and projections for a warmer climate
have turned attention to debris-covered glaciers and rock glaciers as im-
portant regional water resources (Azócar and Brenning, 2010; Bellisario
et al., 2013; Janke et al., 2015; Fernández and Ferrando, 2018).

The Central Andes of Chile are south of the Pacific side of the Arid Di-
agonal (Abraham et al., 2020). In this region, winter precipitation pro-
duced by the southern westerlies dominates (Garreaud, 2009). 80% of
the annual precipitation occurs between May and August, mostly in
the form of snow. According to regional climate data from the Embalse
El Yeso station (33° 40′ S, 70° 5′W, ~2400m a.s.l.), the mean annual air
temperature is 8.3 °C and the mean annual precipitation is 515 mm
(Barcaza et al., 2017). The local climate defines the equilibrium line alti-
tude (ELA) of the glaciers at 4300–4400 m a.s.l. in the north, declining
gradually to 3200 m a.s.l. south of 33° S (Brenning, 2005; Azócar and
Brenning, 2010).

The Universidad Glacier is surrounded by high summits. The highest
peaks on the west side of the catchment area include Cerro Alto Los
Arrieros (4990 m a.s.l.), El Portillo (4957 m a.s.l.), and Cerro El Brujo
(4458 m a.s.l.). To the east, the highest peaks include the volcano El
Palomo (4860 m a.s.l.) and other peaks at ~3500 m a.s.l. El Palomo has
no volcanic activity at present. The main lithologies surrounding the
Universidad Glacier are granodiorites, rhyolites and andesites (Charrier
and Lillo, 1973) (Fig. 1b).

The mountain range that surrounds the Universidad Glacier also
hosts three other glaciers that, together, cover an area of ~50 km2

(Dirección General de Aguas, 2014): Cipreses Glacier to the northwest,
Cortaderal Glacier to the east, and Palomo Glacier to the north
(Fig. 1b). TheUniversidadGlacier has the largest surface area in the Cen-
tral Andes of Chile, 28.1 km2 (Wilson et al., 2016), and a notable length
of ~10 km. The Universidad Glacier originates from the El Palomo vol-
cano and merges down-valley with Manke Glacier (Fig. 1c). At present,
the Universidad Glacier flows down-valley from 4540 to ~2500 m a.s.l
(Le Quesne et al., 2009). Aerial photographs available since 1944 allow
tracing the evolution of the ice front since then. In the 1944 Trimetrogon
dy area in SouthAmerica and the Central Chile.Main cities near theUniversidadGlacier are
geological setting of the study area,with reconstructed Pleistocene andHolocenemoraines
oloceneUNI Vmoraine complex (white dotted line) andmoraine ridges (black lines); (d)
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Image of Fig. 1
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aerial photographs, the ice frontwas 1.5 km further down-valley than at
present (Fig. 1d). Between 1944 and 1955, the ice front retreated 1 km
(HYCON flight, 1955). Since 1955, the ice front has retreated about
300 m.

3. Materials and methods

3.1. Geomorphological mapping

Our geomorphological mapping is based on interpretation of satel-
lite images, field visits, and stereoscopic interpretation of aerial photo-
graphs. We analyzed aerial photos from 1997 (1:50,000, produced by
GEOTEC flight, Servicio Aerofotogramétrico (SAF), Chile) and 1955
(1:70,000, produced by HYCON flight, SAF Chile). We acquired recent
terrain imageries from GeoEye (2015), DigitalGlobe (2018), and ESRI
ArcGIS (2020). We composited a Digital Elevation Model (DEM) with
12.5 m resolution from ALOS-PALSAR data (https://vertex.daac.asf.
alaska.edu/). In addition, we retrieved geological data from national
and regional geological databases to compile a map (1:500,000)
(Charrier and Lillo, 1973; SERNAGEOMIN, 2004) (Fig. 1b).

Once we identified main glacial features through geomorphological
mapping on remotely sensed data, we carried out three fieldwork cam-
paigns (in January and April of 2019 and January of 2020, for a total of
30 days) to check and improve the remotely mapped glacial geomor-
phology. The terminal glacier zone, the upper ablation zone, and the gla-
cier forefield were explored extensively. We used a handheld GPS
device with ±3 m horizontal accuracy to document sample and land-
form locations. We used ESRI ArcGIS 10.3 to produce our geomorphic
maps, applying the glacial geomorphology symbology of Barsch and
Liedtke (1980) and Kneisel (1988).

3.2. Geochronology

To establish a general geochronological time frame, we collected
rock samples (>1.5 kg) from the top (upper <2 cm) of six granodiorite
boulders (Table 1; Supplementary Material) resting on moraine ridges
and flute fields for in situ terrestrial cosmogenic nuclide dating (TCND,
10Be), following standard procedures (Gosse and Phillips, 2001). The
sampling focused on boulders ranging in size between 90 and 240 cm
above the surrounding surface with minimal surface weathering, frac-
tures, or evidenceof gravitationalmovement or post-depositional exhu-
mation. Each boulder had glacial erosional features such as striations
(Supplementary Material). We collected rock samples with a hammer
and chisel, blasts, and a handheld circular saw. Clean quartz was ex-
tracted at the Pontificia Universidad Católica de Chile - Cosmogenic Iso-
tope Laboratory, while Beryllium was isolated at the Surface Exposure
Lab at the University of Zürich, following a procedure adapted from
Kohl and Nishiizumi (1992). All 10Be/9Be ratios were measured at the
ETH Zurich Tandy AMS system (Christl et al., 2013) and normalized to
the ETH in-house AMS standards S2007N and S2010N (10Be/9Be =
28.1·10−12 and 3.3·10−12, respectively), which were calibrated to the
ICN 01–5-1 standard (Nishiizumi et al., 2007). All AMS standards are as-
sociated with a 10Be half-life of 1.387 ± 0.012 Myr (Chmeleff et al.,
2010; Korschinek et al., 2010). 10Be/9Be sample ratios were corrected
with the weighted average of the two chemistry blanks (Table 1; Sup-
plementary Material). We calculated 10Be exposure ages with the
CRONUS-Earth online calculator (http://hess.ess.washington.edu/
math/) version 3 (Balco et al., 2008). We used the local calibration
dataset developed by Kaplan et al. (2011) to obtain the 10Be production
rate for southern SouthAmerica. The calibration datawas obtained from
the online ICE-D platform (http://calibration.ice-d.org/). We excluded
both erosion and shielding by snow and/or sediment from the exposure
age calculations due to the boulders' visible striations, indicating low
surface weathering rates from the time of deposition. The height of
the sampled boulders above the surrounding topography makes
snow/sediment shielding less likely. It is also very difficult to determine
4
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snow cover density and duration; therefore, our exposure ages should
be regarded as minimum ages. All exposure ages reported here are in
the 10Be time-dependent scaling scheme (Lm) after Lal (1991) and
Stone (2000) (Table 1). Outputs from other scaling schemes do not
change the final interpretations of exposure ages presented here.

4. Results

4.1. Geomorphology of the glacier forefield

The Universidad Glacier valley has four distinct moraines within a
distance of 20 km, located between 1000 and 2500 m a.s.l. We labeled
them from outer to inner as UNI I to UNI IV (Fig. 1b). UNI IV, the latest
Holocene moraine complex, extends ~3 km down-valley from the ice
front (Fig. 2), covering the present-day forefield. The UNI IV moraine
complex includes different types of glacial landforms and structures
punctuated by eight moraine ridges.

4.1.1. Moraine ridges
Eight moraine ridges (A-G from distal to proximal) occur in UNI IV

between the current glacier margin and a ~45° steep and ~400 m high
topographic step 3 km down-glacier (Fig. 2). The outermost frontal mo-
raine A was deposited over gently sloping terrain, where rounded and
sub-rounded boulders, some well-faceted and -striated, occur (Fig. 3a).
This diamictic terrain seems to be older than the moraine ridge A.
Fig. 2. Glacial geomorphology and geochronology of the UniversidadGlacier forefield.Dotte
E, rock samples were obtained to measure the 10Be exposure surface dates that offer a tempor
moraine complex; D1-E represent the extensive ice, until, at least, the first half of the 20th ce
century. The current glacier front is almost completely covered with debris.
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In some cases, the moraine ridges can be tracked all along the east-
ern lateral and frontal margins (Fig. 2). The moraines in the southwest
part of the valley have been crosscut and/or overridden by advances
of the mountain glaciers from Cerro El Brujo and their preservation is
less clear (Figs. 1, 2). The eastern lateral moraines A-D, near the glacier
front, exhibit a stepped sequence (Fig. 4a). The proximal slopes of these
moraines vary between ~15° and ~40°, with the higher angles in the
outer moraines A and B. These outer moraines comprise mainly angular
and sub-angular, but also sub-rounded boulders. Moraines C and D are
formed bymatrix-supported diamicts. Somedistal sections of the exter-
nal lateral moraines have been partly covered by colluvial sediment
(Fig. 4a). Erosive debris flows have interrupted the continuity of the
eastern lateral sections of moraines A-D (Fig. 2).

The frontal sections of moraines A-D remain well-preserved and are
relatively similar in height (~5 m). Their lithologic composition is
mostly granodiorite, with a proximal slope angle of 20 to 30° and sub-
angular to angular boulder roundness. The frontal margins of moraines
A-B are 90–100 m apart from each other. Both ice-marginal positions
are separated by a conspicuous deposit of angular basaltic boulders
(Fig. 3b). Moraine C is located 130 m up-valley from moraine B, which
was crosscut by a mountain glacier expansion from Cerro El Brujo
(Figs. 1c, 2). Betweenmoraines B and C, scattered boulders and patches
of sand of varying shapes and sizes make up an irregular terrain. The
largest sandy patch has a basaltic and quartz lithology and is in the cen-
tral part of the valley in front of moraine C, with a length of ~50m and a
d lines represent themoraine ridges, labeled A –G.Onmoraine B and betweenmorainesD-
al frame of the landscape evolution. Moraines A-C represent the outer ice extent of UNI V
ntury; F-G denote much less prominent glacier over the middle and the end of the 20th

Image of Fig. 2


Fig. 3. Frontal ridges of moraines A and B. (a) The frontal ridge of moraine A is composed mainly of angular boulders. The moraine grades towards a topographic step with striking
widespread well-polished boulders that contrast with moraines A-B; (b) Intermorainal bouldery hummocky topography of moraines A and B, which includes a basaltic (volcanic)
deposit. Ridge of moraine B is also pointed out.
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width of ~30 m. The proximal terrain of moraine C reveals a paved sur-
face with flutes (Fig. 2) (see section 4.1.3).

The frontal section of moraine D is 1.5 km down-valley from the ice
margin on the proximal side of a prominent oval-shaped landform
(Fig. 2) (see section 4.1.2). The crest splits into two sinuous ridges, D1

and D2, 10–20 m apart from each other (Fig. 4b). The intermorainal
depression between moraines D1 and D2 is mainly sand, silt, and
abandoned meltwater channels. Both moraine ridges are topped with
polished and faceted boulders covered partly by a thin and patchy
6

debris veneer. This debris cover is mainly sub-angular and sub-
rounded cobbles. Between moraines D2 and E, there is a set of well-
preserved flutes (see section 4.1.3) (Fig. 2).

Moraine E is found1.3 km from the ice front. Thewell-preservedmo-
rainic arc is uninterrupted over 2.5 km. It is composed mainly of sub-
angular to sub-rounded boulders and cobbles, supporting faceted and
striated embedded boulders. Moraine E coincides with the glacier posi-
tion captured by the 1944 Trimetrogon aerial photograph (Fig. 1d). The
inboard part of moraine E hosts flutes of different lengths and sizes (see

Image of Fig. 3


Fig. 4. Overviewof the forefield andmorainesD1 andD2. (a) Forefield from the top of basal till plain (oval-shaped landform)with the current glacier in the back. The view is towards the
North. Eastern lateral ridges ofmoraines A-D are arranged in a staggered sequence, representing the outer ice-marginal position.Moraine E, which coincides approximatelywith the 1944
ice position in Trimetrogon aerial photograph, is a perfectly definedmorainic arc. The upper left white arrow indicates the North; (b) Frontalmoraine D is divided into two ridges (D1 and
D2) deposited on the proximal side of the prominent basal till plain on the UNI Vmoraine complex. The upper left shows an alignment of debris in the ground on the prominent landform.
At the bottom right are two orange tents in the hydropower station infrastructure for scale. The view is to the east.
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section 4.1.3). Moraine F is a remarkable moraine located ~440 m from
the glacier front (Fig. 5). It has a height of 7mand is composed of distinct
rounded granodiorite pebbles and boulders. On its top, some of these
boulders are striated and faceted. It has a serpentine shape oriented
east-west over 300m. According to HYCON aerial photography, its posi-
tion seems to indicate the 1955 latero-frontal icemargin. Lastly,moraine
G occurs in patches of nomore than 5m in height on the active outwash
7

plain and spreads out in a sinuous shape. This moraine is 300m distal to
the present glacier front (Fig. 5). Moraine G coincides with the 1997 ice
front position captured by GEOTEC aerial photography.

In summary, the outer moraines (A, B, and C) are more prominent
and well-preserved in their frontal and left lateral margins. They repre-
sent the outer ice extents of theUNI IVmoraine complex.Moraines D1-E
denote the presence of extensive ice until at least themiddle of the 20th

Image of Fig. 4


Fig. 5. Universidad Glacier front. The ice front is totally debris-covered and shows a gentle slope punctuated by ice cliffs andmeltwater channels. In the foreground the ridge of moraine E
(~1944). In the background, moraine F with a serpentine shape (~1955), and the moraine patches left from the ~1997 moraine (G). The upper right white arrow indicates the North.
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century. Moraines F and G indicate a much less prominent glacier over
the middle and end of the 20th century. Moraines A-G are distinct evi-
dence of significant former marginal positions, except for moraine G,
which is primarily mounds being eroded by meltwater streams in the
outwash plain (Fig. 5).

4.1.2. Hummocky terrain
Moraines A-G are distributed over amassive hummocky terrain that

covers most of the forefield, except for the active outwash plain (Fig. 2).
The hummocky terrain is an irregular complex where the following co-
exist: i) an irregular bouldery topography; ii) rounded basins with an
accumulation of debris at their bottom; iii) debris-filled stripes in the
ground; iv) a prominent oval-shaped landform; and v) glacial linea-
tions.

Large angular boulders (>3m) are piled up betweenmoraines A and
C (Fig. 6a), while smaller sub-angular debris occurs inboard from mo-
raine C (Fig. 6c-e). This produces an overall granulometric gradient
along the hummocky terrain. Throughout the hummocky terrain, inac-
tive sinkholes (Krüger et al., 2010; Schomacker, 2007) filled with debris
at their bottoms have been identified. The largest sinkholes are in the
outer area, with depths of >3m and widths of >5m (Fig. 6a). Here, re-
current sinkholes, one next to the other and separated by high ground,
produce chaotic hummocky relief. In contrast, smaller sinkholes occur
inboard to moraine C. The smaller sinkholes are 4–5 m wide and 2 m
deep and also have debris accumulation at their bottoms (Fig. 6c).

Debris-filled stripes in the ground (Fig. 6b) cover most of the hum-
mocky terrain complex, except for the distal area between themoraines
A and C, where large piled boulders occur. These sorted debris stripes
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range from 1 to 5 m in length and their depth below the ground varies
from a few centimeters to at least 1 m. These debris-filled stripes do not
have a prevailing orientation. They spread randomly on the ground and
tend to occur on both low and high terrain.

A prominent oval-shaped landform stands out ~30 m from the sur-
rounding hummocky terrain. It is ~500 m long, ~450 m wide, and lo-
cated ~1.5 km from the current glacier front. It is flanked by the two
main streams of the valley (Fig. 2). Distally, this landform merges with
the surrounding topography. On its surface, sub-angular, sub-rounded,
and rounded cobbles and boulders occur. Some of these are large boul-
ders embedded in the surface (>2 m in height), which in turn are fac-
eted and striated. Debris-filled stripes in the ground appear towards
the flanks of this prominent landform. These alignments of debris can
reach up to 3 m in length (Fig. 4b) and 1–4 m in width. Debris-filled
sinkholes also occur (Fig. 6c). Additionally, throughout the landform
surface, glacial lineations coincident with the ice flow direction are ob-
served in the satellite images (Fig. 2).

4.1.3. Flutes
Flutes are ubiquitous in the middle section of the UNI IV moraine

complex, where they are superimposed onto the hummocky terrain
dominating the forefield. Some of theseflutes are distinct and preserved
as elongated ridges composed of matrix-supported sub-rounded and
rounded granodioritic pebbles (Fig. 7a). The flutes are ~1 m in height,
decreasing gradually to their distal margin, and their lengths vary
from 10 to more than 80 m. Generally, the flutes develop on the lee-
side of well-polished and striated boulders (Fig. 7b, d). Less well-
formed flutes, with discrete conic sediment accumulation on the lee

Image of Fig. 5


Fig. 6. Geomorphological attributes of hummocky terrain. (a) Sinkholes in the frontal, distalmargin of theUNI V complex betweenmoraines A-B; (b) Sorted debris stripes in the ground
and (c) sinkholes on the flank of basal till plain; (d) Eastern margin of the Universidad Glacier ablation zone; note the wet scars and overall irregular debris-covered ice topography; (e)
Panoramic view of the forefield near the main active outwash plain. Also, the picture shows, in the background, the main lateral section of moraine B. White arrows point out the North.

H. Fernández, J.-L. García, S.U. Nussbaumer et al. Geomorphology 400 (2022) 108096

9

Image of Fig. 6


Fig. 7. Different types of glacial flutes on the hummocky terrain. (a) Flute composed of sub-rounded and rounded granodioritic matrix-supported debris between moraines D2 and E.
The view is to the south; (b) Profile view of a flute developed on the lee-side of a roche moutonnée boulder; (c, e) Large boulders covered with a patchy debris veneer on the surface and
with an unconsolidated sedimentary tail; (d)Down-glacier view of a flute. The person in the foreground is standing on the flute; (f) Aerial view of the flutes overriding the large basal till
plain (oval-shaped landform).
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sides of the big boulders, appear covered by a patchy debris veneer
on their surface (Fig. 7c, e). This debris veneer resembles poorly
consolidated melt-out sediment composed of angular to rounded
material.

Flutes occur in swaths between moraines B and F (Fig. 2). Flutes be-
tween moraines C and D1 are spatially distributed in two distinct
groups. Group one includes at least twelve flutes near the eastern
margin of the forefield. They are no more than 10 m apart and show a
135° azimuth (Fig. 2). The second group of flutes occurs over the
10
prominent oval-shaped landform. There are more than thirty flutes
spaced 10–30 m apart with a 210° azimuth. While it was not possible
to distinguish this last set of flutes during fieldwork, they were identi-
fied using satellite imagery, which recorded smooth and narrow flutes
of up to 80 m in length (Fig. 7f). Another set of flutes occurs between
moraines E and F (Fig. 2). This set of flutes consists of about thirty
units spaced 3–20 m apart. These flutes also have a 210° azimuth and,
due to their exceptional preservation, can be identified easily in the
field (Fig. 7a, b).

Image of Fig. 7
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4.2. The debris-covered glacier snout

The Universidad Glacier ablation zone extends from ~3700 to
~2500 m a.s.l. (Bravo et al., 2017). The lower area of the glacier is char-
acterized by extensive debris cover at the margins (Figs. 1, 2). This is
particularly evident towards the eastern side of the glacier as it ap-
proaches the lateral moraines, where debris cover seems thicker. The
poorly consolidated debris cover ranges from 0.1–2 m in thickness. A
recognizable medial moraine, formed by merging the Manke and
Universidad Glaciers, emerges over the surrounding ice (Fig. 8a). Trans-
versal sediment ridges appear on the glacier surface (Fig. 8b). These
ridges reach ~3 m in height and are composed of fines and granodiorite
rounded and sub-rounded pebbles. Ice cliffs punctuate the whole
Fig. 8. The debris-covered glacier snout. (a)Up-glacier view of the ablation zone. The boxes in
(c) Ice cliff andmovement of sediment due to backwasting; (d) Tension cracks and sinkhole form
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ablation area near the ice front, as high as 7 m with slopes over 40°
(Fig. 8c). Stacked granodiorite cobbles are commonly found with boul-
ders, forming gravity cones at the bases of ice cliffs. The accumulated de-
bris includes rounded or sub-rounded shapes with an absence of fine
material on the surface, which likely has been washed out. The contin-
uous stacking of debris at the bases of ice cliffs promotes the formation
of talus that commonly reaches the tops of the cliffs, covering them to-
tally.

The area close to the eastern lateral moraine exhibits a hummocky
topography without visible ice on the surface (Fig. 8d). Here, it is possi-
ble to recognize debris-filled stripes and sinkholes. Fractures on the
slope of the hummocks range from a few cm to ~6 m in length and are
not more than 1.5 m wide. Large debris usually falls into the fractures,
dicate the location of images (b) and (c); (b) Crevasse-squeeze ridges on the glacier front;
ationwhere ice is debris-covered; (e)Melt-out pondover the glacier debris-coveredflank.

Image of Fig. 8
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which are subsequently arranged in linear patterns, embedded in the
ground (Fig. 8d). This process gives, in some cases, a debris-striped
ground appearance.

Active supraglacial sinkholes, formed in response to underlying ice
melting, occur in the debris-covered glacier snout. They usually have
mud and/or water at their bottoms, indicating that the ice is melting
in-situ. Overall, these sinkholes reach a width of 3 m and a depth of
3 m into the glacier, and they resemble those described in the hum-
mocky terrain (see section 4.1.2). A common process observed is the
sliding of debris (pebble to boulder size) along the slopes of hummocks
towards the bottoms of sinkholes. This debris movement produces wet
scars on the slopes of the hummocks (Fig. 6d).

Small melt-out ponds are scattered over the debris-covered ablation
zone. They never exceed a diameter of 5 m or a depth of 1.5 m (Fig. 8e).
Sandy patches are also common in the ablation zone, probably as a re-
sult of the desiccation of these ponds. Turbulent supraglacial meltwater
streams occur in the clean ice, and reach the subglacial zone and the
forefield at some point.

In brief, the geomorphology of the ablation zone is characterized by
an extensive debris cover producing amostly irregular topography near
the ice front and towards the lateralmoraines A-D (Fig. 2).Most of these
topographic features have been forming during that last 40 years, as ob-
served in the available remote-sensing imagery. Ice cliffs are frequent
anddisrupt the local topography. Here,masswasting, such as the sliding
of debris along the slopes of the terrain, occurs. Towards the glacier
flanks, no ice is exposed. Debris-filled stripes, debris-filled sinkholes,
and dry or water-filled melt-out ponds are present throughout the
ice-covered surface.

4.3. Geochronology

Four 10Be-dated erratic boulder samples were obtained from the top
of moraine B. Three of themwere sampled from the eastern lateral mar-
gin (UNI 1801, UNI1802, and UNI1803) and one from the frontal ridge
(UNI1903) (Fig. 2). Complementarily, two boulders were sampled from
the flute field between moraines D2 and E (UNI1904 and UNI1905)
(Fig. 2). The three boulders sampled from the lateral margin of moraine
B yielded exposure ages of 240± 40, 330± 50, and 665±150 years, re-
spectively. The other boulder sampled from the frontal ridge of moraine
B yielded an exposure age of 470±100 years. The two samples retrieved
from boulders on the flute field between moraines D2 and E yielded ex-
posure ages of 360 ± 50 and 460 ± 100 years (Table 1; Fig. 2), respec-
tively. These are all young ages that are close to the lower limit of the
10Be method. Consequently, the analytical errors are relatively high.

5. Discussion

In this section, we discuss the morphogenesis and general geochro-
nologic context of landforms studied in the forefield of the Universidad
Glacier (i.e., the UNI IVmoraine complex).We interpret the geomorphic
record to reveal the type of deglaciation that occurred during the latest
Holocene period and to provide the context for the interpretation of the
present de-icing trend. In order to put our results in a more global con-
text, we analyze our geomorphological interpretations in comparison to
work carried out in other regions experiencing glacier recession.

5.1. Timing of morphogenesis

Taken at face value, the 10Be exposure dating suggests an overall
deglacial trend during the last 665± 150 years, interrupted bymultiple
ice stabilization or re-advance phases. The outer ridges of moraines A-C
correspond to themaximum latest Holocene glacier extent. The iceflow
that built up moraines D1, D2, and E in the middle of the forefield repre-
sents an intermediate glacier extension until the first half of the 20th
century. The final ice snout stabilization or re-advance is observed
with moraines F and G, which indicate the latest standstill/re-advance
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of the ice front during the second half and end of the 20th century.
Since then, the glacier has only declined.

5.2. Active ice derived landforms

Together with the eight moraine ridges mapped in the Universidad
Glacier forefield, the flutes also indicate an actively flowing temperate-
based glacier (Boulton, 1976; Gordon et al., 1992; Benn and Evans,
2014). Distinguishing whether moraines represent ice front standstill
or re-advances is not possible at this time. Regarding the flutes, we iden-
tified two groups parallel to the main valley axis and a third perpendic-
ular to the lateral moraine ridges (D, C, B) (Fig. 2). Flutes have not been
described previously in the literature for the Central Andes of Chile, but
they have been observed in the forefield of the Juncal Sur Glacier (33° S;
J.-L. García, field observations).Wemapped two types of flutes with dif-
ferent heights and lengths (Fig. 7). Both types occur intercalated, for in-
stance, in the flute field betweenmoraines D1 and F (Fig. 2). As the flutes
occur superimposed on the massive hummocky terrain, it is assumed
that sediments from the latter were reworked into the flutes during ac-
tive glacier flow. The flutes are composed of glacially polished clasts in
the diamict that indicates their subglacial genesis. According to
Boulton (1976) and Gordon et al. (1992), flutes accurately indicate the
former direction of the ice flow, as they are produced by the abrasion
and quarrying of subglacial boulders. Evans (2014) suggested that the
glacier-bed coupling should generate similar flute sizes during discrete
glacial events. It is possible that the sets of flutes that occur between
moraines C\\D1 and E-F are linked to different glacial standstill
and/or expansion events and, thereby, expose discrete times of ac-
tive ice flow.

Lliboutry (1958) suggested that there must have been a “glacier
flood” of the Universidad Glacier in the first half of the 20th century.
The ice field extended 1 km further down-valley in 1944 when com-
pared to 1956. Consequently, some authors started to report glacier
surge events in Central Chile during the mid-20th century, including
at the Universidad Glacier (Falaschi et al., 2018; Iturrizaga and
Charrier, 2021).

Glacier surges refer to episodeswhere ice is rapidly transported from
an upper reservoir zone to the receiving area in the lower glacier, owing
to internal dynamic instabilities (Meier and Post, 1969; Evans and Rea,
1999; Benn and Evans, 2014; Bhambri et al., 2017; Benn, 2021). Surging
glaciers are commonly recognizable by their geomorphic signatures. Di-
agnostic surge landforms summarized by Evans and Rea (1999) and
Ingólfsson et al. (2016) include thrust-block moraines and push mo-
raines; crevasse-squeeze ridges on the forefield; concertina ice-cored
eskers; long flutes; hummocky moraine belts; pitted outwash; exten-
sive dead ice fields; and drumlins. These landforms alone cannot be at-
tributed to glacier surging without a landsystem approach (Evans and
Rea, 1999; Evans et al., 2009; Evans, 2014; Benn, 2021). Surging glaciers
have been well documented, particularly in Arctic (Evans and Rea,
1999; Evans et al., 2009; Evans, 2011; Schomacker et al., 2014;
Ingólfsson et al., 2016) and alpine environments (Sutherland et al.,
2019; Benn, 2021). The UNI IV moraine complex has some of the diag-
nostic elements of surging ice, such asflutes. However, thrust-blockmo-
raines, push moraines, and crevasse-squeeze ridges within the forefield
have not been identified. The sinuous shape of moraine F might be
interpreted as concertina esker with a subglacial origin. However, this
differs from descriptions that suggest englacial and/or supraglacial ori-
gins of concertina eskers during a surging event (Evans and Rea, 1999;
Schomacker et al., 2014; Ingólfsson et al., 2016). Besides, a concertina
ice-cored esker produced by a surging glacier should have poor preser-
vation potential due to deposition and subsequent melting of dead ice
(Evans and Rea, 1999). Additionally, the UNI IV moraine complex does
not show hummocky moraine belts or pitted outwash. Therefore, the
dead ice present in the glacier margin is not a consequence of a prior
surging glacier, but the result of gradual evolution from active to stag-
nant ice.
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The geomorphologic record of putative surging glaciers in the
Central Andes remains unknown. According to the available litera-
ture of surging glaciers and the landforms mapped on the UNI IV
moraine complex, surging events are not evident. We recommend
further sedimentological analysis of moraine F or the well-
preserved flutes of moraine E to establish whether these landforms
are associated with a glacier re-advance or surge. Moreover, we
consider it necessary to improve our understanding of potential
surge events in the Central Andes through a regional landsystem
approach.

5.3. Stagnant ice-derived landforms

Deglacial features located between moraines suggest that after a
phase of glacial standstill/expansion, a period of mostly in situ ice
decay took place. The large hummocky terrain contains micro- and
meso-scale geomorphologic structures that are best explained by an in
situ collapse of debris-covered ice (Kjær and Krüger, 2001). Thus, the
hummocky terrain is interpreted as the final product of the melting of
buried and inactive ice (Benn, 1992; Benn and Evans, 2014). This pro-
cess implies that after a glacier standstill/advance, the ice front stag-
nates and becomes debris-covered, leading to geomorphic features
associated with dead ice melting. The differential ablation (Eyles,
1979;Mölg et al., 2020) forms the irregular topography that we observe
as the hummocky terrain, including the formation of sinkholes and
debris-filled stripes. These features have been largely described as a
consequence of progressive in situ de-icing at present-day glacier mar-
gins (Krüger et al., 2010) and of past deglaciation in dead ice topography
records (Schomacker, 2007; Crump et al., 2017).

The UNI IV moraine complex exposes irregular topography with
3–4 m relief, particularly towards the frontal margins of the outer mo-
raine ridges (A-C). This chaotic accumulation of debris is punctuated
by large depressions that can be best interpreted as inactive sinkholes
(Krüger and Kjær, 2000). Morphogenesis of sinkholes in Iceland and
the high Arctic is related to dead ice melting (Kjær and Krüger, 2001;
Schomacker and Kjær, 2008). According to these authors, the space
left by the thaw of the sediment-covered dead ice bodies generates sub-
sidence, producing sinkholes. These hollows are often filled with debris
at their bottoms due to sediment gravity flows triggered by the gradual
melting of surrounding buried ice. Water or mud deposits at the sink-
hole bottoms indicate local water saturation on the ground, originating
from themelting of buried ice (Kjær and Krüger, 2001). The production
of sinkholes and melt-out ponds ends when the melting of the buried
ice ceases or when water drains through ice fractures during the
thawing phase. Sinkholes were also reported in the debris-covered gla-
ciers of the Himalayas, where they were interpreted as resulting from
the collapse of englacial conduits (Benn et al., 2017; Dobreva et al.,
2017). In the Central Andes of Chile, sinkholes are common in
present-day debris-covered glaciers and in the latest Holocene glacial
geomorphic record (Bodin et al., 2010; García et al., 2014).

The aforementioned fractures are also evidence of in situ ice decay.
Eyles (1979), Kjær and Krüger (2001), and Schomacker and Kjær
(2008) suggested that the gradual decay of buried mostly inactive ice
bodies promotes the development of tension cracks above the frozen
terrain. Then, pebbles, cobbles, and boulders fill the tension cracks.
This process promotes the formation of debris-filled stripes in the
ground. The debris-filled stripes vary from place to place depending
on the past or present degradation of ice-cored moraines (Eyles, 1979;
Kjær and Krüger, 2001). In the UNI IV moraine complex, we found
debris-filled stripes that varied from centimeters to meters (see
section 4.1.2), suggesting melt-out of dead ice. Debris-filled stripes
stand out and are widespread between moraines D-G, denoting pro-
gressive in situ de-icing (Fig. 6b). The deglacial geomorphology de-
scribed here has also been recorded in subpolar and polar regions
(Schomacker, 2007; Crump et al., 2017) as a product of latest Holocene
de-icing. The reports match debris-filled stripes with the degradation of
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ice-cored moraines or the collapse of dead ice bodies (Krüger and Kjær,
2000; Krüger et al., 2010).

The interpretation of the oval-shaped landform in the southwest
section of the forefield (Fig. 2) is more difficult. It may be linked to a
prior and longer stagnant phase of the glacier front. During the stagna-
tion phase, the rate of debris accumulationmight have been higher than
the evacuation to the glaciofluvial system, triggering the vertical defor-
mation of the ice snout. Similar processes have been described by Eyles
and Rogerson (1978) on Austerdalsbreen in Norway; van Woerkom
et al. (2019) on Lirung Glacier, a Nepalese debris-covered glacier; and
recently by Mölg et al. (2020) on the Zmuttgletscher, a debris-covered
glacier in Switzerland. Our interpretation also follows the geomorpho-
logical observations made by Iturrizaga and Charrier (2021), who re-
ported the presence of a prominent hummocky terrain deposit in the
Chilean Cachapoal Valley (34° S) linked to former dead ice disintegra-
tion. According to Iturrizaga and Charrier (2021), that hummocky
terrain was overridden by recent re-advances of Cachapoal Glacier.
The oval-shaped landform that occurs in the forefield of the
Universidad Glacier includes sinkholes (Fig. 6c) and debris-filled
stripes in the ground (Fig. 4b) that reflect the de-icing process.
Thus, the oval-shaped landform may be part of the relief formed
during the development of moraines A-B. After its deposition, this
landform was overridden subglacially, similar to what occurred in
Cachapoal Valley.

The top of the overridden till plain has various elongated features
(Fig. 7f). It is possible that some of these features are flutes produced
by the ice flow at the time the moraine C was formed. However, other
elongated features record the effect of subtle meltwater linear erosion
when the ice stood at moraine D1 on the proximal side of this oval-
shaped landform. Today, the oval-shaped landform is flanked on both
sides by meltwater streams, one of which is the San José River draining
the Universidad Glacier (Fig. 2). Glacioflucial erosion has also increased
the landform's prominence.

5.4. Current deglaciation

The Universidad Glacier ablation zone exhibits features of glacier
front stagnation and in situ degradation of ice under a debris layer, as
described in other works in the region (García et al., 2014; Janke et al.,
2015). Geomorphic features demonstrate this condition, such as the
conspicuous transversal outcrop ridges of sediments composed of
rounded pebbles and fines appearing on the ice surface (Fig. 8b). This
sediment is likely to be crevasse-squeeze ridges that attest to shear in
the ice margin (Evans and Twigg, 2002; Benn and Evans, 2014).
Crevasse-squeeze ridges have been associated with the movement of
the upper, active flow of the glacier as it overrides the slow-moving or
stagnant ice front (Phillips et al., 2017). This would be connected to
the formation of dead ice bodies on the lower section of the glacier dur-
ing the de-icing process (Kjær andKrüger, 2001). Thus, one deglaciation
characteristic is the presence of active (upper-glacier) ice flowing
down-valley over stagnant ice that has already separated or started to
separate (García et al., 2014).

In addition, the ice cliffs present in the marginal zone might
be understood as part of the active/inactive transition of debris-
covered glaciers (Watson et al., 2017). The origin of such ice cliffs re-
mains mostly unexplored (Mölg et al., 2020), although some authors
suggest that their formation is linked to the overriding dynamics of
active ice over inactive ice (Krüger et al., 2010). The ice cliffs are
melting chiefly through backwasting, the principal ablation factor
of debris-covered glaciers (Krüger and Kjær, 1999; Schomacker and
Kjær, 2008; Sakai et al., 2000; Reid and Brock, 2014; Ewertowski
and Tomczyk, 2015). Backwasting consumes the vertical clean ice,
triggering two results: remobilization of debris and more irregular
topography (Krüger et al., 2010; Mölg et al., 2020). Therefore, the
presence of ice cliffs in the ablation zone is another feature reflecting
the current deglaciation of the stagnant Universidad Glacier snout.
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According to Eyles (1979) and Krüger et al. (2010), sinkholes are as-
sociated with the presence of ice bodies below a reworked supraglacial
till. Local melting of isolated and buried ice cores triggers ground subsi-
dence (Krüger and Kjær, 2000). Sinkholes and melt-out ponds can be
considered landforms inherited from the current deglaciation. Ulti-
mately, debris-filled stripes in the ground denote debris-filled tension
cracks formed during the de-icing of the stagnant ice (Kjær and
Krüger, 2001). The surface lowering due to ice melting produces other
topographic features, including wet scars on the hummocks' slopes.
The geomorphic record in the Universidad Glacier's ablation zone indi-
cates that the in situ ice-decay is associatedwith a stagnant ice front that
best characterizes the present-day response to climate warming and
drying (García et al., 2014; Janke et al., 2015; Charrier et al., 2019;
Iturrizaga and Charrier, 2021).

5.5. De-icing conceptual model

The geomorphological record of the Universidad Glacier is associ-
ated with glacier standstills/advances, glacier front stagnation, the tran-
sition to debris-covered ice, and finally, degradation into ice-cored
moraines. Thus, the melting of isolated dead ice bodies leads to the
dead ice moraine (sensu Kjær and Krüger, 2001; Schomacker and
Kjær, 2007; Krüger et al., 2010) with a massive ice-free hummocky to-
pography that is preserved along this upper Central Andean catchment
(Janke et al., 2015; Charrier et al., 2019; Iturrizaga and Charrier, 2021).
Based on our findings, we develop the following de-icing model for
the Universidad Glacier, which also represents other glaciers of the re-
gion (Fig. 9):

• After an ice advance (Fig. 9a), long periods of negative mass balance
trigger the glacier front to stagnate, be covered by debris, and
downswaste (Fig. 9b). The movement of active ice onto the inactive
glacier front triggers intense shearing in the transitional zone. This
produces crevasse-squeezed ridges and ice cliffs. The supraglacial sed-
iment layer gets thicker as ice-downwaste sediment emerges through
thrust planes. Mass wasting on the valley's sides and lateral moraines
also occurs (Curry et al., 2006; Janke et al., 2015). Once the local ex-
posed ice, such as in ice cliffs, is completely debris-covered, the
supraglacial layer thickness determines the de-icing progress and re-
sultant geomorphology.

• The debris-covered ice snout becomes an ice-coredmoraine detached
from the active glacier (Fig. 9c). The ice-cored terrain degradation pro-
duces identifiable landform features such as i) hummocky topogra-
phy; ii) sinkholes with their bottoms filled by debris; iii) tension
cracks in the inner slopes; iv) debris-filled stripes in the ground; and
v) meltwater in melt-out ponds. These features have been described
as part of the disintegration of ice-cored moraines (Kjær and Krüger,
2001; Schomacker and Kjaer, 2007) following a stagnant phase of
debris-covered ice. We observe these features at different locations,
such as between moraines A-D. The geomorphological features de-
scribed above were also observed in the degradation of dead-ice bod-
ies by García et al. (2014) in the Central Andes of Chile; Krüger et al.
(2010) in subpolar environments; and Benn et al. (2017) in the
Himalayas.

• After de-icing of buried ice has ended, the ice-free hummocky terrain
or dead-ice moraine is produced and remains as the deglacial record.
The ice-free hummocky topography has been described as part of the
geomorphology of the upper catchment in the Central Andes of Chile
and Argentina (Wayne and Corte, 1983; Bodin et al., 2010; García
et al., 2014; Janke et al., 2015; Charrier et al., 2019; Iturrizaga and
Charrier, 2021), but without the morphogenetic interpretation we
provide here.

The deglaciation process of the Universidad Glacier has not been lin-
ear during the last 665 ± 150 years, but interrupted by ice standstills/
re-advances until very recently. Flutes within moraines C and D are
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evidence of active flowing ice. Glacier activity near the mid-20th cen-
tury, represented by moraine E, also left flutes. Since then, the ice has
collapsed, and the glacier has had short standstills or pulses (moraines
F and G). Therefore, a complete deglaciation model for the latest Holo-
cene period needs to include this dynamic nature of active and inactive
ice phases in the Central Andes of Chile (Fig. 9d-e).

6. Conclusions

The geomorphology of the forefield of the Universidad Glacier is a
mosaic of glacial and deglacial landforms, that exposes a juxtaposition
of morphogenetic ice processes acting over the past 665 ± 150 years.
The main geomorphic deglacial features we observe are sinkholes and
debris-filled stripes in the ground within a bouldery, hummocky relief
surface. These features, along with ice cliffs, crevasse-squeeze ridges,
melt-out ponds, and debris-infilled sinkholes, indicate an inactive ice
phase we observe in present-day Universidad Glacier. On the other
side, we identified eight moraine belts and flutes that emerge from
the UNI IV moraine complex, evidence of active ice flow and sediment
transport/rework during the overall ice decay period until very recently
(the end of the 20th century).

A debris-rich environment such as the Central Andes of Chile affects
the ice front during warming climate conditions: a stagnant buried ice
body evolves. The transition from active ice to inactive buried ice during
deglaciations is expected to occur each time the climate warms and
dries, as we observe today at the Universidad Glacier. Intercalated
colder and wetter climate regimes will promote a composite geomor-
phic record like that recorded by the UNI IV moraine complex.

A heuristic model for the latest Holocene glacial and deglacial phase
for the Universidad Glacier, and likely other glaciers in the Central
Andes of Chile, includes three stages: (I) main glacier expansion within
the last 665 ± 150 years (moraine A) and subsequent ice front stagna-
tion associated with a rich debris cover leading to the development of
ice-cored and finally dead-ice moraines; (II) glacier front retreat
interrupted by multiple standstill/re-advances that overrode and
reworked former glacial deposits, producing landforms such as flutes
and inner moraine ridges; and (III) the current deglaciation, which re-
peats the de-icing process described in Stages I and II.

Under the current warming and drying trends in the Central Andes
of Chile (Barcaza et al., 2017; Garreaud et al., 2020), a negativemass bal-
ance of glaciers will continue to result in increased debris coverage and
gradual loss of ice under a thick debris mantle. The relevance of these
glaciers as essential water resources in the Central Andes of Chile con-
trasts with the lack of work dedicated to the Andean cryosphere. We
thus suggest that further studies associated with the depth, volume,
rate and manner of deglaciation in the Central Andes are urgently
needed to build a comprehensive regional understanding of glacier-
climate interactions. The Universidad Glacier can be a starting point
for interpreting the latest Holocene de-icing dynamics of the other
glaciers in this region. Furthermore, additional sedimentological in-
vestigations would improve our understanding of standstill/advance
periods and their relationship to the presence or absence of surge-
type glaciers.
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