


Fig. 1. Location maps of study area. (A) Map of Southern Hemisphere highlighting the approximate contemporary positions of the Southern Westerly Winds (SWW: after Sime et al.,
2013) belt (light blue), the Polar Front (PF: green), the Sub-Antarctic Front (SAF: orange), and the Sub-Tropical-Front (STF: red), adapted from Darvill et al. (2016) and based on Orsi
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largely terminated off-shore on its western margin, but was land-
terminating north of ~43� S (Glasser et al., 2008, Fig. 1), enabling
geomorphological records to be preserved and accessible (Fig. 1b).
Detailed geochronological reconstructions utilising radiocarbon
dating have been produced for this land-terminating northwestern
sector of the former ice sheet (e.g. Denton et al., 1999; Moreno et al.,
2015). Over the past decades, several investigations have moreover
produced palaeo-glacier chronologies focusing on the central
eastern and southeastern regions of Patagonia (Davies et al., 2020),
using mainly terrestrial cosmogenic nuclide (TCN) exposure dating
of glacial deposits. However, to date, the ~800 km-extensive (NeS)
northeastern sector of the former ice sheet remains less studied
(García et al., 2019), although it offers a unique opportunity to
compare palaeo-glacier behaviour on both sides of the former ice
sheet. This region is currently diagnosed by a lack of knowledge on
the characteristics of local PIS development during the last glacial
cycle, such as the timing, number and extent of outlet glacier
expansion events and their associatedmeltwater drainage patterns.
In this sector, thereby, the precise timing of the local Last Glacial
Maximum (LGM) and the last glacial termination are not well
constrained.

Numerous investigations from central eastern, southeastern and
northwestern Patagonia have reported pre-global LGM maximum
outlet glacier expansions occurring for instance during Marine
Isotope Stage (MIS) 3 (e.g. Darvill et al., 2015), MIS 4 (e.g. Peltier
et al., 2021) and even MIS 5 (Mendelov�a et al., 2020), but with
variable relative magnitude compared to their global LGM (MIS 2)
extent. Hence, a latitudinal asynchrony in the magnitude of pre-
global LGM advances, with more extensive ice in southeastern
Patagonia, has been proposed. Such asynchrony is also thought to
characterise the timing of the onset of local deglaciation (García
et al., 2019). Therefore, as well as addressing a geographical
knowledge gap, establishing robust glacial chronologies from the
understudied northeastern region of the former PIS is required to
resolve uncertainties concerning latitudinal asynchronies in the
precise timing of the local LGM and onset of deglaciation across
Patagonia (Darvill et al., 2016). Such information can help to
determine the drivers of Quaternary glaciations in the southern
mid-latitudes (Kaplan et al., 2008; Kaplan et al., 2005; Kelley et al.,
2014; Darvill et al., 2016). Additionally, detailed reconstructions of
glaciolacustrine histories during local deglaciation have implica-
tions for understanding PIS retreat rates (Bendle et al., 2017a) and
events of continental-scale drainage reversal, which can abruptly
introduce significant freshwater volumes to coastal environments
and force local changes in marine ecosystems and circulation
(Glasser et al., 2016; Thorndycraft et al., 2019).

The primary objective of this investigation is to produce a robust
chronology of local LGM and deglacial events in a valley system of
northeastern Patagonia formerly host to a major PIS outlet glacier;
the Río Corcovado (RC) valley system, 43�S, Argentina (Fig. 1). To
establish such geochronological reconstruction, we here focus on
the remarkably well-preserved record of terminal moraine
et al. (1995) and Carter et al. (2008). The map also highlights the location of our northern Pa
records mentioned in the text are illustrated with white dots. Background imagery is fro
Approximate former extent of the Patagonian Ice Sheet (PIS) during the Last Glacial Maximu
extents of the North Patagonian (NPI), South Patagonian (SPI), and Cordillera Darwin (CDI) Ic
Bahía Inútil, EM: Estrecho de Magallanes, SS: Seno Skyring, BV: Bella Vista, TDP & UE: To
Cochrane/Pueyrred�on, LBA: Lago Buenos Aires, LL: Lago Llanquihue. Bathymetric data were a
in greyscale. A �125 m contour roughly simulating former coastline locations at the LGM is d
from Leger et al. (2020). Digital Elevation Model (DEM) of northern Patagonian Andes extrapo
ALOS/en/aw3d30/) with a shaded relief background (light azimuth: 315� , incline: 45�) and a
flow direction of major former PIS outlet glaciers. The pink line delineates the contemporary
manually digitised and are displayed in blue, and labelled when mentioned in the text. Loca
the green triangle (shoreline cobbles) and the yellow asterisk (bedrock samples). (D) Glac
moraine and outwash record. Black dashed lines represent our interpretation of the different
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complexes and associated glaciogenic deposits left by this land-
terminating eastern outlet glacier of the PIS, which spans several
Quaternary glacial cycles (Caldenius, 1932). While local semi-arid
conditions make radiocarbon dating challenging, these moraine
records are highly suitable for TCN dating, a method successfully
employed in several Patagonian valleys to produce LGM glacial
chronologies hitherto (e.g., McCulloch et al., 2005; Kaplan et al.,
2004, 2007, 2008; Douglass et al., 2006; Hein et al., 2010; Hein
et al., 2011; Hein et al., 2009; Murray et al., 2012; García et al.,
2018; Mendelov�a et al., 2020). Here, by combining interpretations
of detailed glacial geomorphological mapping (Leger et al., 2020)
and a novel 10Be TCN chronology further constrained with Bayesian
agemodelling, we provide the first reconstruction of the extent and
timing of PIS outlet glacier advances in the RC and neighbouring
valleys during the LGM (Fig. 1). In so doing, we also provide insights
into the location, elevation and timing of former proglacial lake
formation and drainage events associated with retreat patterns of
the studied outlet glaciers following the last glacial termination. In
addition, our geomorphological and geochronological reconstruc-
tion provides an empirical benchmarking framework for tracking
the former regional ice-flow direction, palaeolake dynamics, sub-
glacial thermal conditions, and the timing of ice-free environments,
all of which are important for improved calibration of numerical
ice-sheet models (e.g., Hulton et al., 2002; Hubbard et al., 2005).
1.1. Study location and physical setting

1.1.1. Geographical setting
Our study focuses on a major palaeo-outlet glacier of the

northern PIS (Fig. 1), the Palena outlet glacier, which flowed east-
northeast from the centre of the former ice sheet, near Macizo
Nevado, along the Río Palena (RP) valley. Upon reaching the eastern
mountain front, the Palena outlet glacier diverged (43.3�S, 71.3�W)
into three branches occupying the Río Frío (RF) valley to the north,
the Río Huemul (RH) valley to the east, and the RC valley to the
south, where we focus our moraine chronology. The RH and RC
outlet glaciers extended up to 60 km to the east/southeast of the
Argentinian town of Corcovado (43�540S; 71�460W) (Caldenius,
1932; Haller et al., 2003; Martínez et al., 2011). The semi-arid
southeastern sectors of the RH and RC valleys (570 mm a�1 of
precipitation: Fick and Hijmans, 2017), which belong to the Pata-
gonian steppe climate zone, host a series of well-preserved lateral
and frontal moraine complexes, along with associated glaciofluvial
and glaciolacustrine sediment-landform assemblages (Haller et al.,
2003; Martínez et al., 2011; Leger et al., 2020). The RC valley ex-
hibits preservation of at least seven distinct moraine complexes,
here termed RC I-VII moraines, from oldest to youngest (Fig. 1d).

The Palena outlet glacier and its RC, RH and RF branches
advanced up reverse-graded slopes from a valley floor elevation of
~150 m a.s.l. Near the former ice divide, to the elevation of the
major terminal moraine ridges nested between 800 and 1100 m
a.s.l. east of the mountain front. Therefore, the modern
tagonia study site (purple star). The locations of key marine and ice core palaeoclimate
m DigitalGlobe (GeoEye, IKONOS, 2000e2011). (B) Adapted from Leger et al. (2020).
m (LGM), modified from Glasser et al. (2008) and Glasser and Jansson (2008). Modern
efields are displayed in white. Major former outlet glaciers of the PIS are designated: BI:
rres del Paine & Última Esperanza, LA: Lago Argentino, LV: Lago Videma, LC/P: Lago
cquired from the General Bathymetric Chart of the Oceans (GEBCO) and are here shown
isplayed (Lambeck et al., 2014). The Chile/Argentina border is shown in red. (C) Adapted
lated from the ALOSWORLD 3Dmissions (version 2.2; JAXA; https://www.Eorc.jaxa.jp/
sea-level contour (black line) indicating modern coastlines. White arrows designate ice-
Atlantic (East)/Pacific (West) drainage divide. Main lake bodies and river channels were
tions of sampling for TCN dating are symbolised by the green star (moraine boulders),
ial geomorphological map adapted from Leger et al. (2020) focused on the RC valley
moraine limits preserved (RCI e RCVII) and their connectivity throughout the field site.

https://www.Eorc.jaxa.jp/ALOS/en/
https://www.Eorc.jaxa.jp/ALOS/en/
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hydrographic drainage of the Río Palena catchment is reversed
relative to the flow direction of the former glaciers, with the
modern drainage divide located ~70e80 km east of the central
spine of the Andes (Davies et al., 2020). Geomorphological mapping
of glacial lineations and ice-moulded bedrock outcrops (Leger et al.,
2020) indicates that the westward dipping RP, RC and RH valleys
were subglacially eroded by warm-based ice. This suggests in turn
that the valleys were former conduits for fast-flowing, topograph-
ically-controlled outlet glaciers capable of generating significant
valley over-deepening during Quaternary glaciations. Such valley
over-deepening, greater toward the western margins of the former
PIS relative to its eastern margins, is characteristic of the topog-
raphy for much of Patagonia (e.g. Clapperton, 1993; Singer et al.,
2004; Kaplan et al., 2009). The topographic setting helps to
explain the preservation of multiple moraine sequences over the
Argentinian foreland (Clapperton,1993; Kaplan et al., 2009), as well
as the formation of proglacial lakes during episodes of deglaciation.

1.2. Geologic setting

The field site is located 300 km to the northeast of the Chile
triple junction (Herv�e et al., 2017), where the Nazca and Antarctic
plates subduct in a north-easterly direction beneath the South
American plate (~66 mm a�1; Rosenau et al., 2006). The site lies
directly east of the Liqui~ne-Ofqui Fault Zone (LOFZ), a dextral intra-
arc transform fault formed during the late Miocene (10-5 Ma)
which extends ~1200 km in a NNE-SSW orientation (from 43�S to
38�S) and has experienced periods of substantial pluton emplace-
ment (Thomson and Herv�e, 2002; Lange et al., 2008). The geology of
the Palena outlet glacier catchment is dominated by the North
Patagonian batholith, formed during the Mesozoic due to local
subduction beneath the continental margin and exposed more
recently during late-Miocene uplift (Herv�e et al., 2017). The bath-
olith in this region is characterised by quartz-bearing pink leuco-
monzonite, giving way to darker diorite/tonalite and white grano-
diorite toward the west (Pankhurst et al., 1992). East of Palena and
along the RC and RH valleys, the batholith gives way to four main
formations of volcanic and sedimentary assemblages (Pankhurst
et al., 1992; Haller et al., 2003). These are characterised by: 1) The
prevailing Jurassic Lago La Plata formation, composed of Andesites,
andesitic tuffs, dacites and rhyolites, 2) the lower-cretaceous Divi-
sadero formation of lavas, basic to andesitic breccia and andesitic to
rhyolitic pyroclastic deposits, interspersed with sedimentary units,
3) the upper cretaceous Morro Serrano formation of basic-stock
intrusives, veins and dykes, and 4) the rarer mid-cretaceous Río
Hielo formation of granites with vein and dyke intrusions (Haller
et al., 2003). Consequently, glaciogenic deposits in the field site
are characterised by a wide variety of lithologies.

1.3. Climatic setting

The climate of Patagonia is strongly influenced by the Southern
Westerly Winds (SWW). The SWW deliver precipitation to the
Patagonian Andes, which act as a potent orographic barrier,
resulting in a strong west-east rain-shadow effect (Garreaud et al.,
2013). At the core of the modern wind-belt, located around central
Patagonia (between ~45�S and ~50�S), precipitation on the Pacific
coast ranges between 5000 and 10,000 mm a�1, while it diminishes
to less than 300mm a�1 east of the mountain front (Garreaud et al.,
2013; Lenaerts et al., 2014). In north Patagonia, the SWW are
thought to migrate northward and weaken during austral winters,
thus causing lower precipitation levels relative to austral summers
(Aravena and Luckman, 2009). Annual precipitation near Macizo
Nevado, the approximate former ice divide, averages ~1850mm a�1

according to WorldClim 2 data (Fick and Hijmans, 2017). Near the
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terminal margins of the former RC and RH glaciers, which are in the
Patagonian steppe climate zone, annual precipitation decreases by
70% to ~570 mm a�1, while modelled mean annual temperature at
1000 m a.s.l. is around 7 �C (ibid). The SWW are also an important
driver of the Antarctic Circumpolar current (ACC), which after
separating into two branches near the Chilean Pacific coast at 45�S,
generates the northward-directed Peru-Chile current, bringing cold
Subantarctic waters to the Pacific coast of northern Patagonia
(Kaiser et al., 2007).

1.4. Previous work in study area

The glacial geomorphology in the study site was first examined
and mapped by Caldenius (1932), and later by Lapido (1990),
Martínez (2002) and Martínez et al. (2011). Three main glacial se-
quences were also included in ice-sheet-wide geomorphological
investigations by Glasser and Jansson (2008) and Davies et al.
(2020) as well as a regional geological map by Haller et al.
(2003). While no direct chronology exists, the innermost and
youngest preserved moraine sequences were assumed to relate to
the local LGM based on morpho-stratigraphic observations and
comparisons with other dated moraine records in Patagonia. The
first detailed, large-scale geomorphological mapping of ice-contact
glaciogenic, glaciofluvial and glaciolacustrine deposits was pub-
lished recently by Leger et al. (2020).

2. Methods

2.1. Geomorphological mapping

Initial identification of major landforms and topographic fea-
tures was carried out using the freely available ALOS WORLD 3D -
30 m resolution (AW3D30: Japan Aerospace Exploration Agency)
Digital Elevation Model (DEM). All mapped landforms were digi-
tised manually in the WGS84 geographic reference coordinate
system using the ESRI™ World Imagery layer, characterised by
1.0 m resolution images from DigitalGlobe (GeoEye, IKONOS,
2000e2011) at the study site (after Bendle et al., 2017 B; Soteres
et al., 2020). In areas with high vegetation and/or cloud cover,
different colour-rendering comparisons were made using 10 m
resolution Sentinel 2A true colour (TCI) and false colour (bands
8,4,3) products (available from https://scihub.copernicus.eu/).

Ground-truthing and/or corrections of preliminary landform
interpretations were conducted during two separate field seasons
(8 weeks in total) during the 2019 and 2020 austral summers.
Geomorphological mapping criteria along with the complete
geomorphological map of the area are presented by Leger et al.
(2020).

2.2. Moraine morphology/sedimentology analyses

In order to obtain empirical information on glaciogenic sedi-
ment deposition history, moraine ridge preservation and its vari-
ability across the studied sequence, characteristics of moraine
morphology and surface sediments were analysed in the field. We
produced topographic profiles for each of the moraine ridges that
were sampled for TCN dating using handheld GPS (spatial accuracy:
3e5 m). Where possible, between two and four transects were
measured per moraine at >200 m intervals to assess variability
along individual ridges. For each transect, we calculated the mean
ice-proximal and ice-distal slopes and width-to-height ratios. RC
IV-VII moraine clast sediments were investigated on ridge-crest
surfaces using a 16 m2 quadrangle over an area deemed undis-
turbed and representative of surface sediments. For each quad-
rangle, surface clast-shape and roundness data were collected
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(n ¼ 30 clasts), and clast lithology was recorded. Clast-shape data
were plotted on a ternary diagram scaled using b:a and c:a ratios
(Sneed and Folk, 1958; Benn and Ballantyne, 1993) and displaying
C40 indices (% of c:a ratios �0.4). Clast-roundness data were plotted
as histograms and statistically assessed using RWR and RA indices
(Evans and Benn, 2004; Martin et al., 2019).
2.3. Dating approach and sampling

The wider, highly subdued and less sharp-crested geo-
morphology of the RC I-II moraines along with a set of twenty-five
preliminary (yet unpublished) exposure ages is suggestive of a pre-
last glacial cycle age for these outermargins (Leger et al., 2020). The
chronology presented here thus focuses exclusively on the younger
RC III-VII moraines. To establish a detailed TCN chronology of glacial
advances/stillstands and deglacial events in the field area, we
measured 10Be concentrations in thirty moraine boulders, six
palaeo-shoreline cobbles, and two ice-moulded bedrock surfaces
across the study site (Figs. 1c and 2). All sample sites were assessed
for topographic shielding using a compass and clinometer.

To establish the timing of the RC III-VII advances/stillstands, we
Fig. 2. Geomorphological map (A) DEM hillshade (AW3D30 DEM, light azimuth: 315� , incli
and RH valleys and their glaciogenic, glaciofluvial and glaciolacustrine landform-sediment
surface cobbles sampled for TCN dating are indicated by green star and green triangle sym
field and shown in Figs. 3e5. SSB: RC southern sub-basin, NSB: RC northern sub-basin.
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sampled moraine boulders for surface exposure dating (e.g. Gosse
and Phillips, 2001; Hein et al., 2010; Heyman et al., 2011). Due to
road-access conditions and moraine preservation, we chose the
western lateral-frontal environment of the RC basin for sampling of
the five most prominent ridges, each belonging to a separate
moraine complex (Fig. 2). We targeted large granodiorite boulders
(50e190 cm tall) resting directly on the moraine crest that
exhibited glacial polish and, in some cases, preserved striations,
indicating minimal surface erosion. We collected 1e2 kg samples
by hammer, chisel and angle grinder from the top 2e5 cm of the
centre of the boulders (Fig. 3). For each target moraine, we sampled
six boulders along a single continuous ridge (Fig. 2). This sampling
strategy aims to reduce potential uncertainties resulting from
geological scatter due to post-depositional processes (Putkonen
and Swanson, 2003; Applegate et al., 2010; Heyman et al., 2011;
Heyman et al., 2016). We interpret the exposure ages as dating
moraine stabilisation following ice-front retreat, hence providing a
minimum age for the glacier advance/stillstand.

Two preserved palaeo-shorelines in the RC and RH valleys
represent proglacial lake phases during deglaciation. To date the
palaeo-shorelines, we sampled three rounded to subrounded,
ne: 45�) and glacial geomorphological map (adapted from Leger et al., 2020) of the RC
assemblages. The location of moraine boulders and former proglacial lake shoreline

bols, respectively. Camera symbols highlight the location of photographs taken on the



Fig. 3. Field photographs of moraines and sampled boulders. (A) Southeast-facing photograph of an erratic granite boulder (sample 19RCS15) deposited on the crest of a RC IV
moraine ridge and sampled for TCN dating with hammer and chisel. (B) Northwest-facing photograph of a RC VI moraine ridge crest and a granite boulder (19RCS34) sampled for
TCN dating. (C) Eastward view of the RC V moraine complex, with the most prominent moraine ridge (targeted for sampling) in the foreground, and preserved, smaller recessional
ridges in the background (camera location: 43�4703.6700S). (D) Southeastward view from the RC IV moraine complex depicting the terminal environment of the RC V moraine
complex, which demonstrate a curved lobate shape (camera location: 43�4800.1400S, 71�23028.5200W). (E) Photograph captured from the southern mountain ridge of the El Loro
valley (camera location: 43�44038.0100S, 71�27021.5800W) and looking southeastwards towards the RC V and RC IV moraine complexes in the RC southern sub-basin, which are
crossed by the visible RP 44 road. (F) Close-up photograph of a granite moraine boulder (19RCS16) sampled for TCN dating from a RC IV moraine ridge, indicating the rounded and
preserved nature of its surface.
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smooth (i.e., unweathered) surface cobbles from wave-cut plat-
forms etched into sediments draping the valley sides. The cobbles
were collected from the flattest sections of the palaeo-shoreline
platform, and care was taken to sample away from the backing
slope to reduce the risk of post-depositional surface disturbance
and contamination from debris-fall. The formation of lake shore-
lines in sediment deposits is an erosive process mostly conducted
by wave action and sediment liquefaction (Sissons, 1978). Our
sampling approach thus considers a shoreline wave-cut platform as
continuously disturbed by wave action throughout the time of lake
residence at its elevation. Such an interpretation is supported by
the general presence of more prominent and discernible palaeo-
shorelines on the downwind, more wave-exposed eastern valley
slopes of the field area (Leger et al., 2020, Figs. 2 and 4).We targeted
surface cobbles rather than boulders because they are more easily
disturbed by wave action, and are thus less likely to start accu-
mulating cosmogenic radionuclides during lake residence. We
therefore suggest the granitic palaeo-shoreline surface cobbles
sampled started accumulating 10Be only following shoreline aban-
donment/stabilisation, and thus interpret their exposure ages as
minimum ages for the timing of lake lowering (Fabel et al., 2010;
Lifton et al., 2001, 2015; Mendelov�a et al., 2020b).
6

To date the final drainage of the proglacial lake, and reconstruct
the approximate timing of PIS disintegration in the region, we
sampled two ice-moulded (striated/polished) granite bedrock sur-
faces within the mountain interior and near to the RP valley floor
(Figs. 1 and 5). The sample sites are separated by 4.8 km along the
valley and differ in elevation by 90m.We do not expect the bedrock
surfaces to have been shielded following the palaeolake drainage
and suggest the two bedrock samples date the final lake-level drop
below their respective elevations of 254 and 343 m a.s.l.

To provide further chronological constraints on the palaeolake
history of the RC valley, we attempted to date the deposition of
laminated glaciolacustrine sediments in three different locations
using single-grain optically-stimulated luminescence (OSL) dating.
The samples were collected using opaque tubes following the
methodology described by Smedley et al. (2016) (detailed meth-
odology in supplementary materials).
2.4. Sample preparation and wet chemistry

Samples were prepared at two cosmogenic nuclide laboratories:
the University of Edinburgh's Cosmogenic Nuclide Laboratory for
sample crushing/sieving and the Natural Environment Research
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1. Study site former glaciolacustrine phases: additional geomorphological 
evidence and interpretation  

 

1.1.   Glaciolacustrine phase one 
 

 
Handheld GPS elevation transects revealed the preservation of at least five notched 

terraces running parallel to each other over tens of kilometres on the northeastern, eastern and 
southern slopes of the palaeolake basin. These features range in elevation from 910 ± 5 m to 
990 ± 5 m, where the most prominent platform lies, and were interpreted as wave-cut palaeo-
shorelines (SM Table 1). On the southwestern edge of the palaeolake basin, a well-preserved, 
low-gradient (mean slope: 0.8°) outwash plain deposit progrades from both arcuate terminal 
moraines of the RC III complex to the north and Lago Palena/General Vintter terminal 
moraines to the west (43°51’S, 71°16’W). This outwash plain lies at elevations of between 
~980 and ~965 m, and appears to be raised ~100 m above the modern valley floor (880 m). It 
was thus interpreted as a raised outwash deposit formed by glaciofluvial sediment aggradation 
during proglacial lake residence. On the palaeolake basin’s southern slopes, at 43°50’59”S, 
71°11’13”W, the palaeo-shorelines bend southward into a 230 m-wide gorge, which acts as a 
breach through RC II glaciogenic deposits. This breach reaches a maximum basal elevation of 
980 m, leads southward to a 100 m-wide palaeo meltwater channel incised into RC II-related 
outwash deposits, and is indicative of southeast-directed palaeolake drainage towards the 
contemporary Río Ñirihuau O Seco. It was interpreted as the main proglacial lake spillway. At 
this location, the RC II deposits mark the local Atlantic-Pacific drainage divide, and thus 
represent the southeastern limit of the RC valley over-deepening.  

 
 
 
 



1.2.   Glaciolacustrine phase two 

 

The second glaciolacustrine phase identified is associated with the retreat of the RC and 
RH outlet glaciers from intermediate LGM margins into their respective over-deepened, 
westward-dipping valleys. Remote sensing and field observations uncovered the relatively 
widespread occurrence of preserved palaeo-shorelines nested at the elevation of ~790-800 m 
in both the RC and RH valleys (Leger et al., 2020, main map). In the RC valley, the palaeo-
shoreline can be discerned across the RC eastern sub-basin, notched on the ice-proximal slopes 
of the RC V moraine complex (SM Table 1). Such evidence suggests that initial lake formation 
for this second phase occurred following ice-front retreat from the RC VI and RC V moraines. 
Remote sensing analysis reveals that this basin is characterised by a low gradient bed (~0.5° 
average slope), and the noticeable occurrence of incised, white to light grey deposits interpreted 
and mapped as glaciolacustrine sediment accumulations (Leger et al., 2020; nearby 43°42’S, 
71°16’W). We propose that the 790 m proglacial lake’s main spillway occurred at 43°42’S, 
71°13’W, where the prominent shoreline bends eastwards into a 200 m-wide gorge breaching 
RC V and RC IV moraine complexes, leading to the Atlantic/Pacific drainage divide and a 
large, 215 m-wide palaeo-channel heading northward, towards Río Tecka (SM Table 1). 

~10 km to the northwest, in the more topographically-constrained RC trough, isolated patches 
of the 790 m palaeo-shoreline can be discerned on the eastern hillslope (Figure 5a), while 
evidence of this shoreline disappears north of 43°37’S. This suggests that this proglacial lake 
might have expanded and persisted during the early stages of local deglaciation, when the RC 
calving front progressively retreated northward. This is supported by the finding of fine, sand 
to clay-sized sediment deposits exposed through sections of the valley’s main road (RP44), at 
elevations of 686 m (43°42’7.2”S), 709 m (43°42’15.2”S) and 720 m (43°42’11.7”S). In each 
cases, these exposures exhibit laminations and varves, represent the topmost unit below soil, 
and were interpreted as glaciolacustrine deposits. Rippled sands from the 709 m exposure and 
varves from the 686 m exposure were sampled for OSL dating (see main text).      

In the RH valley, field mapping revealed the instance of a prominent bench running over tens 
of kilometres on the southern valley slopes, perched at an elevation of ~790 m, and nested on 
the ice-proximal side of the innermost preserved terminal RH moraine, forming a clear step 15 
m below the moraine crest (Figure 2, 4c, d). This landform was interpreted as a former 
proglacial lake shoreline and was sampled for TCN dating using polished granite surface 
cobbles (Figure 4d, e). DEM elevation profiles and approximate palaeo-surface reconstructions 
based on hillside and backing cliff slope angles revealed, on average, a maximum shoreline 
excavation of ~4 m around the location of sampling. Risk of shoreline post-formation burial is 
regarded as minimal due to the limited height (<15m) and slope gradient (7°) of overlying 
moraine (Figure 4d). This landform thus indicates the formation of a separate, isolated 
proglacial lake in the RH valley, formed as the RH glacier retreated westward. However, the 
comparable elevation of shorelines in both the RC and RH valleys suggests that both RC and 
RH proglacial lakes could have been connected during phase two, following 
northward/westward retreat of both ice-fronts beyond Corcovado (43°32’S, 71°27’W). The 
main spillway draining the RH palaeolake towards the Atlantic occurs at 43°31’42.S, 



71°13’26.W, where a central, 130 m-wide breach through the innermost RH moraine complex 
reaches a maximum basal elevation of 780 m (Figure 6b). The breach leads to a 250 m-wide 
southward-directed palaeo-channel, which reaches the Atlantic/Pacific drainage divide 2.5 km 
to the southeast and heads towards Río Tecka. 

 

 

1.3. Glaciolacustrine phase three 
 

 
The eastern, windier hillslope of the RC valley displays a second, easily discernible 

platform cutting through the entire north-to-south extent (over 15 km) of the 16-19° sloped 
hillside, at the elevation of ~680 m (Figure 4a, 6c). It was studied in the field, interpreted as a 
wave-cut proglacial lake shoreline, and was sampled for TCN dating using polished granite 
surface cobbles (Figure 4b, 6c). Twenty-seven terrace cross-section elevation profiles were 
drawn from DEM in locations exhibiting a preserved platform. They revealed, on average, a 
maximum shoreline excavation of ~6 m. At the location of sampling, maximum excavation 
appears to be closer to 7 m. This shoreline roughly matches the elevations of numerous other 
shorelines, raised deltas and raised outwash deposits located in the RC, RH, RF and RP valleys 
(SM Table 1). Such geomorphic evidences suggest the formation of a geographically 
widespread proglacial lake connecting all valleys of the studied region during the last glacial 
termination (Figure 9g). This is further evidenced by field observations of uppermost (below 
soil) units of fine, sand to clay-sized and occasionally laminated, varved sediments exposed 
along several road-cut sections across the RC, RP and RF valley floors (SM Table 1). However, 
observed elevations of different landforms associated with glaciolacustrine phase three 
fluctuate between 675 and 695 m. We attribute this variation to a combination of 1) DEM and 
GPS vertical measurement error, and 2) asymmetrical local isostatic rebound and tectonic 
activity since landform stabilization. Subsequently, we interpret this third glaciolacustrine 
phase to have started with the ~100 m lake level drop from 790 m (phase two) to ~680 m 
(Figure 9f).  

 
We argue that this proglacial lake lowering to phase three is likely due to the continued 

northward, westward and southward retreats of the RC, RH and RF ice fronts into the RP valley 
during the last glacial termination.  In doing so, the northern RF ice-dam was breached, and 
proglacial lake waters from both RC and RH valleys were able to flow northward into the 
narrow, low-gradient (average slope: 0.5°) and over-deepened RF valley. By modelling a 
hypothetical ice front of maximum eastward extent while enabling proglacial lake connection 
of all three RC, RH and RF valleys, the reconstructed 680 m lake approximates 266 km2 in 
surface area and 32.7 km3 in volume (computed from DEM; Figure 9f).  

 
In the RF valley, the lowest potential spillway towards the northeast lies at approximately 

750 m. Such spillway would enable waters to drain towards contemporary Lago Rosario (aerial 
cover; 9.6 km2), which in turn drains towards the Trevelin basin to the north, and the Pacific 



Ocean via Río Futaleufú. Work by Andrada de Palomera (2002) and Martínez et al. (2011) 
suggest the former occurrence of yet another large proglacial lake in the Trevelin and Esquel 
over-deepened valleys following local glacier recession, with a lowest possible spillway nested 
at ~650 m through terminal moraines located east of Laguna Suñica (43°05’57”S, 
71°02’48”W). We thus propose, during glaciolacustrine phase three, a complex hypothetical 
network of connected, extensive palaeolakes enabling meltwater drainage from the former RC, 
RH and RF-connected lake (~680 m) into the current Lago Rosario (665m), and into a former 
Trevelin basin proglacial lake (~650m), which eventually spilled eastward towards Río Tecka 
and the Atlantic Ocean. The RF palaeolake-connection hypothesis is further evidenced by the 
~680 m elevation of raised deltas and palaeo-shorelines observed in the RF valley, and the lack 
of raised landforms above this elevation (SM Table 1). However, in modern times, such lake 
connection would be impossible due to 60-70 m of localised excess land surface in the RF 
valley impeding a ~680 m lake connection towards Lago Rosario. We here hypothesise that 
this land-elevation mismatch can be attributed to the accretion of a large (~5 km2) arcuate 
alluvial fan into a narrow col located between the RF and Lago Rosario basins (43°17”S; 
71°24”W). 

 
The alluvial fan is formed at the bottom of the steep RF upland catchment, where the RF 

channel discharges water and sediment from the mountain front to the main, lower-gradient 
valley. It exhibits an average radial slope gradient of 1.95°, and a maximum radial length of 
4.5 km towards the south-west. The upper mountain catchment displays 900 m of vertical relief, 
a maximum elevation of ~1800 m, and some geomorphological evidence of slope instabilities. 
Our geomorphological mapping reveals small, empty cirques around the catchment summit 
indicating the former occurrence of topographically constrained mountain glaciers. No 
sedimentological analyses were conducted due to a lack of access to fan sediment exposures. 
Using 70 m of material aggradation and bracketing ages of 16.3 ± 0.8 ka (minimum age for 
phase three lake lowering, Figure 8) and 19.9 ka ± 1.1 ka (RC VII age, onset of glacial retreat 
in RC valley, Figure 8) as the potential onsets of alluvial fan accretion, we obtain sedimentation 
rates ranging between 3.4 and 4.5 mm .yr-1. Such high sedimentation rates suggest a dominating 
contribution of infrequent, high-magnitude flood and/or mass-wasting events to fan 
aggradation (Blair & McPherson, 2009). Possible events of sporadic high-material/water 
discharge include rapid spring snow/glacial melt and non-cohesive sediment-gravity flows 
caused by 1) moraine and/or ice dam failure or 2) large-scale slope failure such as rock-slope 
failures, rotational slumps and other landslides, sometimes triggered during earthquakes. The 
latter hypothesis could possibly be supported by the observation (from DEM) of a large and 
heavily incised oversteepening resembling a series of steep scarps running for ~4 km across 
the RF upper catchment, with upper break-in-slopes nested between 1350 m and 1500 m. Such 
slope failure events are not unusual on tectonically active and formerly glaciated, steep 
mountain slopes with substantial volumes of poorly sorted till and lateral moraine deposits 
mantling the catchments (Blair, 2009). 

 
For the ~680 m proglacial lake to exploit a lower spillway col and drain further, the western 

Palena ice dam had to retreat 45 km west of Corcovado, towards the eastern foothills of Macizo 
Nevado (Figure 9g). We expect such extensive retreat to cause the disintegration of the local 



PIS into smaller, separate mountain ice caps, causing ice-free conditions in low-lying (100-150 
m) local valley floors, and enabling the ~680 m proglacial lake to drain westward between or 
beneath shrinking ice-masses (Figure 9h). Such event would have caused proglacial lake 
drainage reversal from the Atlantic to the Pacific Ocean (Figure 9h), similarly to other over-
deepened eastern Patagonian valleys (Thorndycraft et al., 2019). Depending on the 
configuration and extent of local glaciers at the time of ice-dam breach, glaciolacustrine waters 
could have either drained westward using; 1) a northwest-directed pathway towards the modern 
Lago Yelcho (115 km2), elevated at ~40 m, or 2) a valley narrowing (~2 km-wide) located to 
the south of Macizo Nevado (43°43’S; 72°13’W) and exploited by the modern Río Palena. The 
latter drainage route heads south using the prominent LOFZ valley to eventually drain into 
Golfo Corcovado at Puerto Rául Marín Balmaceda (43°46’S; 72°57’W). Resolving the former 
pathways of final lake drainage would require more detailed sedimentological and 
geomorphological investigations in these regions. Such work could also reveal whether the 
Atlantic/Pacific drainage reversal was a progressive or catastrophic event in this region. In both 
cases, the ~680 m proglacial lake would have drained into the Golfo Corcovado. Using an 
approximate PIS configuration associated with a maximum proglacial lake extent prior to 
western ice-dam breach, the reconstructed 680 m proglacial lake approximates 950 km2 in area 
and 273 km3 in volume (Figure 9g, computed from DEM). These estimates yield significant 
uncertainties, however, as they were computed using a hypothetical ice-dam location near the 
foothills of Macizo Nevado (Figure 9g), under the assumption that any further westward retreat 
of the ice front would likely cause ice-dam breach.                        

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



SM Table 1: Summary of geomorphological and sedimentological field-based evidence for former glaciolacustrine activity across the study site

Feature type
Latitude 
(DD)

Longitude 
(DD)

Valley / 
basin

Elevation 
(m a.s.l)

Feature geomorphological / sedimentological description
Interpretation & hypothesised geomorphological 
significance

Glaciolacustrine 
phase-
association

Suggested 
formation / 
deposition age

Landform -43.793199 -71.234376 RC valley
Two raised terraces nested on ice-distal slope of RC III 
moraine.

Interpreted as raised outwash deposits 
associated with RC III meltwater drainage into 
proglacial lake, representing two distinc lake 
levels.

Phase 1 ≥26.4 ± 1.4 ka

Landform -43.930778 -71.166394 RC valley ~910
Prominent terrace protruding from surrounding terrain, 
with surface clasts dominated by sands and rounded to 
subrounded pebbles.

Interpreted as beach deposit drapping a wave-
cut platform associated with former proglacial 
lake surface.

Phase 1
 >22.4 ± 1.2 ka 
and  < 26.6 ka

Landform -43.794059 -71.234099 RC valley ~960
Prominent terrace running across the ice-distal slope of 
the RC3 moraine at a single elevation.

Interpreted as palaeo-shoreline, suggests 
stabilisation of former proglacial lake at ~960 m. 

Phase 1 ≥26.4 ± 1.4 ka

Landform -43.823247 -71.163322 RC valley ~960
Prominent terrace feature nested on the eastern slopes 
of the RC western sub-basin at single evelation.

Interpreted as palaeo-shoreline, suggests a 
former proglacial lake stabilized at ~960 m. 

Phase 1 ≥26.4 ± 1.4 ka

Landform -43.824091 -71.154785 RC valley ~990
Prominent terrace feature nested on the northeastern 
slopes of the RC western sub-basin at single evelation.

Interpreted as palaeo-shoreline, suggests a 
former proglacial lake stabilized at ~990 m. 

Phase 1 ≥26.4 ± 1.4 ka

Landform -43.618186 -71.381267 RC valley ~790
Terrace feature running at single elevation across the 
eastern mountain slope of the RC trough.

Interpreted as palaeo-shoreline, suggests a 
former proglacial lake stabilised at ~790 m.

Phase 2
> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka

Landform -43.731778 -71.258657
RC, 
northern   
sub-basin

~790
Series of terraces running across the northern slopes of 
the mid-valley 300 m-high bedrock step separating the 
northern and southern RC sub-basins.  

Interpreted as palaeo-shorelines, suggests a 
former proglacial lake stabilised at ~790 m.

Phase 2
> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka

Landform -43.704880 -71.225869
RC, 
northern   
sub-basin

~790

200 m-wide and 20 m-deep gorge cutting through RC V 
and RC IV moraine complexes, with a maximum basal 
elevation of ~795 m, and associated with a northward 
bending and confluence of mapped palaeo-shorelines.

Interpreted as former proglacial lake spillway 
opening, indicating the location, elevation, and 
downflow direction of proglacial lacustrine water 
drainage.

Phase 2
> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka

Lanform -43.746482 -71.395796 RC valley ~790-800

Low-gradient fan-shaped terrace prograding from the 
mouth of the Río Comisario tributary river,  "raised" as 
further incised by modern river located ~30 m below 
terrace.

Elevation of raised terrace matches former 
elevation of RC proglacial lake during phase two 
(~790 m). This landform was thus possibly 
formed as a fan deposit when the Río Comisario 
flowed into the proglacial lake and could be 
interpreted as a raised delta. Alternatively, the 
matching elevation could be a coincidence and 
this landform could simply relate to fluvial and/or 
glaciofluvial terrace aggradation.

Phase 2
> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka

 

   



Landform -43.73818 -71.223582
RC,  
northern  
sub-basin

~790 

Series of large terraces with clear incision scarps nested 
on the northern slopes of the RC mid-valley bedrock 
step: where the Río Corcovado flows out of narrow 
gorge to reach the low-gradient eastern sub-basin. The 
teraces are raised by ~50 m above modern river and 
located on both sides of the channel.   

Those fluvial terraces match the elevation of 
former RC proglacial lake during phase 2 (790-
800 m) and are raised by up to 50 m. These 
landforms were thus possibly formed as fan 
deposits when the Río Corcovado flowed into the 
790m proglacial lake located in the eastern sub-
basin. They could potentially be interpreted as 
raised deltas. 

Phase 2
> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka

Landform -43.697673 -71.216309
RC,  
northern  
sub-basin

~800 

Low-gradient, 200 m wide palaeo-channel located 
directly to the northeast of spillway opening associated 
with proglacial lake phase 2, with a basal elevation of 
~800 m and gently prograding towards the north: and Río 
Tecka. 

This palaeo-channel can be linked to the location 
and elevation of the proglaical lake phase 2 
spillway opening: and represents a substantially 
larger discharge regime than modern runoff can 
enable (by several orders of magnitude). We 
thus interpret this landform as the location of 
glaciolactustrine water drainage during proglacial 
lake phase 2.

Phase 2
> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka

Landform -43.728158 -71.397497 RC valley ~790

Terrace feature running at single elevation across the 
northern, ice-proximal slope of the RCVII  moraine. The 
notched platform was revealed through DEM cross-
moraine elevation profiles and demonstrates an average 
excavation height of ~7 m. 

Interpreted as palaeo-shoreline, sugests 
stabilisation of former proglacial lake at ~790 m 
in the RC valley

Phase 2
> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka

Sediment 
exposure

-43.703130 -71.41177 RC valley 709

Section with top-most (below soil) unit of undistrubed and 
homogeneous sands with cross-beddings and 
asymmetrical ripples. 1 m below surface, sands make 
place for homogeneous laminated and alternating silt and 
clay sediment layers (varves) 

We interpret these sediments as glaciolacustrine 
varve deposits overlaid by shallow lake beach 
deposits. 

Phase 2

> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka 
OSL age: 34.9 
± 2.9 ka

Sediment 
exposure

-43.702222 -71.411556 RC valley 690
Road-cut section with top-most (below soil) unit (2 m tall 
exposure) of undisturbed, homogeneous laminated and 
alternating silt and clay sediment layers (varves).

We interpret these sediments as glaciolacustrine 
varve deposits.

Phase 2

> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka 
OSL age: 52.1 
± 4.4 ka

Sediment 
exposure

-43.704190 -71.411740 RC valley 720
Road-cut section with top-most (below soil) unit (1 m tall 
exposure) of compacted and laminated sands and clay 
sediment layers 

We interpret these sediments as shallow-water 
glaciolacustrine deposits.

Phase 2
> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka

Landform -43.519162 -71.219524 RH valley ~790

Very prominent terrace running at single elevation across 
the ice-proximal slope of the innermost preserved 
moraine complex of the RH valley. The terrace is 
preserved and continuous for over five km

Interpreted as palaeo-shoreline, suggests 
stabilisation of former proglacial lake at ~790 m 
in the RH valley

Phase 2: RH 
and RC 
connected 
proglacial lake?

> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka

Landform -43.514188 -71.305366 RH valley ~790
Very prominent terrace running at single elevation across 
the southern slopes of the RH valley. The terrace is 
preserved and continuous for over eight km

Interpreted as palaeo-shoreline, suggests 
stabilisation of former proglacial lake at ~790 m 
in the RH valley

Phase 2: RH 
and RC 
connected 
proglacial lake?

> 19.0 ± 0.9 ka 
< 21.7 ± 0.9 ka

 

   



Landform / 
deposit

-43.679770 -71.428771 RC valley ~740 - 690

Fan shaped, 1.1 km2 platform prograding eastward 
(average slope: 3°) from the mouth of the Río Poncho 
Moro western tributary and towards the RC valley 
centre. The plain deposit displays well-preserved surface 
braided channels visible from imagery and is located on 
the southern side of the modern tributary river. The plain 
is raised ~230 m above the modern RC valley floor and 
its lower, eastern margin matches the phase three 
proglacial lake elevation of ~680 m. 

We interpret this fan-shaped platform as a 
"raised delta" formed by fluvial depostion related 
to the Río Poncho Moro tributary drainage into 
the former ~680 m proglacial lake residing in the 
RC trough.  

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Landform -43.572829 -71.412454 RC valley ~680 

The most prominent terrace feature observed at the field 
site. The well-preserved, easily discernable terrace is 
nested at the single elevation of ~680 m on the eastern 
slope of the RC valley trough, and runs along the valley 
side discontinuously for ~15 km. Cross-platform DEM 
elevation profiles reveal an average excavation height of 
~6 m. 

Interpreted as palaeo-shoreline, suggests 
stabilisation of former proglacial lake at ~680 m 
and causing significant wave erosion and 
platform notching on its former, wind-exposed 
eastern shore

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Landform / 
deposit

-43.653278 -71.437611 RC valley ~685

Terrace feature runing along the western slope of the 
RC valley at the maximum elevation of proglacial lake 
phase three (~680 m). Less prominent than the eastern 
palaeo-shoreline, this platform was observed on the field 
at one particular location. The platform is there 
characterized by a low relief (1-2 m), gently curving 
ridge with sand- and gravel-sized surface sediments 
resembling a beach deposit.   

Interpreted as palaeo-shoreline, indicating 
stabilisation of former proglacial lake at ~680 m 
and causing beach deposition on its former 
western shore

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Sediment 
exposure

-43.525710 -71.510960 RC valley 393
Road-cut section with top-most (below soil) unit of 
homogeneous laminated and alternating silt and clay 
sediment layers (varves).

We interpret these sediments as glaciolacustrine 
varve deposits.

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Sediment 
exposure

-43.697306 -71.406222 RC valley 544
Quarried section with top-most (below soil) unit (3.5 m of 
exposure) of homogeneous laminated and alternating silt 
and clay sediment layers (varves).

We interpret these sediments as glaciolacustrine 
varve deposits.

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 
OSL age: 65.4 

± 7.1 ka 

Sediment 
exposure

-43.534590 -71.486460 RC valley 414

Quarried section with top-most (below soil) 1.7 m thick 
unit of matrix-supported silt and clay sediments with 
occasional alternating laminations (varves). The unit also 
features some embedded larger sub-angular and unsorted 
gravel, cobbles and boulders of varied lithologies. 

We interpret these sediments as glaciolacustrine 
varve deposits interspersed with ice-rafted debris 

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

 

   



Landform / 
deposit

-43.687121 -71.704755
Río Tigre 
valley

~710 - 690

Fan-shaped, flat outwash plain with evidence of 
glaciofluvial deposition (sands and gravel with large 
polished rounded cobbles, well sorted sediments) located 
at the mouth of the Río Tigre tributary valley, to the south 
of the RP valley, and raised 50 m above the modern river 
elevation. The plain elevation is approximately 10-15 m 
above the reconstructed maximum elevation of proglacial 
lake phase three. The plain's northern margin leads to 
steep, heavily incised slopes displaying a grey/white 
coloration on imagery suggestive of softer, perhaps 
glaciolacustrine sediments.

Interpreted as a raised outwash surface/raised 
delta deposited by glacial meltwater from the Río 
Tigre flowing northward towards the RP valley 
during residence of the ~680 m proglacial lake.  

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Landform -43.333880 -71.488080 RF valley ~680 - 700
Two raised terraces notched on northwestern slope of 
RF valley.

Interpreted as palaeo-shorelines, suggests 
stabilisation of former proglacial lake at ~700-680 
m in the narrow RF valley. 

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Landform -43.353210 -71.503900 RF valley ~690 - 700

Prominent, well preserved terrace running across the 
southeastern slope of the RF valley at single elevation for 
approximately 1 km. Approximate feature elevation was 
measured using a Laser Range Finder.

Interpreted as palaeo-shoreline, suggests 
stabilisation of former proglacial lake at ~700-680 
m in the narrow RF valley. 

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Landform / 
deposit

-43.326520 -71.479690 RF valley ~680 - 700

Two prominent, well preserved, fan-shaped terraces 
prograding from the mouth of a southern tributary 
channel of the Río Frío (name unknown) and towards the 
RF valley. The two terraces are raised 15-20 m above 
the modern tributary. 

We interpret these fan-shaped terraces as 
"raised deltas" formed by fluvial depostion related 
to a southern tributary of the RF while draining 
into the former ~680 m proglacial lake residing in 
the narrow and shallow RF trough.  

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Landform -43.369300 -71.512290 RF valley 683

Prominent, well preserved terrace running across the 
southeastern slope of the RF valley at single elevation. 
Lanform proximity to road enabled platform elevation 
GPS measurement. Landform displays a well-preserved 
convex lower break-in slope and is raised above modern 
RF valley floor at this location by ~8 m.

Interpreted as palaeo-shoreline, indicating 
stabilization of former proglacial lake at ~700-680 
m in the narrow RF valley. 

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Sediment 
exposure

-43.315990 -71.458250 RF valley 683
Road-cut section with top-most (below soil) unit of 
homogeneous clay with occasional evidence of 
lamination.

We interpret these sediments as lacustrine clay 
deposits suggesting a former lake system in the 
narrow RF valley

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Sediment 
exposure

-43.52413 -71.57738 RP valley 337
Road-cut section with top-most (below soil) unit of 
undisturbed, homogeneous laminated and alternating silt 
and clay sediment layers (varves).

We interpret these sediments as glaciolacustrine 
varve deposits.

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

 

   



Sediment 
exposure

-43.531810 -71.571400 RP valley 371
Road-cut section with top-most (below soil) unit of 
undisturbed, homogeneous laminated and alternating silt 
and clay sediment layers (varves).

We interpret these sediments as glaciolacustrine 
varve deposits.

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Sediment 
exposure

-43.53614 -71.61917 RP valley 436
Road-cut section with top-most (below soil) unit of 
undisturbed, homogeneous laminated clay sediment 
layers.

We interpret these sediments as lacustrine clay 
deposits.

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Sediment 
exposure

-43.56483 -71.73346 RP valley 329
Road-cut section with top-most (below soil) unit of 
undisturbed, homogeneous laminated clay sediment 
layers.

We interpret these sediments as lacustrine clay 
deposits.

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Sediment 
exposure

-43.58182 -71.70596 RP valley 404
Road-cut section with top-most (below soil) unit of 
undisturbed, homogeneous laminated and alternating silt 
and clay sediment layers (varves).

We interpret these sediments as glaciolacustrine 
varve deposits.

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

Sediment 
exposure

-43.59210 -71.70546 RP valley 375

Quarried section with top-most (below soil) unit (3.5 m of 
exposure) of laminated sand and silt sediment layers and 
some occasional clay sediment layers. The unit also 
displays well dispersed, sub-angular, cobble- and boulder-
sized embedded clasts of varied lithologies.   

We interpret these sediments as glaciolacustrine 
deposits with some occasional embedded 
dropstones.

Phase 3: RC, 
RP and RF 
connected 
proglacial lake

> 16.3 ± 0.3 ka 
< 19.0 ± 0.9 ka 

 



 

2. OSL dating samples details and lab methodology 
 

 
Samples for luminescence dating were collected in opaque tubes and prepared for analysis 

under subdued lighting conditions. To calculate the environmental dose-rate throughout burial 
for each sample, U, Th and K concentrations were measured for ca. 80 g of the bulk sediment 
sample using high-resolution gamma spectrometry. Water contents of 5 ± 2 % were estimated 
considering the field and saturated water contents, and the environmental history for each 
sample. Cosmic dose-rates were calculated after Prescott and Hutton (1994). Environmental 
dose-rates determined for all samples are shown in SM Table 2.  

To determine equivalent doses (De), grains of K-feldspar were used to determine 
equivalent doses (De). Samples were first treated with a 10 % v/v dilution of 37 % HCl and 
with 20 % v/v of H2O2 to remove carbonates and organics, respectively. Dry sieving then 
isolated the grainsize used for analysis, which was then subject to density separation using 
sodium polytungstate (< 2.58 g cm-3 K-feldspar dominated) and not etched using hydrofluoric 
acid. Finally, grains of K-feldspar were mounted on a 9.8 mm diameter aluminium single-grain 
disc for analysis, which contained a 10 by 10 grid of 200 μm (150 - 180 μm grainsize) or 300 
μm (180 – 250 μm grainsize) diameter holes to ensure each hole contained only one grain.  

All luminescence measurements were performed using a Risø TL/OSL DA-15 automated 
single-grain system equipped with a 90Sr/90Y beta source (Bøtter-Jensen et al. 2003) fitted with 
a blue filter pack (BG39, Coring 7-59) in front of the photomultiplier tube. Single aliquot 
regenerative dose (SAR) protocols (Murray and Wintle, 2000) were used for the post-IR IRSL 
analyses performed at 225 °C (Thomsen et al. 2008), termed the pIRIR225 signal. A preheat 
temperature of 250 °C for 60 s was used prior to stimulations of 2 s using the infra-red laser at 
225 °C. The IRSL signal measured performed at 50 °C prior to the pIRIR225 measurement and 
the elevated temperature bleach of 330 °C for 200 s at the end of each Lx/Tx cycle were 
performed using the IR LEDs. The location of the single-grain discs was performed at room 
temperature, rather than elevated temperatures to prevent thermal annealing of the IRSL signal 
(after Smedley and Duller, 2013). The first 0.3 s and final 0.6 s of stimulation were summed to 
calculate the initial and background IRSL signals, respectively. The grains were accepted after 
applying the following screening criteria and accounting for the associated uncertainties: (1) 
whether the test dose response was greater than three sigma above the background, (2) whether 
the test dose uncertainty was less than 10 %, (3) whether the recycling and OSL-IR depletion 
ratios were within the range of ratios 0.9 to 1.1, and (4) whether recuperation was less than 5 
% of the response from the largest regenerative dose.  

Grains from sample RC19S03 were used for dose-recovery experiments and successfully 
recovered a given dose within 10 % using the pIRIR225 signal. Fading rates (g-values, Aitken  
1985) were determined for three aliquots of each sample and normalised to a tc of two days 
(Huntley and Lamothe 2001; Fig. 6). The large uncertainties on the individual g-values 
measured were derived from the uncertainty in the fit of the data, which is typical of fading 
measurements for the pIRIR signal (e.g. Smedley et al. 2016). To derive a more reliable 
estimate of the fading rate, the weighted mean and standard error for all the samples was 



SM Table 2. Luminescence dating results for samples RC19S01, RC19S02 (180-250 μm) and RC19S03 (150-180 μm) 
from Río Corcovado. Environmental dose-rates were determined using high-resolution gamma spectrometry. The dose-
rates were calculated using the conversion factors of Guerin et al. (2011) and alpha (Bell, 1980) and beta (Guerin et al. 
2012) dose-rate attenuation factors. Water contents (5 ± 5 %) were estimated considering the field water contents, and 
the environmental history for each sample; these values are expressed as a percentage of the mass of dry sediment. An 
internal K-content of 10 ± 2 % (Smedley et al. 2012) were used to determine the internal dose-rates. An a-value of 0.10 
± 0.02 (Balescu & Lamothe, 1993) was used to calculate the alpha dose-rates. Cosmic dose-rates were determined after 
Prescott & Hutton (1994). Dose-rates were calculated using the Dose Rate and Age Calculator (DRAC; Durcan et al. 
2015). The g-values (%/decade) were measured using the pIRIR225 signal for three aliquots of K-feldspar for each 
sample, normalised to 2 days and are presented as weighted means and standard errors. The number of grains that were 
used to determine a De value (n) are shown as a proportion of the total grains measured (N). The MAM was used to 
determine the De for age calculating, applying a σb value of 0.25 for all samples. 

SM Figure. 1. Abanico plots of the De values determined for OSL dating, where the grey shading shows the 
MAM De for each distribution. 

calculated for pIRIR225 signals (-0.9 ± 0.8 %/decade). Given that the pIRIR225 fading rate is 
low with large uncertainties for each sample (SM Table 2) and in line with previous pIRIR225 
studies (e.g. Roberts, 2012; Trauerstein et al. 2014; Kolb and Fuchs 2018), we did not correct 
the pIRIR225 ages for fading.  

De values were calculated from all grains passing all the screening criteria. The minimum 
age model (MAM; Galbraith and Laslett, 1993; Galbraith et al. 1999) was applied to determine 
an age for the samples as the asymmetrical De distributions suggested the samples were 
partially bleached prior to burial (Fig. 1). The scatter in the De distribution arising from intrinsic 
and extrinsic sources were combined in quadrature to determine σb for the MAM (SM Table 
2). The overdispersion values arising from intrinsic sources for sample RC19S03 (13 ± 1 %) 
were derived from the dose-recovery experiments, while the over-dispersion arising from 
variability in the internal dose-rates of K-feldspar grains for both samples was assumed to be 
10 % (after Smedley and Pearce, 2016). Additional over-dispersion (20 %) was incorporated 
to account for the variability in single-grain De distributions caused by external microdosimetry 
(after Smedley et al. 2020). The De values were then divided by the environmental dose-rates 
to determine an age for each sample (SM Table 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. 10Be TCN dating wet chemistry lab methodology 
 

The 125-250 μm and 250-500 μm grain fractions were cleaned and oven-dried to remove 
non-mineralic grains, prior to being magnetically separated. Non-magnetic fractions were 
recovered. To remove feldspar and mica minerals, the samples were treated with eucalyptus 
oil and a carbonated surfactant solution of water and dodecylamine to enable froth floatation 
(Herber, 1969). Non-floating quartz grains were recovered while floating minerals were stored. 
The samples were then etched a minimum of three times (24 h each) in 1000 ml of pure water, 
40% HF and 68% HNO3 (150:2:1) to isolate the quartz grain cores, thus removing meteoric 
10Be. An aliquot of the final quartz sample was dissolved and its purity tested for Al; Be; Fe; 
Ca and Ti by ICP-OES. Samples containing Al concentration higher than 300 ppm were re-
etched. The samples were dissolved in 40% HF and each sample and processed blank (n =3) 
were spiked with between 0.23 and 0.25 mg of 9Be, using an in-house carrier solution obtained 
from phenakite. After dissolution, the HF was evaporated and replaced by HCl. The solutions 
were first passed through anion exchange chromatography columns to remove Fe. The Fe-free 
fractions were then evaporated and the HCl was replaced by dilute H2SO4. The sulphate 
solutions were then passed through cation exchange chromatography columns to remove Ti 
and B, and to isolate Be and Al fractions, eluted using HCl solutions. The Be fractions were 
precipitated as hydroxides and oxidised at ~900 °C. Resulting BeO samples were mixed with 
Nb (1:6) and pressed into copper cathodes for AMS measurements. 10Be/9Be ratios were 
determined with a 5MV Tandem Pelletron (NEC Model 15SDH-2). All 10Be/9Be ratios were 
normalised to NIST SRM4325 with a nominal 10Be/9Be ratio of 2.79 .10-11 (Nishiizumi et al., 
2007), corresponding to a 10Be half-life of 1.36 Ma. Processed blank corrections ranged 
between 1.4% and 4.5% of the sample 10Be/9Be ratios. 

 

 

 

 

 

 

 

 

 

 

 

 



4. Vertical plot of published LGM TCN exposure ages from glacial deposits in 
Patagonia  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



SM Figure 2. Vertical plot of published exposure ages dating local LGM advances of the PIS over the last 60 
ka, from north to south, including the RC III – RC VII record (this study). MIS intervals are illustrated by light 
grey bars (from Lisiecki & Raymo, 2005) while the Heinrich Stadial (HS) 1-5 events are designated by a light 
blue bars (from Hemming, 2004). Apart from the Chilean Lake District record (14C dates), 10Be exposure ages 
(n = 241) are displayed as cumulative kernel density plots (adapted from iceTEA tools for exposure dating 
plots; Jones et al., 2019) using 1σ ranges and internal analytical uncertainties from individual ages. All 
exposure ages (n=241) have been re-calculated using the Patagonian production rate (Kaplan et al., 2011) 
obtained from the ICE-D online database (http://calibration.ice-d.org/) and the LSDn-time-dependent scaling 
scheme of Lifton et al. (2014). All ages assume no surface erosion and no correction for shielding by snow, 
soil and/or vegetation. Outliers identified as such by original publications were manually removed. Dashed 
horizontal black bars with vertical bars on right-hand extremities indicate the possible onset of local 
deglaciation proposed by the original publications, after taking into account landform-age re-calculation. Note 
that the number of samples per landform varies significantly between study-sites / publications. Subsequently, 
not all records displayed here present comparable levels of dating robustness.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5. 10Be TCN dating kernel density plots per landform 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



SM Figure 3. Kernel density plots, adapted from plots produced using the IceTEA tools for exposure 
dating (Jones et al., 2019; http://ice-tea.org/en/) and TCN dating summary statistics for the RC III-
VII, RH790, RC680 and RPbed dated landforms. Thick red curve represent the summed probability 
distribution for the age population, excluding outliers, while thin red curves depict Gaussian curves 
for individual samples. Outliers are denoted by grey dashed curves. Vertical black lines denote the 
arithmetic mean, while thin black and blue vertical dashed lines denote the 1 σ and 2 σ confidence 
intervals of the mean, respectively. Thick black and dashed vertical line highlights the peak age 
associated with the summed probability distribution. Std: standard deviation, Wtd. mean: uncertainty-
weighted mean, Wtd. std: uncertainty-weighted standard deviation.    

 
 
 
 
 
 
 
 

6. Cosmo-Ages Sequence Calculator (CASC) 
 
 

This programme was employed to produce age probability distributions for each dated 
landform using a Bayesian statistical approach that takes into account the relative 
stratigraphic order of events.   

  
Programmer: Dr. Ángel Rodés (Scottish Universities Environmental Research Centre,    

Scottish Enterprise Technology Park, East Kilbride, G75 OQF, Glasgow, 
Scotland, United Kingdom of Great Britain and Northern Ireland) 

 
Coding language:  MATLAB 
 
Code URL: https://github.com/angelrodes/CASC 
 
Input file: data.csv  
 
Input data:  Column A (Sample)    = Sample ID 
                   Column B (Age)          = Sample exposure age (ka) 
                   Column C (Uncert.)     =  Internal analytical uncertainty (ka) 
                   Column D (Moraine)   =  Landform name 
                   Column E (Sequence)  =  Stratigraphic order of sequences: with “1” being the 

oldest event, “2” the second oldest etc… (see example below). 
 
 

Sample Age Uncert. Moraine Sequence 
19RCS21 26.075 0.877 RC3 1 
19RCS23 XXXXX YYYY RC3 1 
19RCS25 XXXXX YYYY RC3 1 
19RCS27 XXXXX YYYY RC3 1 
19RCS28 XXXXX YYYY RC3 1 
19RCS15 XXXXX YYYY RC4 2 
19RCS16 XXXXX YYYY RC4 2 
19RCS17 XXXXX YYYY RC4 2 
19RCS51 XXXXX YYYY RC4 2 
19RCS52 XXXXX YYYY RC4 2 
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