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There are still many uncertainties about the climatic forcing that drove the glacier
fluctuations of the Patagonian Ice Sheet (PIS, 38-55°S) during the last glacial period. A
key source of uncertainty is the asynchrony of ice lobe fluctuations between the northern,
central, and southern PIS. To fully understand the regional trends requires careful mapping
and extensive geochronological studies. This paper presents geomorphological and
geochronological reconstructions of the glacial and deglacial landforms formed during
the last glacial period at the Seno Skyring lobe, southernmost Patagonia (52°S, 71°W). We
present a detailed geomorphological map, where we identify two moraine systems. The
outer and older is named Laguna Blanca (LB) and the inner Rio Verde (RV). The LB
moraines were built subaerially, whereas parts of the RV were deposited subaqueously
under the palaeo lake Laguna Blanca, which developed during deglaciation. We
conducted surface exposure '°Be dating methods on boulder samples collected from
LB and RV glacial margins. The moraine LB lll and LB IV formed at 26.3 + 2.3 ka (h = 5) and
24.3 + 0.9 ka (n = 3), respectively. For the inner RV moraine, we obtained an age of 18.7 +
1.5 ka (n = 6). For the palaeo Laguna Blanca evolution, we performed '°Be exposure ages
on shoreline berms and optically stimulated luminesce dating to constrain the lake levels,
and '°Be depth profile dating on an outwash deposit formed by a partial lake drainage
event, which occurred at 22 + 3 ka. For the RV moraine deglaciation, we performed
radiocarbon dating of basal sediments in a peat bog, which indicates that the glacier
retreated from the terminal RV moraine by at least c. 16.4 calkyr BP. Our moraine
geochronology shows an asynchrony in the maximum extents and a different pattern
of ice advances between neighbouring lobes in southern Patagonia. We speculate that this
may be due, at least in part, to the interaction between topography and the precipitation
carried by the southern westerly wind belt. However, we found broad synchrony of glacial
readvances contemporaneous with the RV moraine.

Keywords: patagonian ice sheet, glacial geomorphology, cosmogenic nuclide dating, proglacial lake evolution,
geochronology
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Seno Skyring Lobe Glacial Evolution

1 INTRODUCTION

The location of Patagonia in the Southern Hemisphere makes it a
good location to study paleoclimate of the Southern Hemisphere
since it is the only continental region that straddles the core of the
Southern Westerly Winds (SWWs; Figure 1A), which are directly
linked with the precipitation and temperatures affecting the
region (Garreaud, 2009). Moreover, its close position to
Antarctica allows comparisons between the terrestrial and
marine records from Patagonia with Antarctic climatic proxies
(Sugden et al., 2009; Darvill et al., 2016; Garcia et al., 2020). The
last glacial cycle was marked by a number of cold intervals,
according to Antarctic ice cores (Jouzel et al., 2007). However,
these events are not consistently represented in the glacial
geomorphology of the Patagonian Ice Sheet (PIS) margin
(Davies et al., 2020). Terrestrial geochronologic records show
that the maximum extents of the ice lobe fluctuations along the
PIS occurred at different times during the last glacial period,
suggesting an asynchrony between northern, central and
southern Patagonia. Most moraine chronologies have recorded
local ice maxima during MIS 2 and MIS 3, but also MIS 4 and MIS
5a (Kaplan et al., 2004; Douglass et al., 2006; Hein et al., 2010;

Darvill et al,, 2015; Garcia et al,, 2018, 2021; Mendelova et al,,
20205 Leger et al., 2021; Peltier et al., 2021). This asynchrony of
the glacial maximum extensions could be in response to the
interaction of different factors, such as shifts of the atmospheric
and oceanic frontal systems, Antarctic Sea-ice migration and
Southern Ocean stratification (Darvill et al., 2016) and/or
topographic controls (Sugden et al, 2002). However, the
understanding of the forcing mechanisms that drove this
difference in the timing of the glacial fluctuations is still
incomplete. To fully understand the past climate that prevailed
along the PIS during the last glacial cycle, it is necessary to
perform careful mapping and extensive geochronological studies
of different outlets. Here, we present glacial geomorphological
observations paired with geochronology of the former Seno
Skyring lobe (52°S, 71°'W) to contribute to the understanding
of the behaviour of the former PIS. The glacial geomorphology of
this outlet has seen a range of geomorphological mapping at
different scales (Caldenius, 1932; Meglioli, 1992; Lovell et al.,
2012; Darvill et al., 2014) but the glacial landforms have not
previously been dated. Using a combined approach of satellite
images, aerial photographs stereoscopic analysis, and field
mapping, we produced a more detailed geomorphological map
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major outlet lobes. Background image is a Copernicus DEM (30 m resolution).

FIGURE 1 | Location Map. (A). Location of Patagonia and the Southern Westerly Winds belt. (B). Extension of the Patagonian Ice Sheet during the LGM at 25 ka
(pale grey shading, PATICE, Davies et al., 2020). Modern ice is shown by dark grey shading; NPI: Northern Patagonian Icefield, SPI: Southern Patagonian Icefield, CDI:
Cordillera de Darwin Icefield. Bathymetric contour of -134 m indicates approximate fall in eustatic sea level during the LGM (Lambeck et al., 2014). (C). Location of Seno
Skyring ice lobe in Southernmost Patagonia and adjacent ice lobes. Coloured arcs correspond to the age of dated moraine belts from the last glacial cycle: orange
corresponds to MIS4, purple to MIS 3 and green to MIS 2 (Darvill et al., 2015; Garcia et al., 2018; Peltier et al., 2021). Black dashed lines are hypothesised flow lines of
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of the study area than previous work and provide a detailed
chronological framework using '°Be exposure ages from boulders
resting on moraine ridges, cobbles on beach berms and outwash
plains, a '°Be depth profile through outwash sediment, optically
stimulated luminescence dating of lacustrine deposits, and
radiocarbon dating of basal peat sediments. Our aim is to
understand the behaviour of the Seno Skyring lobe during the
last glacial period and termination.

2 GENERAL SETTING AND STUDY AREA

2.1 Southern Patagonian Ice Sheet Setting
During the last glacial cycle in Patagonia, the PIS developed
continuously along the Andean Cordillera from 38° to 55°S
(Figure 1B), extending for about 2000 km (Glasser and
Jansson, 2008; Rabassa, 2008; Davies et al., 2020). In
southernmost Patagonia, the PIS extended to the west
through tidewater-terminating outlets, calving into the
Pacific Ocean. To the east, the outlets extended for 10-100 s
of km across the Patagonian steppe (Figure 1C). The bed
topography in this area is slightly unusual in the way the ice
occupied reverse-bed slopes whose gradient varied between
lobes (Kaplan et al., 2009; Anderson et al., 2012). The eastern
area contains the best-preserved records of glacial
geomorphology in the region as a result of its dry
conditions and relatively stable tectonic context with no
major uplift (Clapperton, 1993).

The climate in Patagonia is strongly influenced by SWWs,
which impact the position of the Sub Tropical and Sub
Antarctic Fronts. The SWWs are directly linked with
precipitation (Garreaud et al., 2013), and their core is today
located between ~50-55°S (Lamy et al., 2010). During the
winter months the SWWs’ core expands northwards and
during the summer it contracts southwards, in response to
seasonal changes in the Antarctic sea ice extent (Garreaud
et al., 2013). The precipitation in western Patagonia ranges
between 5,000-10,000 mm/year, decreasing abruptly towards
the east to less than 300 mm/year (Garreaud, 2009), due to the
orographic effect produced by the Andean Cordillera. This rain
shadow effect strongly affects the vegetation in the area.
Magellanic Moorland and evergreen forest are dominant in
the west, and a few tens of kilometres east from the Andes
Cordillera, the vegetation sharply changes to Patagonian
steppe (Tuhkanen et al., 1989-1990).

We focus here on the southernmost part of the PIS, from the
former lobe in Torres del Paine-derived from the southernmost
tip of the present-day Southern Patagonia Icefield-south to the
former Bahia Inutil-San Sebastidn lobe that extended across
Tierra del Fuego (Figure 1C). This region incorporates a
range of different topographic settings from former outlets
that terminated close to the mountains (10s of km length)
with a steep slope (such as Torres del Paine, and Ultima
Esperanza), to low-gradient outlets terminations that extended
100 s of km east across the low elevation areas of Patagonia, such
as Magallanes, and Bahia Inutil-San Sebastidn lobes (Benn and
Clapperton, 2000b).

Seno Skyring Lobe Glacial Evolution

2.2 Study Area and Previous Work

The Seno Skyring ice lobe originated at Gran Campo Nevado ice
cap (52°40'S), a remnant of the continuous extension of the PIS
along the Austral Andes, which has altitudes up to ~1,500 m a.s.l.
From there, the ice lobe extended to the east of the Andes (Kilian
et al., 2007), sculpting deep valleys that today form the fjord of
Seno Skyring (Figure 1C). Caldenius (1932) was the first to
identify four moraine systems deposited east of Seno Skyring
(Figure 2); we follow Caldenius’ nomenclature for the moraine
systems. After Caldenius’ (1932) map, Meglioli (1992), Lovell
et al. (2012), and Darvill et al. (2014) improved the glacial
geomorphological mapping at a regional scale. Later studies
suggested that the two inner moraine systems, Laguna Blanca
(LB) and Rio Verde (RV)—older and younger respectively—were
formed during the last glacial cycle, based on the outlet glacier’s
relationship with neighbouring dated glacial lobes (Darvill et al.,
2017; Davies et al., 2020). A proglacial lake formed during the
retreat between these two moraine systems (Caldenius, 1932). It
has been hypothesised that a partial proglacial drainage may have
occurred in front of the receding Seno Otway and Magallanes
lobes (Benn and Clapperton, 2000b; Lovell et al., 2012; Darvill
etal,, 2014). Dating of organic material in fjord cores, suggest that
towards the end of the last glaciation the Seno Skyring ice lobe
had retreated back and was confined to the proximity of the Gran
Campo Nevado ice cap by 13.9 + 0.3 cal. BP (Kilian et al., 2007;
2013). Until the study we present here, no detailed mapping and
chronological control existed for the Skyring lobe.

3 METHODS

We undertook detailed geomorphological mapping and used the
mapping to underpin the dating of key landforms to target glacial
and deglacial events using cosmogenic '%Be surface exposure
dating, a '°Be depth profile, optically stimulated luminescence
(OSL) and radiocarbon dating methods. For 10B¢ cosmogenic
measurements, we took samples of boulders on moraines, cobbles
on major outwash plains and palaeo-shoreline berms, and
measured '’Be concentrations to determine exposure histories.
We also sampled one depth profile to determine the age of an
outwash deposit using '°Be. These approaches have been widely
used in semi-arid regions of eastern Patagonia (e.g., Kaplan et al.,
2004; Hein et al., 2010; Darvill et al., 2015; Garcia et al., 2018;
Mendelova et al., 2020). Furthermore, we collected lacustrine
sediment and bog samples to date with OSL and radiocarbon,
respectively.

3.1 Geomorphological Mapping

The glacial geomorphologic map was compiled from stereoscopic
analysis of aerial photographs, satellite images, and digital
elevation models (Supplementary Table S1; extended
methods). The geomorphological interpretations were field-
checked over the course of several weeks of fieldwork
campaigns in 2018 and 2019. Mapping of former shorelines
was supported by hand-held GPS measurement transects up to
35 km along the different terrace levels. The map was prepared in
ArcMap 10.7.1 (Figure 3).
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FIGURE 2 | (A) Sentinel 2 (band combination 843) image of the Seno Skyring ice lobe area. Former ice flow of the Skyring lobe was directed from Seno Skyring
north-east to the Rio Verde (RV) and Laguna Blanca (LB) moraine systems. (B) Detailed image with focus on LB moraine system, showing its four different moraine belts,
from older to younger LB |, LB II, LB lll and LB IV respectively. Former shoreline berms and a northern drainage spillway of the palaeo Laguna Blanca are indicated. (C)
Hillshade and elevation colour ramp (SRTM) of the area around RV moraine system, black lines indicate the RV moraine extension. The south-eastern drainage
spillway of the palaeo Laguna Blanca is marked. Note that the altitude of this drainage spillway is higher than the central (front) parts of the RV moraine, implying an ice
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3.2 °Be Dating
3.2.1 '°Be Exposure Age Sampling

3.2.1.1 Moraines

Timing of former glacial margins were constrained through two
different approaches. The first method was by the sampling of
moraine boulders along the different ridges. At the Seno Skyring
lobe, we sampled along LB and RV moraine systems (Figures 2,
3). For LB moraines, we collected samples from multiple crests
located in LB moraine III and IV. For the RV Moraine, we
collected samples at the outer crest of the southeast lateral
moraine. The boulder and the sampling process followed the
methods of Gosse and Phillips (2001). Sampled boulders were
primarily granitoid (n = 17), with some quartzites (n = 4) and one
quartz arenite, all embedded in stable positions on or near
moraine crests. Heyman et al. (2016) suggested that taller
boulders yield more consistent results, since their tops are less
likely to have suffered exhumation. We sampled boulders that
were >1 m high where possible (32%), but otherwise sampled

smaller boulders with ranges of 60-99 cm (45%) and 45-59 cm
(23%) high (Table 1). For the lower relief boulders, we were
careful in avoiding boulders with signs of exhumation by a visual
assessment of the moraine degradation. We sampled top surfaces
using nail gun cartridges and/or a hammer and chisel, avoiding
erosional signs such as fresh edges, spalling or fracturing. Boulder
SSK1809, had prominent quartz veins, with mean relief of 20 mm
above the rest of the rock surface. We took two different samples
from this boulder: SSK1809a from the boulder matrix and
SSK1809b from the quartz vein (Figures 4K,L). We interpret
the '°Be on moraine boulders as minimum ages for the moraine
construction and associated glacial advance.

3.2.1.2 Outwash Plains Associated to Moraine Margins

The second approach to dating glacial margins was to sample five
quartz-rich cobbles embedded in the surface of an outwash plain
grading from the LB Moraine III (Figures 4C-E). This follows the
methodology of Hein et al. (2010; 2011), where outwash plain
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FIGURE 3 | Geomorphological map of Skyring ice lobe area. Sample locations of the cosmogenic, OSL, and radiocarbon dates are indicated. Background is a
hillshade from SRTM showing the topography. Dates treated as outliers are shown crossed-out, see text for discussion.
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TABLE 1| Sample details and "9Be concentrations from Skyring ice lobe and the outwash deposit located in Otway basin, associated with the southeastern Laguna Blanca spillway. The samples are grouped by landform.

Sample ID Lat. (dd)

Seno Skyring Ice lobe
Laguna Blanca Moraine Il

Lon. (dd)

—71.2333
-71.2313
—71.2333
—71.2304
—71.2761
—71.2761
—71.2756
—71.0005
—70.9907

~71.1514
~71.1799

-71.2175
—71.2353
—71.0030

—71.3671
-71.3713
—-71.3670
-71.3618
—71.3596
—71.3459
—71.3413
—71.3415
-71.3519

—71.2304
—71.2296
—71.2337
—71.2337
—71.2337

-71.1030

SSK1801 —52.2558
SSK1802 -52.2529
SSK1804 —52.2571
SSK1807 -52.1496
SSK 1809a -52.2764
SSK 1809b -52.2764
SSK1814 -52.2762
SSK1820 -52.3796
SSK1830 -52.3127
Laguna Blanca Moraine IV
SSK1805 -52.2090
SSK1817 —52.2650
SSK1818 —52.2642
SSK1819 -52.2676
SSK1824 -52.3455
Rio Verde Moraine
SSK1831 —52.6455
SSK1833 —52.6561
SSK1835 -52.6459
SSK1836 —52.6262
SSK1837 -52.6250
SSK1838 -52.6170
SSK1839 -52.6127
SSK1840 -52.6123
SSK1841 —52.6580
Outwash Laguna Blanca Moraine Il
SSK1807_0O -52.2496
SSK1803_0 -52.2495
SSK1919_0 -52.2520
SSK1920_0 -52.2520
SSK1921_0 -52.2520
Shorelines
SSK1901_S -52.3047
SSK1902_S -52.2627

—-71.1280

Outwash deposit in Otway lobe

Surface Samples

SSKOH1911 —-52.5996
SSKOH1914 -52.5996
SSKOH1915 -52.5996
SSKOH1916 —52.5996
CD12-OAZ- -52.5996

85803
CD12-OAz- —-52.5996

8810
—-52.5996

—70.5482
—-70.5482
-70.5482
—70.5482
—70.5482

—70.5482

—70.5482

Year

Collected

2018/19
2018
2018/19
2018
2018/19
2018
2018
2018/19
2018

2018
2018

2018
2018/19
2018/19

2018/19
2018
2018
2018
2018
2018

2018/19
2018
2018

2018
2018
2019
2019
2019

2019
2019

2019
2019
2019
2019
2012

2012

2012

Alt.

(m asl)

238
237
239
269
251
251
247
289
270

209
201

209
217
246

258
310
258
232
231
229
229
234
306

230
231
230
230
230

139
163

32
32
32
32
32

32

32

Thickness
(cm)

1.9
1.7
5.1
2.1
1.4
2.2
1.5
3.1
2.7

1.3
1.7

1.6
2.1
1.9

2.3
1.8
1.7
2.2
2.0
3.1
1.9
3.3
2.3

3.8
3.2
2.9
3.1
4.0

2.9
3.1

2.4
2.5
2.7
2.4

Lithology

Quartzite
Granitoid
Granitoid
Granitoid
Quartzite
Quartz
Quartzite
Granitoid
Granitoid

Granitoid
Quartz
arenite

Granitoid

Quartzite

Granitoid

Granitoid
Granitoid
Granitoid
Granitoid
Granitoid
Granitoid
Granitoid
Granitoid
Granitoid

Quartz
Quartzite
Quartz
Quartz
Quartz

Quartz
Quartz

Quartz
Quartz
Quartz
Quartz
Quartz

Quartz

Quartz

Boulder
Height (cm)

226
55
45
63
63
63
45
80

129

70
84

127
100
104

124
64
62

170
55
73
67
50
60

Shielding
Correction

0.99996
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
1.00000
0.99997

0.99999
1.00000

1.00000
1.00000
1.00000

1.00000
0.99996
1.00000
1.00000
0.99997
1.00000
1.00000
1.00000
1.00000

1.00000
1.00000
1.00000
1.00000
1.00000

1.00000
1.00000

0.999944
0.999944
0.999944
0.999944
0.999944

0.999944

0.999944

Quartz
Dissolved (g)

23.16
21.77
7.00
20.72
17.91
20.54
17.35
21.04
13.80

13.38
16.36

2217
156.09
23.23

17.02
16.86
11.49
17.91
20.91
21.65
18.47
21.40
21.70

2213
13.44
22.32
23.49
22.04

21.56
21.95

10Be Concentration
(Atoms/g)

147,002
174,273
216,115
136,186
134,406
162,020
144,463
120,066
179,303

104,498
39,226

134,047
124,716
128,084

94,433
113,277
212,087
107,186
128,180

91,230

99,761
113,220
168,115

109,191
99,775

111,624
113,129
564,700

86,798
170,754

78,400
52,100
168,700
88,300
73,554

120,843

70,725

(Continued on following page)

+1¢ (10Be)
(Atoms/g)

7,644
16,260
32,612

7,150

6,505

8,437

7,584

6,700
17,464

8,329
3,134

5,938
6,710
7,032

5,921

7,114
35,016
8,553
10,908
4,780
6,594
7,869
7,616

5,525
7,114
5,670
5,408
19,877

4,253
7,633

3,400
2,200
5,900
3,200
2072

3,153

2,242
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included in the stated standard uncertainties.

Seno Skyring Lobe Glacial Evolution

deposition is assumed to be broadly synchronous with associated
moraine formation (Darvill et al., 2015; Mendelovd et al., 2020).
On imagery and in the field, the outwash plain was linked
continuously to the external ridge of LB Moraine III, but the
sample collection was located far enough (~100 m) from the
moraine to avoid subsequent downslope deposition. The age of
these cobbles provide the minimum age of the outwash
deposition.

3.2.1.3 Palaeo Lake Levels

We sampled two distinctive former shorelines around Laguna
Blanca for cosmogenic '°Be exposure dating. These shorelines are
located at the inner part of the frontal LB Moraine (Figures 2, 3)
and we assume the source of material corresponds to till eroded
by the lake. For each shoreline, we took one sample composed of
an amalgamation of ~30 cobbles and large quartz pebbles
(Mendelova et al., 2020). We collected the samples on flat top
surfaces of wide beach ridges; these berm ridges are large-scale
features and surrounded by relatively flat relief within a 2km
radius, so we are confident no material has been deposited on the
surfaces since they were deposited. The age resulting from the
amalgamated samples indicates a minimum age for the shoreline
berm formation.

3.2.2 '°Be Depth Profile From an Outwash Located on
the Otway Basin

Previous geomorphological mapping reconstructions (Lovell
et al, 2011; Darvill et al,, 2014), and our own work link an
outwash terrace in the area formerly occupied by the Seno Otway
lobe to a drainage event south-eastward from a palaeo Laguna
Blanca proglacial lake associated with the Seno Skyring lobe.
Dating this deposit should constrain the timing of lake drainage
and provide limiting ages for glacier retreat. We adopted two
approaches to dating methods on this deposit.

Firstly, we collected surface samples to obtain exposure ages.
From the surface of the outwash terrace, we sampled seven mono-
mineral quartz cobbles (Table 1).

Secondly, we samples a depth profile in the outwash and
modelled nuclide concentrations using Monte Carlo simulations.
This approach can be used to calculate the most likely age, erosion
rate, and nuclide inheritance ranges of a deposit (Hidy et al., 2010;
Rodés et al., 2011; Darvill et al., 2015). The outwash deposit is
formed by unconsolidated material composed mainly of pebbles
and coarse sand with matrix-supported, grading to different
percentages along it. The sediments of the outwash terrace
appear to have been deposited continuously, and the surface
does not show clear evidence of post-depositional reworking,
cryoturbation or bioturbation (e.g., surface meltwater channels
are preserved), making it suitable for dating with this approach
(Hein et al,, 2009, 2011; Darvill et al,, 2015; Cogez et al., 2018;
Garcia et al., 2021). We collected eight samples from this profile
from 20 to 190 cm below soil depth through a section of a modern
anthropogenic road-gravel quarry in the outwash at this location
(Table 1). Depth profile samples were amalgams of quartz
pebbles and sand from ~4cm thick layers at each depth.
Samples were collected in two stages from the same sequence,
in 2012 and 2019, following the methodology of Darvill et al.
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FIGURE 4 | Examples of moraine boulder samples and outwash cobbles collected. (A,B) Moraine boulders from LB III. (C) LB lil outwash. (D,E) Cobbles collected
from LB Il outwash. (F,G) Laguna Blanca IV. (H=J) RV moraine. (K,L) Sample SSK1809 showing the sampled quartz vein and sampled boulder surface.

(2015). Soil development on the outwash surface is poor, with an ~ layer and accounted for layer thickness. We estimated the
average thickness of ~15cm. Because the stratigraphy is not  percentage of clasts bigger than sand for each layer, to which
homogeneous, we estimated the density for each stratigraphic ~ we allocated a density of 2.7 g/cm’. For the rest of the layer, the
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sand and porosity, we gave a density of 2.7 g/cm’ and 0,
respectively. The porosity values for sand and gravel were
taken from the data for unconsolidated materials of Manger
(1963), using the porosity range for each layer. We calculated
the density proportional to the amount of each material
(Hancock et al, 1999), yielding a density range of
2.1-2.3 g/cm”’.

3.2.3 °Be Laboratory Process
The boulders and surface cobble samples were prepared in a
combination of the cosmogenic labs. The quartz isolation for
moraine boulders and shorelines was performed at Universidad
Catolica in Santiago, Chile and Edinburgh University,
United Kingdom. We obtained clean quartz using acid etching
techniques following Hein et al. (2009) methods. The 10Be/*Be
measurements were carried out at the Koln AMS, Germany
(Dewald et al, 2013), normalized to the revised standard
values reported by Nishiizumi et al. (2007). For
methodological details refer to supplementary material. Final
'%Be concentrations and uncertainties are reported in Table 1.
The samples from the outwash terrace located on the Otway
lobe, were entirely prepared at Scottish Universities
Environmental  Research  Centre as part of the
United Kingdom NERC National Environmental Isotope
Facility. The surface samples were treated individually, while
the samples from the depth profile were treated as amalgams. For
the details of the sampling process from quartz isolation and
purification, BeO separation, and AMS analysis, see
supplementary material; extended methods. The '’Be
concentration, uncertainties, and samples details are given in
Table 1.

3.2.4 '°Be Exposure Age Calculation

The ages were determined with the online calculator, formerly
known as the CRONUS-Earth online calculators, version 3
(Balco et al, 2008). We applied the Patagonian '°Be
production rate calculated from Lago Argentino (Kaplan
et al, 2011). We use a general quartz density of 2.65 g/cm’
for all the samples. The topographic shielding factor was
negligible, with values between 0.999-1. We calculated the
shielding by measuring the horizon geometry every 15" with
a hand clinometer, then we converted these data to the shielding
factors in the online calculator formerly known as CRONUS-
Earth (https://hess.ess.washington.edu). For calculation and
discussion of results in context with the other results in the
region, we follow previous workers in assuming zero erosion
and no correction for vegetation or snow cover of the boulders.
However, from sample SSK1809b, we can calculate an erosion
rate and we briefly discuss its implications below. For the age
calculations, we used the Lm scaling scheme (Lal, 1991; Stone,
2000). Selecting a different scaling scheme would not
significantly  affect our conclusions. The sample
characteristics and '’Be data are given in Table 1. For the
moraine ages, we present the weighted mean of the boulders
with one weighted standard deviation as uncertainty. To identify
outliers in each moraine group of samples, we use chi-square
(sz{) statistics. This method rejects samples outside the 20

Seno Skyring Lobe Glacial Evolution

envelope, considering the number of samples (Wendt and
Carl, 1991). If X%{ < K, the samples fall within the 20 (Spencer
et al, 2017). These calculations are made using the web
calculator IceTea (Jones et al., 2019; http://ice-tea.org) when
plotting a group of samples from a single moraine.

For the age comparisons with other ice lobes on the
discussions, we recalculated previously published ages to Lm
scaling scheme with the Patagonian production rate (Kaplan
et al.,, 2011), with no correction for erosion, and no correction
for snow or vegetation cover, to allow for direct comparisons
between datasets.

3.2.5 1°Be Depth Profile and Surface Ages From
Outwash Deposit in Otway Basin Calculation

For the depth profile and surface samples, we applied the '°Be
production rate from Kaplan et al. (2011), calculated in the online
calculators formerly known as the CRONUS-Earth online
calculators v.3 (Balco et al, 2008) using the Lm scaling
scheme (Lal, 1991; Stone, 2000). Thus, we used production
rates of 4.3644, 0.01803, 0.03818 atoms/g/year and attenuation
lengths of 160, 5,850, 500 g/cm® for spallation and fast and
negative muons, respectively. For surface samples, we assumed
zero erosion and densities of 2.65 g/cm”.

To model the depth profile age we use the approach from
Rodés et al. (2011) and we fitted the depth profile model to our
data using the same combine surface exposure-burial
MATLAB scripts as described in Rodés et al. (2014). The
model requires input ranges for the deposit’s possible
ranges of density, age, and erosion rate. We constrained the
density according to our calculations, and we used a range
between 2.1 and 2.3 g/cm’. A sensitivity test with a broader
density range of 1-3 g/cm’, showed little effect on age, erosion
rate and inheritance and so use of a smaller density range is
justified. For the possible age range, we are confident based on
chronology of other ice lobes (Darvill et al., 2015; Garcia et al.,
2018; Peltier et al., 2021), that in the region the ice filled the
Otway basin during the last glacial cycle. Nevertheless, we are
ultra-cautious and use an age range of 0-1.1 Ma, where the
maximum age corresponds to the greatest Patagonian
Glaciation (Meglioli, 1992; Singer et al., 2004). We did not
constrain the erosion rate of the deposit since we did not have
independent information to do so. For each sample depth, we
applied a conservative *2cm measurement error, which
corresponds to the 4 cm sampling strip.

The Monte Carlo method utilises different solutions
that best fit the given variables, that include depth profile
sample '’Be concentrations, density, age-range, and erosion
rate of the deposit. The modelling shows all the possibilities
that adjust with the given variables within a one sigma
solution. We performed 50,000 models, and we obtained
3,771 possible results within one sigma of the data.
Because this method is a probabilistic approach, it is
possible to have different solutions that fit the given
inputs. Thus, the model results are given in ranges, where
different answers can be correct, especially if the input data
are broad or unconstrained. Nevertheless, the model suggests
the most likely data.
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3.3 Optically Stimulated Luminescence
We used OSL dating to determine the age of raised lacustrine

deposits around Laguna Blanca’s margins. The OSL sample was
taken from a 30 cm-thick sand layer, with medium sand grain size
embedded within a lacustrine profile, located at the lowest palaeo
lake terrace (T6). These sediments overlie glaciolacustrine
sediments  (with  dropstones) but the context and
sedimentology of the sampled layer corresponds to an alluvial
fan deposit that is interfingered with lacustrine sediments and
thus this age provide the timing of a higher lake levels previously
to the erosion of level T6. Samples for luminescence dating were
collected in opaque tubes hammered into the section and the ends
sealed. These were prepared for analysis under subdued lighting
conditions following the methodology of Smedley et al. (2016)
Supplementary material.

3.4 Radiocarbon

We use radiocarbon dating to constrain the peat initiation of two
different sites located within and inboard of the innermost RV
moraines, using a Wright Piston Corer. The samples were cleaned
by wet sieving to remove any potential coal present. Cleaned
samples were sent to the DirectAMS radiocarbon dating service
for final preparation and measurement. We calibrated the ages to
calendar years in CALIB 8.2 program (calib.org; Stuiver et al.,
2021) using the SHcal20 curve (Hogg et al., 2020). We report the
calibrated ages using the 2-sigma calibrated range.

4 RESULTS

4.1 Geomorphology

The geomorphological relationships of the landscape
observations are shown in the geomorphological map

(Figure 3), and the criteria used to map them are explained in
Supplementary Table S3 (extended results).

4.1.1 Laguna Blanca Moraine System

The Laguna Blanca moraine system comprises at least four
distinctive moraine belts separated by clear outwash plains;
they are LB I, LB II, LB III and LB IV from oldest to youngest
(Figure 2B). They are located in an arcuate arrangement around
Laguna Blanca. In the frontal section, 10 km separates LB I from
LB IV. A major meltwater spillway of a palaeco Laguna Blanca that
was bigger than the present, cuts through this moraine system
from the northern point of the Laguna Blanca former basin. We
use this outlet to divide the glacial margins into East and West.
On the eastern side of the system, the moraines are confined to
the high ground that separates the basins of the former Seno
Skyring and Seno Otway glacier lobes. On the west, the moraines
are more widely spaced than on the eastern side. The outwash
plains are narrower at the lateral parts, and they widen—up to
2 km wide in some places—as they get closer to the front of the
lobe. The landform preservation decreases towards the outer
moraines due to subsequent meltwater erosion, partial,
overriding of the older moraines by younger glacial advances
and by moraine ridge degradation through time. The outer LB
moraine (LB I and LB II) relief is restricted to discontinuous

Seno Skyring Lobe Glacial Evolution

ridges that we link together as a margin due to continuity of
associated outwash plains along an arcuate pattern. Nevertheless,
these moraines have good local preservation in the northeast area
of the ice lobe, with moraine belts ranging between 1 and 2 km
wide. On the other hand, the two inner moraine belts (LB III and
LB IV) are preserved almost continuously enclosing Laguna
Blanca. Despite the relatively poor preservation of the outer
belts, all four LB belts expose similar morphostratigraphic
characteristics. They have relief in general between 10-15m
high, but in some places, they can be up to 20 m, and their
distal slopes are about 7° and their proximal 9° (Figure 4A-G). To
the east, the large dimension of the inner moraine belt (LB IV)
stands out, where they are up to 4 km wide in some areas and have
close to 40 km of continuous lateral extension. There, the LB IV
has close to 10 parallel nested ridges. The morphology is very
different from the central and western area where LB III and IV
are formed by a group of hills or short ridges with little structure.
Hummocky relief is common in the central area, with significant
intermorainic depressions. The western area is pervasively
affected by meltwater erosion. Several meltwater channels cut
the moraines and the outwash plains with alignments subparallel
to the moraine ridges. The meltwater channels can be traced
upstream to the Seno Skyring ice lobe’s southwest margin.
Exposed sections along the moraine belts were scarce.
Nevertheless, we identified two lacustrine sediment slabs
within sections from LB I and LB IV (Figure 5). These slabs
were located in near-horizontal positions with regard to the
sediment’s lamination. These sediments have pervasive
climbing ripple cross-lamination structure and exhibit slight
brittle deformation and are overlain by till.

4.1.2 Laguna Blanca Palaeo Lake
On the inboard margins of the LB moraines, we identified six
distinctive raised shorelines corresponding to formerly higher
levels of the palaeo Laguna Blanca (Figure 6). They are located on
the western and eastern sides, named T1 to T6 from older
(highest) to younger (lowest), respectively and the elevations
of the terraces are illustrated in Figure 6E. T1 and T2, were
only observed to the north, and they are just represented as
terraces. T3 to T6 have a good lateral continuity to the south, their
frontal part is in the forms of shoreline berms while the lateral
parts are terraces, interpreted as cut-wave terraces, and they are
better preserved on the east side (Figure 3). The different levels of
the upper shorelines are separated by clear scarps, with the best
example being the scarp between T3 and T4 with close to 10 m of
relief. In the lower terraces, these scarps are less obvious, and we
simply observe a change in the slope of the terraces. Furthermore,
on the east side, several alluvial fans cover the terraces with
material derived from erosion of LB moraines located upslope.
Our GPS surveys show that the terraces dip at low angles down
towards the NNE (i.e., down-glacier direction). The greatest
slopes are found on the highest shorelines, and they decrease
to nearly horizontal angles towards the lowest (Figure 6E).
We mapped two different former spillways for deglacial
palaeolake Laguna Blanca. One, located in the north, cuts the
frontal area of LB moraines, has an altitude ~185 m a.s.l, and is
about 150 m wide. The northern spillway was active during the lake
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&

FIGURE 5 | Cut profile from LB moraines, showing lacustrine sediments overlain by till. (A,B). LB I. (C,D). LB IV. The sediments have climbing ripple cross-
lamination structure. The sediments show evidence of brittle deformation indicated by red arrows.

levels of T1 and T2 (Figure 6E). Once the lake level lowered from T2,
this spillway was abandoned. The second spillway is located in the
southeast of the Laguna Blanca basin and cuts through soft bedrock in a
series of anastomosing channels towards the Otway ice lobe (Figure 3;
Figure 7A). The southeastern spillway has an altitude ~183 m a.sl, and
is about 300 m wide. This spillway drains east, where it divides into
several minor channels, braiding for about 30 km before reaching the
Otway basin (Figure 7F). Downstream of the spillway there are broad
outwash terraces aligned in a west-east direction and which wrap
around discontinuous older moraine ridges in the Otway basin (Lovell
et al,, 2012; Darvill et al., 2014; Figure 7E,F). The morphostratigraphic
relationship between the spillway and shorelines show that this spillway
was active when the lake level was at T4. We speculate that the major
size of the spillway may be due to it being the route for large volumes of
water during a relatively rapid partial drainage of the lake as it lowered
from T3 to T4 (Figure 6E). After the lake level decreased from T4, this
second spillway also became abandoned. T5 and T6 formed
subsequently when the lake did not have any apparent spillway.

In T6, several incisions cut the distal part of the terrace,
exposing large sediment sections (52.4°S; 71.1°'W), at the
eastern part of the Laguna Blanca (Figure 6B). These sections
show a consistent stratigraphy composed at the bottom by at least
6 m of varves composed of clay and silt intercalation, with mm-
scale horizontal lamination. Additionally, angular and rounded
dropstones are embedded within the varves. On top of this unit,
dropstone-free laminae are interfingered with sand and gravel

with thicknesses ranging from 10 to 70 cm (Supplementary
Figure S1, extended results). The sand and gravel layers have
wedge-shaped beds becoming thinner towards Laguna Blanca
and their base contact is always erosive, while in the varve layers
the wedge shapes become thinner in the opposite direction. For
OSL dating, we sampled a coarse sand layer located immediately
on top of the 6 m of clay/silt unit (Figure 6C).

4.1.3 Rio Verde Moraine System

The younger moraine system RV is located about 30 km inboard
of the LB moraine system. It consists of one prominent terminal
moraine and numerous recessional smaller moraines. The
morphology of the terminal moraine has a sharp change in
morphology at an elevation of 160 m a.s.l. between the lateral
and frontal parts. The higher parts of this moraine system, located
between 160and 310 m as.l., are generally higher relief and
sharper-crested than the LB moraines. In the higher, lateral
sections, the relief of the ridges range from 30 to 35m, and
their distal and proximal slopes are close to 16° and 207,
respectively (Figures 4H-J). The frontal (central) section of
this terminal moraine is at a lower elevation (between
120-160 m a.s.l.) with much broader, flat and rounded ridge
crests. It is composed of four coalescent ridges in an arcuate shape
(Figure 2C). This frontal feature can be mapped on imagery but is
almost imperceptible in the field; its relief of about 20 m was
unnoticeable on the ground due to its width of ~10 km.
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FIGURE 6 | Palaeo shorelines of Laguna Blanca. (A) Three terrace levels seen at the eastern side of Laguna Blanca. (B) Incision of the lowest terrace, T6, exposes
glaciolacustrine and alluvial fan sediments. (C) OSL sample from a sand layer of the lacustrine profile (see panel b for location). (D) Palaeo shoreline berm located at the
north part of Laguna Blanca, this bermis related to T5. (E) Shoreline Diagram of the former levels of Laguna Blanca. The symbols surrounded by a black circle correspond
to the measurements done on the scarp base. The locations are marked of a '°Be age of the shoreline berm on T5, and an OSL sample of a subaqueous alluvial fan
taken from araised shoreline forming part of terrace T6. Data from west (red) and east (blue) are differentiated. The elevations and positions of the northern and south-
eastern drainage spillways are marked. See legend for shoreline/terrace numbering.
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southeastern spillway of the Seno Skyring basin towards the Otway lobe basin.

FIGURE 7 | Geomorphological record of drainage of Laguna Blanca through the southeastern spillway. (A) Southeastern drainage spillway viewed from the south.
(B) Moraines of the Otway lobe surrounded and partly-buried by a later outwash deposit on both distal and proximal sides. (C) Depth profile of the outwash that buries
the Otway moraines. (D-E) Cobbles sampled for cosmogenic analysis on the surface of the outwash. (F) Map showing the mapped drainage route from the

Streamlined landforms are visible on the proximal part of the
northwest RV moraine. They are low flat-topped hills with
rounded limits, elongated concordant with the ice direction.
We mapped discontinuous moraine patches about 8km
inboard from the outer RV belt. Further inboard of these
recessional moraines are at least four distinctive shorelines
terraces marked by the presence of sub-vertical scarps. These
terraces step down in height from 60m as.l to the present
shoreline of Seno Skyring to the west.

4.2 Geochronology

4.2.1 °Be Exposure Ages

4.2.1.1 Laguna Blanca Moraine System

The presence of boulders on the LB moraines is extremely scarce.
Nevertheless, we processed thirteen boulders for '’Be exposure
cosmogenic dating from this moraine system. We present data
from the moraine LB III and LB IV in this system (Table 2;
Figure 4). Additionally, we processed four surface cobbles located
in the outwash plain apparently grading from LB III (Figures 4C-E).

On LB III, we collected eight boulder samples, six from the
western lateral part and two from the eastern part. Even though
these moraines do not have continuous parallel ridges, the
samples SSK1801, SSK1802 and SSK1820 were collected at the
outer most part. SSK1807, SSK1809a and SSK1814 were at the
intermediate position, SSK1804 and SSK1830 were taken at the
moraine’s inner part. On LB III, three samples fall outside the 20
envelope, therefore they would be considered outliers. Finally, for
LB II1, five boulders yielded ages ranging from 32.4 to 25.0 ka with
a weighted mean of 26.3 + 2.3 ka (Figure 8A).

On LB IV moraine, we sampled five boulders. Four of them
(SSK1805, SSK1818, SKK1819, SSK1924) were located in the
outer part of the moraine, and one (SSK1817) at the inner part.
Two boulder ages were rejected as outliers, including the boulder
located at the inner part of the moraine. The three samples
yielded ages ranging from 25.5 to 23.5 ka, and a weighted mean of
24.3 + 0.9 ka (Figure 8B).

We collected five cobbles from LB III outwash plain. One sample
(SSK1921_O) was rejected as an outlier with an age of 108.8 + 3.9 ka.
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FIGURE 8 | Probability density functions (‘camel plots”) of the ages for
moraines and outwash of the former Skyring ice lobe. All ages are calculated with
the Patagonian production rate from Lago Argentino (Kaplan et al., 2011) and
considering zero erosion. (A) Laguna Blanca lll. (B) Laguna Blanca IV. (C)

Rio Verde moraine. (D) Outwash Laguna Blanca lll. n corresponds to the
number of samples used to calculate the weighted ages. Bracket numbers are
all the samples processed, including outliers. The diagrams were plotted using
IceTea (Jones et al., 2019), where the mode (black dashed line), weighted mean
(solid black line) and weighted standard deviation (SD; black dotted lines) of the
dataset are shown. The application also calculates the reduced chi-squared (X§>
and the associated criterion (k). The outliers are shown as grey dashed lines; they
were calculated following reduced chi-squared statistics.
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The remaining four cobbles yielded ages ranging from 21.4 to 18.9 ka,
with a weighted mean of 20.6 + 0.9 ka (Figure 8D).

4.2.1.2 Rio Verde Moraine System

In the RV moraine system, there were more abundant moraine
boulders than in the LB moraines. We sampled nine boulders on
the outer ridge of the eastern lateral section of the RV terminal moraine
between 230-310 m a.s, above any potential palaoelake level (Figures
3, 4). Three samples (SSK1835, SSK1837, SSK1841) were rejected as
outliers (Table 2). The remaining six (SSK1831, SSK1833, SSK1836,
SSK1838, SSK1839, SSK1840) samples yielded ages ranging from 21.2
to 17.2 ka with a weighted mean of 18.7 + 1.5 ka (Figure 8C).

4.2.1.3 Boulder Erosion Rate

We calculated the erosion rate for one boulder (SSK1809) in the
Skyring area by sampling quartz veins standing out by approximately
20 mm from the upper rock surface (Figures 4K,L). The vein sample,
SSK1809b, has an age of 27.9 + 1.6 ka. Assuming the quartz veins have
experienced zero erosion, we calculated a linear-erosion rate of 0.72 +
0.04 mm/kyr for this quartzite lithology. We assumed a zero erosion
rate for the boulders (Table 2) because the erosion rate calculated was
just performed on one boulder, which may not represent all the other
boulder positions or lithologies. Moreover, the use of zero erosion
allows us to compare to other studies in southern Patagonia, which also
widely assume zero erosion. Nevertheless, to illustrate the effects of
potential erosion, we additionally provide the boulder ages for only
quartzite lithology, calculated using a 0.72 mm/kyr erosion rate
(Supplementary Table S$4, extended results). The age difference is
minimal when applying this erosion rate for boulders with quartzite
lithology. Boulders dated to about 30 ka increase in ~600 years with the
erosion rate correction, and boulders dated to about 20 ka increase by
~200 years, which is within the analytical uncertainty. Note that the
vein age was utilised just for the erosion rate calculation, and for the LB
I moraine age calculation we used the boulder matrix sample
(SSK1809a).

4.2.1.4 Laguna Blanca Palaeo Lake

We '*Be dated T4 and T5 palaeo-shoreline berms from palaeo Laguna
Blanca. The sample SSK1902_S (T4) yielded exposure ages of 34.4 + 1.6
and the sample SSK1901_S (T5), 17.9 + 0.9 ka (Figure 3). We rejected
the sample SSK1902_S since it is anomalously old compared to the LB
moraines ages. The most likely explanation for the anomalously old age
is that some cobbles sampled in T4 contained inherited '°Be from
previous exposure histories. Moreover, the age of a cobble
(SSK1921_O) on the LB III outwash plain, ~88 kyr older than the
rest of its group, supports the presence of material with inheritance in
the area.

4.2.2 °Be From Outwash Deposit in Otway Lobe:
Surface Samples and Depth Profile

The seven surface samples from the outwash deposit yielded
apparent '’Be exposure ages ranging between 11.9 and 36.1 ka
(Table 2). Four of the seven samples range between 20.1 + 0.7 and
16.5 * 0.5 ka, with a weighted mean of 17.7 + 1.3 ka. Due to the
scattered age range, and potential for deflation or inflation of the
sediment surface and possibility of inheritance (Hein et al., 2011),
we treat these data as apparent ages (Figure 9G).
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TABLE 2 | 0B ages for the study area, assuming O erosion rate.

Sample Lm St LSDn
Name Age ka + + Age ka + + Age ka + +
Int ka Ext ka Int ka Ext ka Int ka Ext ka

Laguna Blanca Moraine Il

SSK1801 27.3 1.4 2.7 — 27.8 1.5 2.7 — 26.5 1.4 2.6
SSK1802 32.3 3.0 4.0 - 33.0 3.1 41 — 31.4 3.0 3.9
SSK1804 1 411 6.3 74 - 42.1 6.4 7.3 — 39.9 6.1 6.9
SSK1807 24.6 1.3 24 — 251 1.3 2.5 — 24.0 1.3 2.3
SSK1809a 245 1.2 23 - 25.0 1.2 2.4 — 23.9 1.2 2.3
SSK1809b* 27.9 1.6 2.8 — 28.5 1.6 2.8 — 27.2 1.5 2.7
SSK1814 26.5 14 2.6 - 27.0 1.4 2.6 — 25.8 1.4 2.5
SSK1820 T 21.4 1.2 241 - 21.8 1.2 22 - 20.9 1.2 2.1
SSK1830 T 324 3.2 4.2 — 33.1 3.3 4.3 — 31.5 3.1 4.0

Weighted mean (n = 5): 26.3 ka; Wtd. 1SD: 2.3 ka; Wtd. 1SD + PR (3%): 2.4 ka
Laguna Blanca Moraine IV

SSK1805 t 19.9 1.6 23 - 20.2 1.6 2.3 — 19.4 1.6 2.2
SSK1817 1 7.6 0.6 0.9 — 7.6 0.6 0.9 — 7.5 0.6 0.9
SSK1818 25,5 1.1 24 - 26.0 1.2 2.4 — 24.8 1.1 2.3
SSK1819 23.6 1.3 23 — 241 1.3 2.4 - 231 1.2 2.3
SSK1824 23.5 1.3 23 - 24.0 1.3 2.4 — 23.0 1.3 2.3

Weighted mean (n = 3): 24.3 ka; Wtd. 1SD: 0.9 ka; Wtd. 1SD + PR (3%): 1.2 ka
Rio Verde Moraine

SSK1831 17.2 1.1 1.8 — 17.5 11 1.8 - 16.8 1.1 1.7
SSK1833 19.5 1.2 2.0 — 19.9 1.3 2.1 — 19.1 1.2 2.0
SSK1835 T 38.3 6.4 74 - 39.3 6.5 7.3 — 37.2 6.2 6.9
SSK1836 20.0 1.6 23 — 20.3 1.6 2.3 — 19.5 1.6 2.2
SSK1837 t 23.8 2.0 2.8 - 24.3 2.1 2.9 — 23.2 2.0 2.7
SSK1838 17.2 0.9 1.7 — 17.5 0.9 1.7 — 16.8 0.9 1.6
SSK1839 18.6 1.2 2.0 - 18.9 1.3 2.0 — 18.2 1.2 1.9
SSK1840 21.2 1.5 23 — 21.6 1.5 2.3 — 20.7 1.4 2.2
SSK1841 1 29.2 1.3 2.8 — 29.8 1.4 2.8 — 28.3 1.3 2.7

Weighted mean (n = 3): 18.7 ka; Wtd. 1SD: 1.5 ka; Wtd. 1SD + PR (3%): 1.6 ka
Outwash Laguna Blanca Il

SSK1807_0O 20.7 1.1 2.0 - 2141 1.1 2.0 — 20.3 1.0 2.0
SSK1803_0 18.9 1.4 21 — 19.2 1.4 2.1 — 18.5 1.3 2.0
SSK1919_0 21.0 1.1 2.0 - 21.4 1.1 2.1 — 20.6 1.1 2.0
SSK1920_0 21.4 1.0 2.0 - 21.7 1.0 2.1 - 20.9 1.0 2.0
SSK1921_0 t 108.8 3.9 10.0 — 111.8 4.0 10.3 — 105.3 3.8 9.6

Weighted mean (n = 3): 20.6 ka; Wtd. 1SD: 0.9 ka; Wtd. 1SD + PR (3%): 1.1 ka
Shorelines Berm

SSK1901_S 17.9 0.9 1.7 — 18.2 0.9 1.7 — 17.5 0.9 1.7
SSK1902_S 1 34.4 1.5 3.2 — 35.1 1.6 3.3 - 334 1.5 3.1
Otway lobe Outwash terrace
SSKOH1911 17.8 0.8 1.7 — 18.1 0.8 1.7 - 17.3 0.8 1.6
SSKOH1914 11.9 0.5 1.1 — 12.0 0.5 1.1 — 1.7 0.5 11
SSKOH1915 36.1 14 3.3 — 36.9 1.4 3.4 — 34.8 1.3 3.1
SSKOH1916 20.1 0.7 1.8 — 20.4 0.7 1.8 - 19.4 0.7 1.7
CD12-OAZ-SS03 17.2 0.5 15 — 17.5 0.5 1.5 — 16.7 0.5 1.4
CD12-0OAZ-SS10 28.2 0.7 24 — 28.8 0.8 25 - 27.2 0.7 2.3
CD12-OAZ-SS11 16.5 0.5 1.5 — 16.8 0.5 1.5 — 16.1 0.5 1.4

SSK1809b* vein sample considered for calculating the erosion rate, but not included in the moraine age calculation. For the moraine age, we used the matrix boulder sample (SSK1809a).
t Outlier.

9Be ages calculated in the online calculators formerly known as the CRONUS-Earth v.3 (Balco et al., 2008). We applied the Patagonian production rate of Kaplan et al. (2011), the
calibration data set was obtained from calibration.ice-d.org. No shielding correction for snow cover or vegetation. Pressure flag: std. Summary statistics are calculated for each group of
samples for a dated landform.

Ages are presented in three different scaling schemes. Lm is the time-dependant scaling scheme of Lal, 1991 and Stone, 2000, we use this for this study (highlighted in bold). St is the time
independent scaling scheme of Lal (19917) and Stone (2000). LSDn, is the time-dependent scaling scheme of Lifton et al. (2014). Ages are reported with 1 standard deviation internal (int)
and external (ext),. Int include analytical uncertainty, and ext includes systematic uncertainties associated with scaling scheme and production rate. Ages are rounded using three
significant figures. We report them with the weighted (wtd.) mean and wtd. 1 standard deviation (sd) and the wtd. sd + the production rate uncertainty PR (3%).

The '°Be concentration of the depth profile samples reduces  sediments (Hein et al., 2009). Two exceptions are the samples
with depth (Figure 9A), consistent with a post-depositional  located at 60 and 90 cm depth that could have mixed sediments or
nuclide production in a stable deposit without mixing  material with more '°Be inheritance concentration at the moment

Frontiers in Earth Science | www.frontiersin.org 15 July 2022 | Volume 10 | Article 892316


http://calibration.ice-d.org
https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles

Lira et al.

of deposition. It is also important to note that those two samples
are the ones that have the largest uncertainty.

The '"Be depth profile modelling results demonstrate a
modelled age range between 18-1,101 ka (Figure 9B) but with
a most likely age between 19 and 25 ka (99.3% of solutions lie in
this range; Figure 9C). For simplicity, we report this here as 22 +
3 ka, whilst noting that this does not imply a normal distribution
of ages and that different ages in this range may be equally likely
(Rodés et al, 2011). The model yields a median inheritance
estimate of between 11,422 and 14,522 '°Be atoms/g
(Figure 9D). This indicates a minimum period of prior
exposure longer than ~2kyr, if all the clasts came from the
surface of the eroded deposit. Nevertheless, we know that the
cosmogenic radiation decays with depth, and it is very likely that
not all the clasts along the profile were located previously on the
surface. Therefore, this exposure time is considered a minimum
period. Moreover, as we cannot rule out that the eroded channels
were active in more than one drainage event, the outwash
deposition could have included material that was previously
exposed, even in older glaciations. The model does not seem
to be sensitive to variations in the density (Figure 9E), and this is
also supported by the sensitivity test performed with broader
parameters. For the erosion rate we obtained a range of
0-39.7 mm/ka (Figure 9F). The possible age solutions (0.7%
of model runs) older than 22 + 3 ka (Figure 9H) can be ruled
out as requiring an unrealistic amount of surface lowering
(40-50 m). Such high erosion rates are not likely in arid
eastern Patagonia and our geomorphology observations show
the outwash surface is well preserved with melt water channels
with decimetre-scale scarps still visible on aerial photographs and
imagery, and no signs of pervasive erosion.

We utilize the age modelled through the '’Be depth profile
approach (22 + 3 ka), as the most reliable constraint for this
outwash deposit formation and we regard the slightly younger
date from surface cobbles as only an apparent age of the deposit.

4.2.3 Optically Stimulated Luminescence and
Radiocarbon

The OSL sample SSK1901_OSL yielded a deposition age of 14.8 +
1.2 ka. This sample was collected from a sand layer exposed along
the T6 terrace (Figures 6B,C).

We constrained the deglaciation by '*C dating of the glacial
(inorganic) and peat sediment contact using two '*C samples
from two bog sites within and inboard of the RV moraines
(Figure 10). One site is a peatbog occupying an intermorainic
depression just inside RV terminal moraine. At this site, we cored
through peat for 1,080 cm, until we reach lacustrine sediments.
The sample SSK1902_14C consisted of amalgamated macro plant
fossils collected right above the sharp contact between the peat
and the lake sediments. The 20 calibrated age range is
16,236-16,571 cal year BP, for convenience from here on we
express the age as c.16.4 calkyr BP (Table 3). Furthermore,
the sample site of SSK1901_14C is a bog in an abandoned
meltwater channel located inboard and at a lower elevation.
There, we cored 575 cm of continuous peat until we reached
coarse inorganic sand. The '*C sample consisted of plant
macrofossils obtained from just above the sharp contact

Seno Skyring Lobe Glacial Evolution

between the inorganic sand and the overlying peat. The 20
calibrated age range of the maximum probability is
14,781-15,143, from here on we express this age as
c.14.9 cal kyr BP (Table 3). The cores from both sites showed
sharp contact between inorganic sediments and the peat
sedimentation. The type of sedimentology indicates a primary
mire formation of peat initiation. This means that the peat
originated on newly exposed waterlogged land (Ruppel et al,
2013; Quik et al., 2021). The abrupt nature of the contact suggests
a deglaciation event (e.g., Hall et al., 2013; McCulloch et al., 2020).

5 DISCUSSION

5.1 Geomorphology and Sedimentology

Interpretation

5.1.1 Laguna Blanca Moraines

We use our geomorphological mapping to compile a relative
chronology of glacial advances and deglaciation, which we show
in Figure 11, and for which we provide a geochronology in the
following section.

During the LB moraine system formation, the glacier
advanced several times, with at least four stable positions
marked by LB I, LB II, LB III, and LB IV moraines
(Figure 11A). From fine lacustrine sediments that we found in
two places within the moraines LB I and LB IV, we suggest that
the ice advanced over pre-existing glaciolacustrine deposits. In
some places, the glacier detached and transported slabs of these
basal sediments (Figure 5), emplacing them into the moraines by
thrusting. Subsequently, these slabs of glaciolacustrine sediments
were covered by till. Thus, the LB moraine system is at least partly
glaciotectonic in origin (Benn and Clapperton, 2000a; Benn and
Clapperton, 2000b; Glasser and Hambrey, 2002; Garcia et al.,
2015). Finally, we interpret an active retreat from LB IV (Bennett
and Glasser, 1991; Sigfusdottir et al., 2018), with several stillstand
positions indicated by the presence of more than ten parallel
nested recessional moraines in the eastern part of the ice lobe
(Figure 3).

5.1.2 Laguna Blanca Palaeo Lake

The glacier over deepening and the significant input of meltwater
from the glacier front during the glacier retreat from LB positions
allowed the formation of the Laguna Blanca proglacial lake. As
the glacier retreated, this lake experienced different lake levels
recorded by T1 to T6 palaco shorelines. These shorelines dip
slightly in a down-glacier direction (Figure 6E), which is expected
as further upstream the ice thickness increases, producing a
greater crustal loading, leading to larger postglacial isostatic
uplift in the upstream parts of the former ice lobe (McCulloch
et al., 2005a; Stern et al., 2011; Thorndycraft et al., 2019; Troch
et al., 2022).

We mapped two different spillways for palaeo Laguna Blanca,
located in the north and in the southeast, respectively (Figure 3).
Today, they have similar altitudes. Nevertheless, we suggest the
spillway located in the southeast, was considerably lower during
its activity (~20 m), and as the terraces, it experienced isostatic
uplift (Figure 6E). The lake initially drained to the north
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FIGURE 9 | Depth profile model results from outwash deposit located in Otway ice lobe, associated with the southeastern Laguna Blanca spillway. (A) Plot of oBe
concentration of samples from the surface (grey circles) and depth profile (red circles), with their uncertainties as a function of depth. Green lines indicate the model results
that fit within 1 sigma, the black line corresponds to the best fit model. (B-F) Probability density distributions of the different outputs of the model: age, inheritance,
density, and erosion rate. (B) Shows the modelled ages plotted between 0-1,101 ka, whereas (C) shows the ages plotted between 15-30 ka. (G) Graphic showing
relationship between age, erosion rate, and surface lowering. Red dots are model runs lying within 1-sigma of the data, green are those within 2-sigma, and black dots
are other model runs. Model output shows 99.5% of data within 1-sigma lie within an age range of 18.6-25.1 ka, with a small component of well-fitting model runs that
would require implausible (40-50 m) amounts of surface lowering. (H) Schematic cartoon to explain scattered age of the surface samples and reasons for their difference
in age from the depth profile modelling. The older samples could have been exposed to the cosmogenic radiation from the outwash terrace formation (blue sample). If the
samples have a component of inheritance from earlier exposure, then the age will be older than the terrace (black sample). A deflation of the outwash will expose samples
that were initially buried, resulting in younger than the outwash age (white). Younger samples could also be raised to the surface due to inflation processes, such as
upfreezing (see Hein et al. (2009), and Darvill et al. (2015) for further discussion).

(Figure 11B). A subsequent decrease in the lake level, possibly
accompanied by some isostatic rebound, abandoned the northern
spillway. As the glacier retreated back from LB moraine positions,
the southeastern spillway opened causing a lake drainage towards
the southeast (Figure 11C), eroding and transporting a high
volume of material that subsequently was deposited downstream
as an outwash terrace in the Otway basin (cf. Lovell et al., 2012;
Darvill et al., 2014). This event probably drained the lake level of

T3 down to T4 where again it stabilised (Figure 6E). The
interpretation of an abrupt drainage is based on the large size
of the southeastern spillway, with a width of 300 m, double the
size of the northern spillway, thus implying the loss of higher
volumes of lake waters through this channel. Nevertheless, it is
possible that these channels have been formed by more than one
drainage event during multiple glacial-deglacial cycles.
Furthermore, the scarp between T3 and T4 is a sharp
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FIGURE 10 | (A-B) Sample location for radiocarbon dating in peat bogs (red triangles). In (A), the core was taken close to the margin of a lake sitting on the proximal
side of the terminal RV moraine. In (B), the core was taken from an abandoned meltwater channel. (C-D) Core samples from both sites, red lines indicate the contact
between organic and inorganic materials, mud and sand sediment, respectively. (E) Wright piston corer being used to sample SSK190214C.

prominent break (~10 m of relief) which may indicate a rapid
drop in the lake level. The large outwash plains formed at the end
of the channel conduits wrap around discontinuous moraine
ridges. The similar altitudes between the distal and proximal part
of those moraine ridges suggest a post-deposition outwash infill
that partially buried pre-existing glacial landforms such as
moraines. Following this stage, the lake level lowered further
to stabilise at level T5, stopping the meltwater activity from
Laguna Blanca to Otway Basin (Figure 11D).

From the stratigraphic section described in T6 from palaeo
Laguna Blanca (Figure 6), we interpret two different depositional
environments. At the base, we interpret the first 6 m as finely
laminated varves composed of clay and silt intercalation
including dropstones. The presence of varves and dropstones
shows a direct glacier influence on sedimentation (Evans and
Benn, 2021). Above this section, we interpret an interdigitation
between subaqueous alluvial fan facies and varves. The clay and
silt need a tranquil deposition environment, such as greater
depths away from wind-related currents and from steep slopes

(Zolitschka et al., 2015). We interpret that the different fan facies
represent discrete pulses of tributary streams into the lake basin
deposited under the lake level, deep enough and away from the
direct influence of the slope to allow the subsequent deposition of
varve layers. We interpret the source of the fans comes from the
gullies directly east of Laguna Blanca.

5.1.3 Rio Verde Moraine System

The RV moraine system marks a less extensive glaciation in Seno
Skyring and has a different morphological character compared to
LB with sharper slopes and higher relief. The dramatic change in
morphology from the frontal part to the lateral part of RV outer
moraines suggests deposition under different conditions. First,
the very gentle slopes with low altitudes (120-160 m a.s.l) of the
frontal portion of the RV moraine, with arcuate flat-top mounds
and concave up glacier form is interpreted to be a group of sub-
aqueous ice contact fans, where each fan was formed at the mouth
of a subglacial conduit (Benn, 1996; Garcia et al., 2015; Davies
et al, 2018), discharging into the palaeco Laguna Blanca. In
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TABLE 3 | Radiocarbon sample details.
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contrast, the lateral sections of RV have higher altitudes (from
160 to 230 m a.s.l.) and relief. They show sharp-crested moraine
ridges, implying formation under subaerial conditions. The
transition between these two morphologies occurs at 160 m
a.sl. and this is closely similar to the palaeo Laguna Blanca
level during T5 (Figure 6E). We therefore interpret that this
altitude marks the transition between subaerial and subaqueous
environment and that the RV moraine was formed at the same
time as T5 and that only the lower, central portion of the glacier
forming RV was in direct contact with the lake (Figures 11D).
Following the retreat from RV, the glacier retreated into Seno
Skyring. The palaeo Laguna Blanca become detached from the
damming ice. Any evolution of the proglacial paleolake formed
afterwards was dammed by the RV landforms (Figures 11E,F).

5.2 Style of Glaciation at Skyring Ice Lobe
Previous studies in Southernmost Patagonia have proposed the
existence of warm-based ice lobes with periods of polythermal
conditions (Glasser et al., 2008; Darvill et al., 2017). These
interpretations are mainly due to the presence of substantial
glaciofluvial domains, large subglacial features such as drumlin
fields, and brittle deformation observed within moraine
sections (Benn and Clapperton, 2000a). Moreover, at Otway
and Magallanes ice lobes, located immediately south of Seno
Skyring lobe, a surging type of glacier activity has also been
suggested (Lovell et al., 2012).

The landform assemblage of Skyring ice lobe indicates an
active temperate glacial landsystem (Evans, 2003a). These
environments are  characterized by three main
geomorphological domains, which indicate a wet-based
glacier for at least part of the year. These landform
associations are push moraines, subglacial deposits,
glaciofluvial and glaciolacustrine domains (Evans and
Twigg, 2002; Evans, 2003b; Chandler et al., 2020). In this
study area, the LB glacial margin is at least partly composed
of push moraines, which are best exposed at LB IV. There, the
push moraine domain is represented by up to 10 consecutive
nested ridges with lengths greater than 12 km, located at the
east part of LB IV moraine. Furthermore, the glaciofluvial
deposits are present in close association with the moraines
throughout the study area including the extensive outwash
terraces in the LB system and lateral parts of RV glacial
margins. Glaciolacustrine environments were common
during the retreat from LB moraine system and the
formation of, and retreat from RV moraine system. Finally,
we also noted the streamlined mounds moulded in the
direction of ice flow and located in the proximal west slope
of RV moraines, which are interpreted as forming via
subglacial deformation.

Hummocky relief is not common in warm-based glaciers
due to the scarce presence of supraglacial debris (Evans and
Twigg, 2002; Evans, 2003b). However, hummocky terrain
broadly occur in the frontal moraine area of the LB system
(Figure 3). We attribute the source of supraglacial debris to
englacial thrusting of the basal and subglacial sediments,
forming a series of stacked moraines (Hambrey et al., 1997;
Bennett et al., 1998; Johnson and Clayton, 2003). The
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FIGURE 11 | Evolution of the former Seno Skyring ice lobe. (A) Glacier position during the deposition of LB Il and LB IV moraines. (B) Formation of the Laguna

Blanca proglacial lake with a northern spillway. During this period, the northern spillway served as drainage for T1 and T2 lake levels. (C) Abrupt (partial) drainage of
Laguna Blanca to the southeast reaching the Otway lobe region, lake level decreased rapidly from T3 to T4. (D) Glacier position during the deposition of RV moraine; the
frontal parts formed sub-aqueously under the lake level T5. During this glacial advance/stillstand, the outwash from LB moraines was reactivated at 20.6 ka. (E)

Minimum age of the glacier abandonment from RV moraine position. (F) The Seno Skyring and Otway lobes retreated back to positions into the fiords, evidenced by land
exposition and posterior deposition of organic material and tephra on top. At the same time, OSL dating of lacustrine sediments from the palaeo Laguna Blanca indicates
a high stand of the lake level between T5 and T6. Note that the shoreline altitudes of the palaeo Laguna Blanca are from measurements taken at the southeastern area of

glaciotectonic moraine thrusting is supported by the lacustrine
sediment slabs found within moraine sections in LB moraines.
In temperate environments, thrusting can occur due to ice flow
compression in a reverse slope caused by a glacier over
deepening (Glasser and Hambrey, 2002). Such a reverse
slope is present inboard from LB moraines. On the other
hand, the brittle deformation and the absence of ductile
deformation in the lacustrine sediments from LB moraine
sections (Figure 5) suggest that a rigid substrate facilitated
thrusting as frozen sediments (Evans and England, 1991),
likely to occur in permafrost environments or cold-based
glaciers. Here, we hypothesized that the thrusting and
stacking of sediment was facilitated by an ice lobe with
polythermal conditions, as seasonal permafrost or cold-
based margins (Glasser and Hambrey, 2003), as previously
reported for the Magallanes ice lobe (Benn and Clapperton,
2000a). Therefore, the landform assemblage from Seno Skyring
ice lobe suggests an active temperate glacial landsystem, with

the ability to generate thrusting during the cold periods
affecting a polythermal glacier.

5.3 Geochronology

Using the relative chronology derived from the geomorphological
interpretations above we can place firm ages on several of the key
events in the glacial history of the Seno Skyring lobe using our
'%Be, OSL and radiocarbon dating approach (Figure 11).

5.3.1 Boulder Erosion Rate

We calculated a linear erosion rate of 0.72 + 0.04 mm/kyr for
one boulder composed of quartzite lithology in LB moraines,
assuming the erosion was constant since the boulder
deposition. This value falls between previous calculations in
Patagonia literature: Kaplan et al. (2005) estimated a
maximum erosion rate of 1.4 mm/kyr in a boulder located
at46°S, while Douglass et al. (2007) constrained an erosion rate
of 0.2mm/kyr and, at 47-48°S, Mendelova et al. (2020)
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FIGURE 12 | Southern Patagonia ice lobe extents and timing of occurrence of the moraine belts during the last glacial period from 15-90 ka. (A) Map of major
moraine belts which are coloured to match the geochronology in panel (B). Orange corresponds to MIS 4, purple to MIS 3 and green to MIS 2. (B) Density functions
(probability plots) of exposure ages of moraine boulders in Southern Patagonia moraine belts (this study; McCulloch et al., 2005b; Kaplan et al., 2008; Sagredo et al.,
2011; Garcia et al., 2018; Peltier et al., 2021). For the Bahia Indtil-San Sebastian ice lobe, the outer glacial margins were geochronological constrained through a
cosmogenic nuclide depth profile approach performed on the outwash plain associated with their respective moraine (Darvill et al., 2015). These ages are indicated by a
solid circle (purple) and their uncertainty by a horizontal line. The Sea Surface Temperature (SST) curve (blue) is from an off-shore core in northwestern Patagonia at 41°S
(Kaiser et al., 2005) and the east Antarctic temperature record (black) from EPICA Dome C (Jouzel et al., 2007).

calculated an erosion rate of 0.035 mm/kyr from an outwash
cobble.

5.3.2 Laguna Blanca Moraine System Ages

The surface exposure ages ('’Be) from the inner LB moraine
system suggest that two Skyring ice lobe advances culminated by
263 +23ka(n=>5)and 24.3 + 0.9 ka (n = 3) when LBIII and
LBIV were built, respectively (Figure 11A). The restricted access
to LBI and LBII, the lack of preservation of these landforms on the
east side and the absence of boulders mean that we are not yet able
to date these outermost landforms. Our geomorphological
interpretations suggest a relative contemporaneous formation
of the whole LB moraine system, but we cannot yet rule out
older ages for LBI and LBII. At the moment of the LB III and LB
IV deposition, the glacier occupied almost the full extent of the
basin, marking the near-maximum mapped ice extent. Therefore,
we can establish that the Seno Skyring ice lobe reached full glacial
conditions during the global Last Glacial Maximum (gLGM; MIS
2). Nevertheless, on a MIS 2 moraine, a boulder with an age of
41.1 + 6.3 ka that we considered as an outlier is likely to contain
inherited '°Be from an unknown period of previous exposure.
This could perhaps signify that the glacier was at or close to LB
positions in an earlier advance, as expected based on
neighbourhood chronologies recording middle MIS 3 (Sagredo
et al., 2011; Darvill et al., 2015; Garcia et al., 2018) or MIS 4 ice
advances (Peltier et al., 2021).

The age of the outwash plain we mapped as linked to LB III
yielded an age of 20.6 + 0.9 ka. Taking the data at face value, this
outwash age is 5.7 kyr younger than the LB III age (26.3 + 2.3ka).
From the assumption of an outwash formation during moraine

deposition, we would expect that LB III and its associated outwash
plain will have an age difference indistinguishable within
uncertainties (Hein et al, 2009; Mendelovd et al, 2020). The
tight ages of the cobbles (Figure 8D) suggest this outwash plain
was reactivated after the deposition of the older LB III moraine.

5.3.3 Palaeo Laguna Blanca Evolution: Partial
Drainage Event and Palaeo Shorelines

The timing for a partial drainage event of the Laguna Blanca
proglacial lake, when a retreating Seno Skyring ice lobe opened
the southeastern spillway, and associated with the decrease of the
lake level from T3 to T4, is constrained with an age of 22 + 3 ka
(Otway’s outwash '°Be depth profile). For the Otway lobe, this
represents a minimum age for the glacial retreat from the “A”
moraines (cf., Clapperton et al., 1995) that are partly buried by the
outwash. Our date is consistent with recent dating of this ice
margin between 23.9 ka (Peltier et al., 2021) which predates the
outwash infill we have dated here at 22 + 3 ka.

The paleolake abandoned the southeastern spillway by 17.9 +
0.9 ka (SSK1901_S), the exposure age of the next lowest terrace,
T5. The timing of RV moraine advance culmination (18.7 £ 1.5
ka) corresponds to the timing of the T5 shoreline berm within
uncertainties. This agreement supports the geomorphological
interpretations, where the frontal portions of RV moraine
were deposited subaqueously under lake level T5 that covered
the Laguna Blanca basin (Figures 11D). Our OSL age of
subaqueous alluvial fan sands intercalated with fine lacustrine
sediments suggest the palaeo lake Laguna Blanca persisted at the
T6 level until at least 14.8 + 1.2 ka (Supplementary Figure S1,
extended results).
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5.3.4 Rio Verde Moraine System Age and Deglaciation
The inboard RV moraines represent a glacial readvance, during
a period between 21.2 and 17.2 ka, with a peak at 18.7 + 1.5 ka (n
= 6). The timing of RV moraine advance culmination also
corresponds to the timing of the T5 shoreline berm within
uncertainties (17.9 + 0.9 ka). This agreement in ages supports
the geomorphology interpretations, where the frontal portions
of RV moraine were deposited subaqueously under lake level T5
(Figure 11D). During this glacial readvance we suggest there
was a reactivation of the Laguna Blanca outwash noted above in
point 5.3.2., and the meltwater from the SW side of the lobe was
flowing downwards along the left LB III lateral moraine,
depositing younger material over the outwash plain at 20.6 +
0.9 ka.

Final deglaciation began after the glacier retreated from RV
moraine positions. Two radiocarbons dates of peat initiation
indicate minimum ages for abandonment of the RV moraines.
For the outer part of RV moraines, we have a minimum
deglaciation age of cl6.4calkyr BP (SSK1901_14C).
Additionally, SSK1901_14C provides a minimum age of
meltwater channel abandonment at c.14.9 calkyr BP, and a
total glacier retreat from the RV moraine system (Figures 11E,F).

5.4 Summary of Seno Skyring Ice Lobe

Evolution

Our geomorphology and geochronology reconstruction from Seno
Skyring ice lobe allows us to interpret the evolution of glacial
advances and  subsequent deglaciation. The moraine
geochronology (‘°Be) from the inner LB moraine system shows
two glacial advances culminating at 26.3 + 2.3 ka (n = 5) and 24.3 +
0.9 ka (n = 3) for LBIII and LBIV, respectively (Figure 11A). After
the ice retreated from LB moraines, a proglacial lake (palaco Laguna
Blanca) formed in front of the ice lobe that first drained to the
Atlantic using the northern spillway through the LB moraines. This
spillway served as a drainage for T1 and T2 lake levels (Figure 11B).
Continued ice retreat expanded the lake south-westward and opened
abruptly a new spillway to the southeast, which was active by 22 + 3
ka (Figure 11C). We relate the formation of this new spillway to the
lake level drop from T3 to T4. A final glacial advance deposited the
RV moraine by 187 + 15 ka (n = 6; Figure 11D). The
geomorphology suggests the frontal portions of RV moraine were
deposited subaqueously under the lake level T5 (17.9 + 0.9 ka). After
RV moraine system deposition, final deglaciation started in the area.
The glacier abandoned the RV terminal moraine by at least
c.164 calky BP and the whole RV system by c.14.9 calky BP
(Figures 11E,F). Moreover, the absence of glacial influence on
the sedimentology from the palaco Laguna Blanca section could
suggest the glacier did not further influence the area by 14.8 + 1.2 ka
(OSL). The final demise of the Seno Skyring glacier is recorded by
marine core data in the fjord. The presence of a 14.8 ka airfall Reclus
tephra in a marine core (Stern et al., 2011; Kilian et al., 2013) showed
that the ice had retreated at least 30 km from the eastern shore by
this time (Figure 11F), and Kilian et al. (2007) suggested that by 14
ka the ice was retreating into the upper parts of the mountains, thus
becoming restricted to the Gran Campo Nevado icefield by then.

Seno Skyring Lobe Glacial Evolution

5.5 Glacial Advances in Southernmost

Patagonia

From published geochronological records in southernmost
Patagonia, we know there were multiple glacial advances
during the last glacial cycle, including during the gLGM
(26.6-19 ka; Clark al., 2009). However, the
morphostratigraphic pattern of ice advances, the timing of the
local LGM (ILGM), and the extent of ice at the gLGM vary
between different lobes draining the southernmost portion of the
PIS. For example, during the gLGM there were extensive ice
advances recorded in the Seno Skyring (52°S), Magallanes (52°-
53°S), Bahia Inutil-San Sebastidn (53°S) and Torres del Paine
lobes (51°S). But some lobes also showed prominent 1ILGM
advances earlier in the glacial cycle: the Torres del Paine and
Ultima Esperanza (51-52°S) ice lobes show culminations of
glacial advances at 48.4 + 1.7 ka and 48.6 + 2.0, respectively
(Garcfa et al., 2018). Similarly, in Bahfa Inutil-San Sebastidn lobe
(53°S) in Tierra del Fuego, the ice maximum is inferred to have
occurred at 45.6 ka (Darvill et al., 2015; Figure 12). These ice
advances record the ILGM in the middle MIS 3, whereas a ILGM
during MIS 4 has been recorded by the Magallanes Strait ice lobe
(52°-53°S) at 67 + 2.1 ka (Peltier et al., 2021). In contrast, our
results at Seno Skyring ice lobe show full glacial conditions during
gLGM at 26.3 + 2.3 and 24.3 £ 0.9 ka during MIS 2, but no
obvious indication of pre gLGM ice advances were dated,
although we note that the outer LB I and II moraines remain
undated. In any case, the morphostratigraphic position of the LB
moraines differs from those in neighbour ice lobes exposing
different ice extent through the last glacial cycle. It is notable
that no single lobe in southern Patagonia appears to show all of
the glacial advances recorded in the region, which in turn denote
the need to for glacier records in different basins in order to
obtain a complete picture of glacier/climate change during the last
glacial period in Patagonia.

If we are to better understand the palacoclimate of
southernmost Patagonia two main questions need to be
addressed: First, why do different lobes show different advance
extension at similar times? Second, why does the timing of
maximum extent differ between lobes?

There are a number of possible reasons for explaining the
observed differences. First, there may be a sampling bias due to
not all moraines being sampled. Second, there may be a
preservation bias: particular moraine belts may have been
eroded, overridden leading to an incomplete record of ice
history. This is perhaps more likely to occur where there is a
large MIS2 advance which may have eroded earlier landforms,
which may be the case in Seno Skyring lobe. A third potential
explanation is glaciological and topographic differences between
ice lobes. For example, differences in basin geometry may control
ice behaviour due to variations in the scale, shape and elevation
distribution (hypsometry) of the ice drainage catchment (Furbish
and Andrews, 1984; Kaplan et al., 2009; Anderson et al., 2012;
Barr and Lovell, 2014), as may differences in substrate material
(e.g., Benn and Clapperton, 2000b). A fourth set of explanations
may lie in regional or local climatic differences. Understanding
these influences could be best addressed through numerical
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modelling of the PIS. Nevertheless, here we provide some initial
suggestions of potential explanations.

Patagonia is marked by strong W-E contrasts in precipitation
(Garreaud, 2007). This contrast is caused by a rain shadow and
continentality effects where the amount of precipitation falls
rapidly as air masses rise over the Andes and move
progressively east. The interplay of topography and
precipitation may influence the geomorphic record of past
glacial cycles. For example, those areas with higher elevation
can grow more extensive glaciers because they have larger
accumulation areas. This is the case for Torres del Paine,
Ultima Esperanza, Magallanes and Bahia Inttil-San Sebastidn
lobes. These lobes also can start advancing earlier in a glacial
cycle, having the potential to record older ice advances within the
last glacial cycle. It is not the case where mountains are lower in
their catchments, such as Seno Skyring and Seno Otway, since it
will take more time for the area to be covered by ice and thus,
spread away from the mountain zone (Sugden et al, 2002).
Additionally, during the PIS build-up, higher areas will
progressively develop an extensive ice sheet to the west
(towards the precipitation source), producing the ice divide
migration to the west, and provoking snow starvation effect to
the east (Sugden et al, 2002). This can imply that during one
glacial cycle, subsequent (younger) glacial advances reach more
restricted positions, compared to previous advances (Mendelova
et al., 2020). This will not be the case where altitudes of the
mountains are lower, where the precipitation influence will affect
the eastern area for a longer period, and younger glacial advances
could have the potential to reach further positions beyond older
advances. This could be one reason that in Seno Skyring, where
the altitudes of the mountains are lower, the gLGM reaches close
to maximum positions, and in the rest of Southern Patagonia, pre
gLGM extents are significantly greater than gLGM limits.
Moreover, the areas with lower mountains in their upper
catchments may have a smaller orographic effect and so may
experience greater precipitation over the glaciers.

5.6 Paleoclimate in Southernmost

Patagonia

A cold temperature period prevailed during MIS 2 in Patagonia,
according to Antarctic and Patagonian off-shore sea surface
temperatures (SSTs) proxies (Blunier and Brook, 2001; Kaiser
et al., 2005; Jouzel et al., 2007). The LB III and LB IV have ages of
263 £2.3 (n=5)and 24.3 + 0.9 ka (n = 3). LB III coincides with
the onset of the gLGM and the coldest periods from East
Antarctica. Moreover, the LB moraine ages are in agreement -
within uncertainties -with the A limit moraine records from
Magallanes ice lobe (Clapperton et al., 1995), dating to 25.7 + 0.8
and 23.9 + 0.8 (Peltier et al., 2021) and the C limit in Bahia Inutil-
San Sebastidn dating 23.2 + 1.3 ka (McCulloch et al., 2005b;
Figure 12). Humidity records in Patagonia during this period
(e.g., Heusser et al., 1996; Moreno et al., 2015) suggest wetter
conditions for the northern part of Patagonia, and drier for the
south, implying a northern migration of the SWWs (Moreno
etal., 1999; Hulton et al., 2002; Rojas et al., 2009). The wetter and
colder conditions for north-central Patagonia are supported by

Seno Skyring Lobe Glacial Evolution

the ice maxima in central-eastern Patagonia during the gLGM
(Kaplan et al., 2004; Douglass et al., 2006; Hein et al., 2010; Leger
etal., 2021). Despite the apparent reduction in the precipitation in
southern Patagonia for the MIS 2 period, the PIS outlets advanced
between about 100-250 km from present-day ice. Therefore, the
precipitation in the area should have been sufficient alongside the
sharp decrease in temperatures to develop full glacial conditions
in the area. Peltier et al. (2021) suggest a mean annual
temperature reduction in 4.5°C temperature, when a decrease
in 25% of precipitation occurred for southernmost Patagonia
during MIS 2.

By the end of the LGM and shortly before the onset of the last
glacial termination, a less extensive glacial readvance, inboard
from the LGM positions, and culminated at 18.7 + 1.5 Kka,
represented in Seno Skyring by the RV moraine system. This
broad pattern occurs for several other glacier outlets: in the
Magallanes lobe, there are two short periods of glacial
readvance/stillstand at 18.1 + 0.8 and 19.1 + 0.6 ka (Peltier
et al, 2021) and a similar age for the “D limit” in Bahia
Inatil-San Sebastidn lobe with ages 19.7 + 2.0 ka (McCulloch
et al., 2005b; Kaplan et al., 2008). At Torres del Paine the TDP I
moraine dates to 21.7 + 2.0 ka (Garcia et al., 2018). Considering
the timings of these moraines within their uncertainties, there
appears to be a close concordance in the timing of a readvance or
stillstand at the end of the gLGM, showing a clear regional
pattern.

After the RV moraine formation in Seno Skyring lobe, our
geochronology shows that by c.16.4 cal kyr BP deglaciation was
underway and by 14.8 ka, the glacier was already in the fjord area
(Kilian et al., 2013). A synchronous retreat is observed in the Otway
ice lobe, where Mercer (1970) reports a minimum deglaciation age
of 14.6 cal kyr BP, for the ice abandonment close to the eastern
shore of the Otway fjord (Figure 11F). Similarly, in the Magallanes
and Bahia Inutil-San Sebastidn lobes, deglaciation records suggest
the glacier retreated to the northern part of Isla Dawson before c.
16.6 cal kr BP (Mcculloch and Bentley, 1998; McCulloch et al,,
2005b). Other studies suggest that the glacier was already in the
Darwin Cordillera by 16.8 ka, which corresponds to the
accumulation area from Magallanes and Bahia Indtil-San
Sebastidn lobes (e.g., Hall et al., 2013; Hall et al, 2017; Hall
et al, 2019). These deglaciation events follow a sharp climatic
amelioration that occurred after ~18 ka (Kaiser et al., 2005; Jouzel
etal, 2007; Caniupan et al., 2011), which marks the onset of the last
glacial termination in Patagonia also (Denton et al., 2010; Moreno
et al,, 2015). After the increase in temperature, at 18.1 ka the PIS
experienced a rapid ice thinning (Boex et al, 2013) and an
extraordinarily fast recession (Darvill et al., 2017; Davies et al,
2020; Moreno, 2020). By 14 ka the Seno Skyring ice lobe had
retreated to the inner fjords close to Gran Campo Nevado, losing
more than 80% of its length compared to its maximum of the last
glacial cycle (Kilian et al., 2007).

6 CONCLUSION

Our geomorphology and geochronology reconstructions
demonstrate that the Seno Skyring ice lobe reached full glacial
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conditions during the gLGM, marked by the LB III and IV
advances by 26.3 £ 2.3 (n = 5) ka and 24.3 + 0.9 ka (n = 3).
During the ice retreat from the LB moraine system, a proglacial
lake developed, which initially drained to the north. As the ice
retreated, a new spillway opened towards the southeast by 22 + 3
ka. A glacier readvance deposited the inboard RV moraines by
18.7 £ 1.5 ka (n = 6), before the onset of the deglaciation. By at
least c.16.4calky BP and from the whole RV system by
c.14.9 cal ky BP.

We compare our new glacier record from Seno Skyring to
published records from other lobes in southernmost Patagonia.
There are differences in the morphostratigraphic pattern and
timing of advances between lobes, with no single lobe recording
all the advances seen regionally. We speculate that some of the
differences in the ice extent throughout the last glacial period may
be related to the snow starvation effect in response to a northward
migration of the westerlies and/or a westward migration of the ice
divide during the PIS build-up throughout the last glacial period.
Nevertheless, right after the gLGM and before the Termination,
broadly synchronic glacial advances with relatively reduced
extents are recorded along southern Patagonia.
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