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ABSTRACT

This paper systematically reviews the geomorphological and geochronological evidence of the last glacial cycle
(~115-11.7 ka) south of 52°S in southernmost Patagonia. We review the extent and timing of glaciation, compile
geochronometric data from published studies into an open-access database and present an updated empirical
reconstruction of ice-sheet evolution. The extent and timing of the local Last Glacial Maximum is ambiguous and
we review the data that indicate that the local Last Glacial Maximum occurred during Marine Isotope Stage (MIS)
3/MIS 4 versus during MIS 2 at the time of the global Last Glacial Maximum. These contrasting scenarios differ
by ~100 km in lateral ice extent and 10s of thousands of years in timing, implying drastically different past
environmental conditions, and therefore drivers. All of the major ice lobes were extensive until at least 18 ka and
the onset of deglaciation occurred at ~18-17 ka. The southernmost Patagonian Ice Sheet rapidly collapsed to the
Fuegian fjords in <1000 years, likely due to the lower altitude of the Andes in this region, lower slopes of the
glacier surfaces and through ice calving within the deep fjords into which the ice sheet retreated. During the
Antarctic Cold Reversal (~14.7-13 ka), glaciers readvanced only a few kilometres, restricted to the Fuegian
fjords, and not ~100 km to a ‘Stage E’ moraine, as previously hypothesised. This review highlights the disparity
of dating constraints across southernmost Patagonia and suggests possible approaches for further study. More
work is required to understand and resolve the discrepancy in the geochronological data and to determine a
robust empirical reconstruction for the maximum last glacial extent in southernmost Patagonia, which is

imperative for making climate inferences and comparing to numerical ice-sheet models.

1. Introduction

Reconstructing the timing and extent of glaciation and deglaciation
provides an important line of evidence for reconstructing the variability
of past climate fluctuations across the Earth. Patagonia offers unique
insight into past climate because it is the only continental landmass, and
hence ice-sheet nucleation centre, that extends sufficiently far south
from the midlatitudes to intercept the Southern Westerly Winds
(SWWs), changes to which are influential in driving fluctuations in
global ocean circulation (Moreno et al., 2018). Landforms associated
with the last glacial cycle in Patagonia (~115-11.7 ka) are well pre-
served, and record that at its maximum the Patagonian Ice Sheet (PIS)
extended ~1800 km from north to south along the southern Andes
Mountain Range, covering ~17° of latitude and containing ~492,600
km? of ice (Davies et al.,, 2020; Rabassa et al., 2022). The PATICE
reconstruction summarised our current knowledge of PIS evolution from
35 ka to the present by compiling published glacial chronologies across
the entire ice sheet between 38°S and 55°S for 5000-year intervals
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(Davies et al., 2020). However, this reconstruction of the timing and
extent of glaciation in southernmost Patagonia is based on a partial set of
evidence. Across this region, there are discrepancies in the published
geochronology that lead to contradictory interpretations of the local Last
Glacial Maximum (ILGM) that differ by ~100 km in lateral extent and
~10,000 years in timing (Darvill et al., 2015b; McCulloch et al., 2005a),
and there is moreover paradoxical evidence for either a rapid and sub-
stantial deglaciation before 17 ka (Hall et al., 2019) or a significantly
more extensive glaciation until 12 ka (McCulloch et al., 2005b).
Explaining and reconciling these contrasting interpretations is vital to
better constrain our knowledge of past climate fluctuations in the region
and thus better understand its impacts upon and integration with wider
global atmospheric and oceanic circulation. This, in turn, has motivated
us here to compile a more in-depth review of the timing and extent of
glaciation across southernmost Patagonia since the ILGM incorporating
data that have been published since the PATICE reconstruction was
produced.

Firstly, we review in turn the geomorphological and
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Fig. 1. (A) Location of the study area in Patagonia. The red boxes show the positions of Lago Argentino (LA), Torres del Paine (TDP) and Ultima Esperanza (UE) ice
lobes immediately north of the study area, yellow circles are the locations of marine sediment cores (S-N: Caniupan et al., 2011; Hagemann et al., 2024; Kaiser et al.,
2007) and the orange circle is the Reclus volcano. (B) Stylised representation of the southernmost part of the former PIS, highlighting the ice lobes mentioned in the
text (approximate ILGM extent adapted from Darvill et al. (2015b, 2017), Coronato et al. (2009), Rabassa et al. (2006) and Hodgson et al. (2023) for Seno Skyring
and Seno Otway, Strait of Magellan and Bahia Iniitil, Lago Fagnano, Canal Beagle and Paso Mantellero ice lobes respectively). Present-day ice shapefiles indicated in
dark blue are from the Randolph Glacier Inventory (RGI 7.0 Consortium, 2023). The Magellan-Fagnano Fault System (MFFS) and Beagle Channel Fault System (BCFS)

indicated in red are from Betka et al. (2016) and Sandoval and De Pascale (2020).

geochronometric evidence of the last glaciation for the PIS’s southern-
most ice lobes (from north to south: Seno Skyring, Seno Otway, Strait of
Magellan, Bahia Initil, Lago Fagnano, Canal Beagle, Paso Mantellero;
Fig. 1), with particular emphasis on moraine chronology, which pro-
vides direct evidence of ice-lobe stabilisation. For each ice lobe, we
recalculate and recalibrate the available chronological data to ensure
consistency between studies and reflect the most recent advances in the
calculation of radiocarbon and cosmogenic °Be ages (Heaton et al.,
2020; Hogg et al., 2020; Kaplan et al., 2011; Lifton et al., 2014) and we
present possible Gaussian distributions for constraining the ages of
moraine deposition. We review in detail the regions that are charac-
terised by conflicting observations in the literature and, in doing so, we
highlight knowledge gaps where future research could be focused and
provide the context and caveats from which empirical reconstructions
and climate inferences can be made.

2. Background and methods
2.1. Geographic setting

We focus on the southernmost part of Patagonia: The South Amer-
ican mainland south of ~52°S, the Strait of Magellan and the Fuegian
archipelago. The region is bisected by a continental transform fault (the
Magellan-Fagnano Fault System; Fig. 1) demarking the boundary be-
tween the South American Plate to the north and the Scotia Plate to the
south (Ammirati et al., 2020). Here, the N-S trending Andes mountain
range curves eastward and lowers in elevation and several small ice-
fields and glaciers are the remnants of the former PIS (Fig. 1). The
elevation of these icefields is considerably lower than the Andes further
north, with maximum altitudes of 1740 m a.s.l. (Monte Pyramide;
Schneider et al., 2007), 1399 m a.s.l. (unnamed peak; Gurdiel et al.,
2022) and 2469 m a.s.l. (Mount Darwin; Holmlund and Fuenzalida,
1995) in the Gran Campo Nevado, Isla Santa Inés and Cordillera Darwin
Icefields, respectively.

Southernmost Patagonia is the only continuous continental landmass
that intersects the core of the SWWs, which are currently positioned



C. Huynh et al.

between ~50 and 55°S (Lamy et al., 2010). The regional climate is
strongly controlled by the position and strength of the SWWs, which
flow west to east across the southern tip of South America (Garreaud
et al., 2013). The Andes mountain chain forms a topographic barrier
perpendicular to their flow resulting in a strong west-east precipitation
gradient due to the orographic uplift of humid air masses from the Pa-
cific Ocean. This results in an enhanced rain shadow in the lee of the
Andes, leading to arid conditions and an average annual rainfall of
~400 mm on the eastern side, compared to ~4000 mm in the west (Fick
and Hijmans, 2017).

2.2. Methods

We present a combined and simplified schematic of the published
geomorphological mapping pertaining to the last glacial cycle for the
southernmost PIS ice lobes (Bentley et al., 2005; Coronato et al., 2009;
Darvill et al., 2014; Davies et al., 2020; Glasser and Jansson, 2008;
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Hodgson et al., 2023; Lira et al., 2022; Lovell et al., 2012; Soteres et al.,
2020). We define ‘moraine limits’ as digitised lines drawn at the
maximum extent of mapped moraines relating to that glacial stage.
Whilst we recognise that simplifying comprehensive geomorphological
mapping from multiple publications to a single simplified framework of
glaciation across multiple glacial valleys has its limitations and needs to
be interpreted with due caution, it represents a helpful initial exercise
for comparing the timing and extent of glaciation across the region.
We review the literature and compile published radiocarbon and
cosmogenic 1°Be ages that are associated with these mapped moraines
following the methods of Davies et al. (2020; the PATICE database). Our
compilation represents a significant update to the 2020 PATICE data-
base, incorporating 103 newly published cosmogenic '°Be ages and 13
new radiocarbon ages from recent studies in southernmost Patagonia.
The moraine to which each date is assigned was determined by the
geomorphological link to that limit as defined by the original field study.
Where specific coordinate data were omitted in the original study, we
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Fig. 2. The locations of previously mapped moraine limits and geochronometric dating sites for Seno Skyring and Seno Otway ice lobes, displayed on the ETOPO
2022 15 Arc-Second Global Relief Model. See Fig. 6 and the supplementary data for recalculated ages. GCN = Gran Campo Nevado; SII = Santa Inés Icefield.
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estimate the locations of reported dates from the location map in the
original study.

We recalibrate/recalculate radiocarbon and cosmogenic 1°Be ages
from existing studies to reflect the most recent advances in the radio-
carbon calibration curve and cosmogenic °Be production rate and
scaling scheme and ensure that consistent corrections are applied to the
whole dataset. All recalculated ages are available in the supplementary
data. Reported dates throughout this paper refer to ages recalculated in
this study, and hence may differ slightly from the original study. Where
we report weighted arithmetic means, we determined these from the
recalculated ages in this study. We recalculated cosmogenic °Be ages
using the online calculator formerly known as the CRONUS-Earth online
calculator version 3 (Balco et al., 2008) using the LSDn scaling scheme
(Lifton et al., 2014), the local 10ge production rate for southern Pata-
gonia (Kaplan et al., 2011) and assuming no rock surface erosion or
surface shielding (e.g., by snow, soil, etc). We recalibrated radiocarbon
ages against the SHCal20 calibration curve for terrestrial samples (Hogg
et al., 2020) and the Marine20 curve for marine samples (Heaton et al.,
2020) using OxCal online Version 4.4 (Bronk Ramsey, 2009).

Here, we report recalculated cosmogenic °Be ages to one decimal
place with the unit ‘ka’, meaning thousands of years before the sampling
date. In the text we report the 1o internal (analytical) uncertainty to
facilitate comparisons between cosmogenic nuclide data. The full
external uncertainty is available in the supplementary data. We report
recalibrated radiocarbon ages to two decimal places alongside the 26
error; this represents a ~95% probability of the calibrated date falling
within this range. The unit ‘cal ka BP’ is used for calibrated radiocarbon
dates, with ‘BP’ meaning years before 1950 AD.

Overall, we compiled 196 cosmogenic '°Be dates and 129 radio-
carbon dates from existing publications. Fourteen cosmogenic 1°Be dates
were not reported with associated AMS measurements precluding us
from recalculating them. Similarly, four radiocarbon dates were not
originally reported alongside uncalibrated radiocarbon ages and so are
not recalibrated. These non-recalculated ages are indicated in the text
with an asterisk. Seven of the radiocarbon ages are infinite radiocarbon
ages. Thus, there are 182 recalculated cosmogenic '°Be dates and 118
non-infinite recalibrated radiocarbon dates.

Interpreting datasets of cosmogenic 'Be ages, particularly where
age distributions are skewed or poorly clustered, is challenging, as there
are many factors that can lead to anomalously young or old cosmogenic
10Be ages. Under ideal assumptions, a boulder sampled from a moraine
crest experienced no prior exposure before deposition and has since
been continuously exposed. However, if prior exposure is not completely
eroded away during transport (nuclide inheritance) or the sample ex-
periences post-depositional processes (e.g., rolling, shielding, exhuma-
tion or erosion) the resulting cosmogenic °Be age will overestimate or
underestimate the true age of the moraine, respectively (Balco, 2020;
Heyman et al., 2011; Hein et al., 2014). This is further compounded by
the often-small sample sizes of cosmogenic °Be ages (due to limited
suitable sample material and the expense of cosmogenic 10ge dating),
which make the data extremely sensitive to the choice of statistical test
(Applegate et al., 2010, 2012; Balco, 2011; Dortch et al., 2022).

Since some of the published cosmogenic °Be ages for moraines in
southernmost Patagonia exhibit considerable geological scatter, we
present all recalculated ages and uncertainties, with no outliers
removed, and use the Probabilistic Cosmogenic Age Analysis Tool (P-
CAAT Version 2.2; Dortch et al., 2022) to suggest Gaussian distributions
that could represent the timing of moraine deposition based on the
distribution of available data. P-CAAT is a new statistical approach for
cosmogenic '°Be age outlier detection and landform-age analysis which
generates a Probability Density Estimate (PDE) based on input ages and
performs Gaussian separation of the PDE using a Monte Carlo-style
approach. A choice of three bandwidth estimators is available within
the programme to generate the model fit: mean, Standard
Deviation/Inter-quartile Range (STD/IQR) and Mean Absolute Dortch
Deviants (MADD). Selecting the most suitable bandwidth estimator is
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important, so that the model does not under or overfit the data. We
select the most suitable bandwidth for each moraine dataset using the
three insight plots and r-squared value, following the method recom-
mended by Dortch et al. (2022). We present all individual mean expo-
sure ages and internal uncertainties, along with the component
Gaussians derived using the selected bandwidth estimator, to demon-
strate the range of possible interpretations of the moraine age. For
further explanation of the P-CAAT programme, see Dortch et al. (2022)
and for a list of selected bandwidth estimators see the supplementary
data.

To avoid making potentially invalid assumptions, the datasets of
cosmogenic °Be ages from the Strait of Magellan and Bahia Indtil ice
lobes are considered independently. Moraine limits of the two lobes
have been correlated in the literature, but the geomorphology of the
area around Cabo Boquerdn, where the two ice lobes diverge, has not
been comprehensively mapped to date.

We then combine the recalculated geochronometric dates and
geomorphological evidence with topographic and bathymetric data
(ETOPO, 2022) in QGIS and use these alongside the P-CAAT analysis and
literature review to inform an updated ice-sheet reconstruction of the
southernmost PIS. Shapefiles of each timeslice are available in the
supplementary data.

3. Seno Skyring Ice Lobe

Seno Skyring Ice Lobe extended ~150 km from present-day Gran
Campo Nevado (GCN) during the last glacial cycle (Figs. 1 and 2). The
ice lobe flowed northeast through fjords surrounding the GCN, east-
wards through the ice-scoured trough occupied by Seno Skyring and
terminated on the northern shore of Laguna Blanca (Kilian et al., 2007b;
Lira et al., 2022, Fig. 2). GCN, which during full glacial conditions was
connected to the PIS, sits at a lower elevation than Cordillera Darwin
Icefield (CDI) and the Southern Patagonian Icefield and, based on field
observations, the slope of the glacier surface during the LGM was very
low (<5%o; Kilian et al., 2007a). This would have made Seno Skyring Ice
Lobe very sensitive to changes in equilibrium line altitude and hence
small-scale climate changes during the last glacial termination could
have resulted in large changes to the glacier mass balance (Kilian et al.,
2007a).

Lira et al. (2022) proposed a chronology for the last glacial extent of
Seno Skyring Ice Lobe. Two moraine systems were identified: the outer
Laguna Blanca (LB), which is comprised of four limits named, from
oldest to youngest, LB I-IV, and the inner Rio Verde (RV) moraine
(Fig. 2). Cosmogenic °Be dating of moraine boulders suggests that the
LB III and LB IV moraines formed at 25.8 4= 2.5 ka (n = 5) and 23.7 £+ 0.9
ka (n = 3) respectively. Although the most extensive LB I and LB II
moraines remain undated, because of the absence of datable moraine
boulders, Lira et al. (2022) suggested relatively contemporaneous for-
mation of the whole Laguna Blanca moraine system due to it comprising
similar morphostratigraphic characteristics throughout the whole sys-
tem. The inference is that the ILGM of Seno Skyring Ice Lobe was
attained during the gLGM (~26.5-19 ka; Clark et al., 2009). However,
Lira et al. (2022) consider that the single boulder with an age of 40.0 +
6.1 ka deposited on the LB III moraine could signify that the glacier was
at or close to the LB position during an earlier MIS 3 advance (MIS
3-29-57 ka; Lisiecki and Raymo, 2005), in keeping with the glacial
chronologies from Ultima Esperanza and Torres del Paine ice lobes to
the north (Garcia et al., 2018; Sagredo et al., 2011). Alternatively, this
statistical outlier may simply contain inherited °Be from a previous
exposure. The inner RV moraine exhibits distinctly sharper slopes and
higher relief compared to the LB moraine system and cosmogenic °Be
dating on this moraine yielded an age of 18.1 + 1.4 ka (n = 6). Based on
a minimum-limiting radiocarbon age from basal peat inboard of the RV
moraine, retreat from this moraine limit had occurred by at least 16.40
4 0.17 cal ka BP (Lira et al., 2022).

A 4.7 m sediment core was retrieved from eastern Seno Skyring (SK1;
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Fig. 2) in 72 m water depth by Kilian et al. (2007a). In this, an ice-rafted
debris (IRD) layer was found beneath a layer of the robustly-dated
Volcan Reclus tephra (15.0 ka; Sagredo et al., 2011; McCulloch et al.,
2005b). From estimating the sedimentation rate, the IRD layer was
suggested to have been formed between 17.46 and 18.28 ka BP*, sug-
gesting that Seno Skyring Ice Lobe was in retreat from the RV moraine
limit at this time. The SK1 core also contains a relatively high clay
fraction and MgO content between ~16-13.5 ka BP*. This is thought to
be indicative of chlorine-rich sediment transport from the mafic lithol-
ogies of the Rocas Verdes Formation and could suggest that GCN glaciers
were still relatively extensive at this time (Kilian et al., 2007a).

Kilian et al. (2007b) used a parametric echo sounding system to
detect sub-aquatic ridges interpreted as moraine systems in Euston and
Gajardo channels. Although these mapped sub-aquatic moraines are
undated, Kilian et al. (2007b) tentatively correlated them to glacial
stages identified in Strait of Magellan Ice Lobe (namely Stages D and E;
discussed in Section 5). The Euston Channel moraine limit is interpreted
as ‘Stage D’ (~18 ka) based on the absence of further landforms between
these moraines and the IRD layer in the SK1 core (dated to 17.46-18.28
ka BP*). This suggests rapid deglaciation with no standstills which
would have been facilitated by the interpreted low glacier-surface slope.
From palynological evidence from a sediment core (GC2) above Gajardo
Fjord it has been inferred that the Gajardo Channel moraine (~12 km
outside present-day ice extent) was likely occupied between 14.13 and
11.02 cal ka BP. A minimum age of 12.12 cal ka BP indicates ice-free
conditions on Chandler Island (core CH1). Hence, the Gajardo Chan-
nel moraine is constrained to 14.13-12.12 cal ka BP, and Kilian et al.
(2007b) interpret the readvance as coeval with the Late glacial ‘Stage E’
of Strait of Magellan Ice Lobe, during the Antarctic Cold Reversal (ACR;
14.7-13 ka; Pedro et al., 2016).

4. Seno Otway Ice Lobe

Seno Otway Ice Lobe flowed northeast from Santa Inés Icefield (SII),
advancing over 200 km from the present-day icefield during the ILGM
(Figs. 1 and 2). The terminal moraines of this ice lobe are a series of
distinct arcuate ridges but the chronology is poorly constrained, with no
direct dating of these maximum last glacial cycle limits (Darvill et al.,
2017). However, the orientation and distribution of drumlins and
lateral-terminal moraines north of Punta Arenas indicate that Seno
Otway Ice Lobe joined Strait of Magellan Ice Lobe during its maximum
extent (Benn and Clapperton, 2000a; Darvill et al., 2017; De Muro et al.,
2018; Kilian et al., 2013; Lovell et al., 2012). Terrace systems along the
shores of Seno Otway, Seno Skyring and Ultima Esperanza (north of
Seno Skyring; see Fig. 1A) indicate that, during retreat from this
maximum, a large 5700 km? interconnected proglacial lake formed in
front of the retreating ice lobes (Kilian et al., 2013). A cosmogenic 10ge
depth profile through outwash associated with a drainage channel along
a southeastern spillway constrains the timing for partial drainage of
Laguna Blanca Lake from Seno Skyring to 22 + 3 ka (Lira et al., 2022).
This represents a minimum age for deglaciation from the ILGM of Seno
Otway Ice Lobe as the drainage channel cuts through moraine system
east of Seno Otway. A minimum age for complete lake drainage is
constrained by a radiocarbon date of 14.2 ka BP* from a raised shoreline
east of Seno Otway (Kilian et al., 2013), and a further radiocarbon date
from basal organics in a peat core within an abandoned meltwater
channel, which yielded an age of 14.58 + 0.69 cal ka BP (Mercer, 1976).
McCulloch et al. (2005b) observed the Volcan Reclus tephra overlying
the basal clays and silts in the same abandoned meltwater channel,
indicating complete lake drainage had occurred sometime before 15 cal
ka BP. Kilian et al. (2013) retrieved a sediment core (OTW2) from the
middle sector of Seno Otway, ~50 km southwest of the proglacial lake
raised shoreline. Radiocarbon dating of basal organics suggested ice-free
conditions by 14.78 ka BP*. However, basal organics from a lake core on
Isla Santa Inés ~80 km further upstream (closer to the present icefield)
yield a minimum age for deglaciation of 16.02 + 0.18 cal ka BP (Fontana
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Table 1

Summary of the geomorphological and geochronometric evidence for and
against the outer glacial limits (RC, SdSS, PA & Stage A) being deposited during
the last glacial cycle and representing a more extensive southern Patagonia
glaciation during MIS 3 or MIS 4.

Evidence For Reference

o Cosmogenic °Be exposure ages of
boulders on RC, SdSS, PA and Stage A
moraine crests date to the last glacial
cycle (Fig.7)

Cosmogenic '°Be ages of surface cobbles
on the outwash associated with the RC
and SdSS moraine limits date to 25.6 +
2.8 ka and 24.7 + 1.0 ka

Modelled age-depth profiles of outwash
sediments associated with the RC and
SdSS moraine limits date to 45.6 ka
(+139.9/-14.3) and 30.1 ka (+45.6/
—23.1)

Kaplan et al., 2007; 2008; Evenson
et al., 2009; Peltier et al., 2021

Darvill et al., 2015b

Darvill et al., 2015b

Evidence Against Reference

e Moraine morphology, soil development
and weathering rind thickness is
distinctly different between the Stage B-
D inner moraines and the outer
moraines, suggesting a significant time
difference between their deposition
Marine shells incorporated into the
basal till of the Stage B moraine limit are
dated to MIS 3, suggesting a complete
deglaciation of the Strait of Magellan
during the MIS 3 marine high stand
Marine shells incorporated into the
basal till of the Stage A moraine limit
imply a complete deglaciation of the
Strait of Magellan between the
deposition of the PA glacier limit and
the Stage A glacier limit, likely during
the MIS 5 marine high stand

Bentley and McCulloch, 2005; Bentley
et al., 2005; Clapperton et al., 1995;
McCulloch et al., 2005a; Rabassa et al.,
2000; Sugden et al., 2005

Clapperton et al., 1995; McCulloch
et al., 2005a

Clapperton et al., 1995; McCulloch
et al., 2005a

and Bennett, 2012), suggesting the Seno Otway dates are not close
minimum-limiting ages for deglaciation. Likewise, cosmogenic '°Be
ages from erratic boulders and bedrock samples in Canal Jer6nimo and
northern Isla Santa Inés (green circles; Fig. 2) indicate deglaciation of
these sites by ~16 ka (n = 5; McCulloch et al., 2024).

5. Strait of Magellan and Bahia Initil ice lobes

Strait of Magellan and Bahia Intitil ice lobes together comprise the
most well-studied of the southernmost PIS outlets. Strait of Magellan Ice
Lobe flowed north from the ice divides near Isla Clarence and Isla
Capitan Aracena and western CDI towards the Primera and Segunda
Angosturas. Bahia Inditil Ice Lobe flowed north from the northern CDI,
through Canal Whiteside, branching off northeast at Cabo Boqueron
(Fig. 3; and see Fig. 1 for wider geographical context).

The first extensive mapping of the glacial geomorphology of Strait of
Magellan and Bahia Initil ice lobes was conducted by Caldenius (1932).
The development of radiometric-dating techniques, alongside additional
geomorphological mapping, facilitated the glacial chronology of the
region to be progressively better constrained over the second half of the
20th century (Anderson and Archer, 1999; Benn and Clapperton, 2000a,
2000b; Clapperton et al., 1995; Jackofsky et al., 2000; McCulloch and
Bentley, 1998; Meglioli, 1992; Porter, 1990; Porter et al., 1992; Prieto
and Winslow, 1994; Uribe, 1982). Clapperton et al. (1995) proposed a
chronological framework for the five innermost glacial limits of the two
ice lobes, terming them Stages A-E, from oldest to youngest. This
chronology was subsequently refined by McCulloch et al. (2005a) using
tephrochronology, cosmogenic °Be dating, amino-acid racemisation
(AAR) and radiocarbon dating. In this section, we also use the Stage A-E
naming convention and attempt to summarise the addition of subse-
quent studies into this framework (e.g. Bentley et al., 2005; Blomdin
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Fig. 4. The locations of previously mapped moraines and geochronometric dates relating to deglaciation, brief glacier standstills and readvances during the ACR in
Canal Whiteside and the northern CDI, displayed on the ETOPO 2022 15 Arc-Second Global Relief Model.

et al., 2012; Boyd et al., 2008; Darvill et al., 2015a, 2015b; De Muro
et al., 2018; Evenson et al., 2009; Fernandez et al., 2017; Glasser and
Jansson, 2008; Hall et al., 2013, 2019; Kaplan et al., 2007, 2008; Lovell
et al., 2012; McCulloch et al., 2024; Moreno et al., 2023; Peltier et al.,
2021; Reynhout et al., 2022; Sagredo et al., 2011; Soteres et al., 2020).
In addition, we review the evidence that the outer glacial limits (Rio
Cullen, Sierras de San Sebastian and Primera Angostura, see Fig. 3),
previously hypothesised to be deposited during MIS 12, 10 and 6
(Meglioli, 1992), were also deposited during the last glacial cycle. A
summary of this evidence is presented in Table 1.

5.1. Rio Cullen and Sierras de San Sebastian moraine limits

There has been debate in the literature concerning whether the Rio
Cullen (RC) and Sierras de San Sebastian (SdSS) moraine limits (Fig. 3)
were deposited during the last glacial cycle or during an earlier glacial
cycle. An age model hypothesised by Meglioli (1992) suggested that the
RC moraines were deposited during MIS 12 (MIS 12-424-478 ka;
Lisiecki and Raymo, 2005). This was based on the age bracketing of
glacial till between basalt lava flows dated using “°Ar/*°Ar dating to
between 1.07 Ma and 0.45 Ma (Fig. 3). In the absence of further absolute
dating constraints, Meglioli (1992) tentatively assigned the SdSS mo-
raines to MIS 10 (MIS 10-374-337 ka; Lisiecki and Raymo, 2005)
because the difference in moraine morphology and weathering-rind
development suggested it represented a subsequent glaciation.

Initially, this age model was widely accepted; detailed and consistent
field observations by subsequent authors (e.g. Bentley et al., 2005;
Clapperton et al., 1995; McCulloch and Bentley, 1998; McCulloch et al.,
2005a; Rabassa et al., 2000) reported pronounced differences in
weathering characteristics between the well-preserved, sharp-crested
gLGM landforms (Stage B-D moraine limits) and the thick loess deposits
and subdued topography of landforms outboard of these moraines.
These observations were used to infer a significant age difference be-
tween the ‘inner’ (Stage B-D) and ‘outer’ (Stage A, PA, SdSS, RC) mo-
raines, corroborating the assertion that the RC and SdSS moraines were
deposited prior to the last glacial cycle. However, it is noted, that this
relative dating based on differences in moraine morphology is not
underpinned by well-constrained knowledge of rates of landform change
in this region. In addition, Clapperton et al. (1995) and McCulloch et al.
(2005a) observed shell fragments, some from identifiable species,
within the tills associated with both the Stage A and Stage B moraine
limits. AAR ages (corroborated by two infinite radiocarbon ages)
constrain the age of the marine shells in the Stage A till to 130-90 ka
(MIS 5). Ten radiocarbon ages (49.06-31.97 cal ka BP; one infinite age)
and seven AAR ages (~35 ka) on the marine shells in the Stage B till all
date to MIS 3 (Clapperton et al., 1995). These observations and chro-
nological constraints indicate that the Strait of Magellan was ice-free
and open to the Pacific Ocean during both MIS 5 and MIS 3, before
the Stage A and B glacial readvances remobilised and incorporated the
shells into their basal till. Since global sea level was at least 30 m lower
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than present during MIS 3 (and between 116 and 134 m lower at the
global LGM; Gowan et al., 2021; Lambeck et al., 2014), a marine
incursion from the Atlantic Ocean would have been precluded by the
area between the Segunda and Primera Angosturas. Therefore, a
reduced glacial extent enabling marine incursion from the Pacific is the
most plausible explanation for the origin of these shells. This leads to the
inference that the Stage A moraine must have been deposited prior to the
last marine high-stand that occurred during MIS 3, and the PA, SdSS and
RC moraines must have been deposited prior to the penultimate marine
high-stand during MIS 5. Therefore, the presence of dated marine shells
in the basal till of the Stage B and Stage A moraines provide further
evidence that the SdSS and RC moraines were deposited prior to the last
glacial cycle.

However, recent advances in cosmogenic '°Be dating have chal-
lenged this chronology. Dates from erratic boulders associated with RC
and SdSS moraines in Bahia Infitil Ice Lobe suggested that the moraines
may have been deposited during the last glacial cycle (Evenson et al.,
2009; Kaplan et al., 2007). Eight out of twelve samples from Kaplan et al.
(2007) yielded cosmogenic 1°Be ages <30 ka, with four anomalously old
ages of 54.3 ka, 56.6 ka, 208.7 and 164.2 ka. All five of the samples from
Evenson et al. (2009) yielded ages between 38 and 74 ka*. Both studies
concluded that these anomalously ‘young’ ages were a result of intense
episodic erosion during glacial periods, agreeing with the earlier studies
that the RC and SdSS limits were deposited prior to the last glacial cycle.
However, Darvill et al. (2015a) demonstrated, from making 5000
Schmidt Hammer measurements, no significant difference in hardness,
and by inference, weathering characteristics between the ‘young’ and
‘old’ boulders, suggesting that they were all likely to have been depos-
ited during the same glacial cycle. Since the existing cosmogenic '°Be
dates from boulders were generally ‘too young’ and scattered, Darvill
et al. (2015b) applied cosmogenic °Be and 26Al dating to glacial
outwash cobbles associated with the moraines because these have been
shown to more closely date older glacier limits where moraine degra-
dation and boulder erosion cause scattered and ‘too young’ cosmogenic
10ge ages (Hein et al., 2009). Following the methods of Hein et al.
(2009), Darvill et al. (2015b) measured 10Be and 20Al concentrations of
outwash surface cobbles and a?®Al/!°Be depth-profile through the
outwash sediments of both the RC and SdSS moraines (Fig. 3). The re-
sults yielded weighted mean exposure ages of 25.6 + 2.8 ka (n = 3; one
outlier removed) and 24.7 £+ 1.0 ka (n = 4) for the outwash cobbles from
the RC and SdSS moraines, respectively, and 45.6 ka (7}%2;3) and 30.1 ka
(73£1) for the corresponding modelled age-depth profiles. Since surface
cobbles are considered to provide minimum-limiting ages, the study
concluded that the absolute age of the RC and SdSS moraine limits
linked them to deposition during MIS 3, indicating an earlier and more
extensive maximum during the last glacial cycle. Further cosmogenic
10Be dating of moraine boulders by Peltier et al. (2021) on the right
lateral moraine of Strait of Magellan Ice Lobe, which yielded a weighted
mean age of 65.3 + 1.1 ka (n = 5; Fig. 4) for the outer limit, suggested
moraine deposition during MIS 4 (MIS 4-71-57 ka; Lisiecki and Raymo,
2005).

5.2. Primera Angostura moraine limit

Another moraine previously accepted to have been deposited during
a prior glacial cycle is the Primera Angostura (PA) moraine limit, ~50
km inboard of the RC and SdSS moraines (e.g., Meglioli, 1992; Rabassa
et al., 2000). Based on its morphostratigraphic position and weathering
development, it was suggested that the PA limit was likely deposited
during MIS 6 (Coronato et al., 2004; Meglioli, 1992; Rabassa and Cor-
onato, 2009). This corroborates with the presence of the MIS 5 marine
shells in the basal till of the Stage A moraine, implying that the PA
moraine limit was deposited prior to MIS 5 (Clapperton et al., 1995).

However, four boulders sampled from the PA terminal moraine on
PA peninsula (Fig. 3) yielded a weighted mean age of 24.4 + 0.9 ka (n =
3; outlier of 35.2 + 3.9 ka removed; Kaplan et al., 2007). Subsequently,
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Soteres et al. (2020) mapped in detail the right lateral moraine complex
of Strait of Magellan Ice Lobe south of Peninsula Juan Mazia. Their
mapping demarcated the complex pattern of multiple lateral moraine
limits and identified a ridge corresponding with the moraine limit that
wraps around PA Peninsula. Peltier et al. (2021) sampled four boulders
from this lateral moraine ridge, which yielded a weighted mean age of
23.9 4+ 1.9 ka (n = 4). Within error, this is consistent with earlier
cosmogenic °Be dating of the terminal moraine by Kaplan et al. (2007).

As discussed for the RC and SdSS moraines, these apparently ‘young’
cosmogenic '°Be dates for the PA moraines are at odds with the distinct
difference in morphology between the inner (Stages B-D) moraines and
these outer (Stage A, PA, SdSS and RC) moraines. Addressing this issue,
Peltier et al. (2021) suggested that the higher degree of weathering
observed in the outer limits could be explained by the proximity of these
landforms to the glacier margin for ~7000 years whilst the ice lobe was
terminating at its gLGM position. As with the RC and SdSS moraine
limits, whether the PA moraine was deposited prior to or during the last
glacial cycle is an ongoing debate in the literature (Table 1).

5.3. Stage A moraine limit (Strait of Magellan Ice Lobe)

The Stage A moraine limit comprises a subdued moraine complex
observed northeast of Seno Otway and north of Peninsula Juan Mazia
(Clapperton et al., 1995; McCulloch et al., 2005a; Prieto and Winslow,
1994; Rabassa et al., 2000; Raedeke, 1978, Fig. 3). Geomorphological
mapping by Bentley et al. (2005) identified a clear morphological
distinction between this moraine limit and its inboard landforms and
sediments (i.e., the Stage B-D moraines), supporting the
previously-accepted view that a significant time had passed between the
Stage A event and Stages B-D (Clapperton et al., 1995; Meglioli, 1992).

A radiocarbon age from buried wood in the upper layer of the Stage A
diamict suggests a maximum limiting age of glacier advance of 27.32 +
0.86 cal ka BP, although the geological link between the moraine limit
and sampled wood is unclear (Prieto and Winslow, 1994). However, the
more recent application of cosmogenic °Be to moraine boulders cor-
roborates the suggestion that the Stage A moraine limit was deposited
more recently that initially thought. Five cosmogenic 1°Be ages from the
right lateral moraine of Strait of Magellan Ice Lobe have a weighted
mean of 23.5 + 0.6 ka (Peltier et al., 2021). These upper lateral moraine
dates can be tentatively traced to the Stage A moraine using the
geomorphological mapping from Soteres et al. (2020) and Darvill et al.
(2014). As described in the previous sections, these cosmogenic 10ge
ages suggest Stage A moraine deposition subsequent to the MIS 3 marine
high-stand, which contradicts the evidence for two marine incursions
recorded in the basal till of both the Stage B and Stage A basal tills.

5.4. Stages B-D moraine limits

The Stage B, C and D moraines are well-studied and prominent
moraine crests widely agreed to have been deposited at Strait of
Magellan and Bahia Iniitil ice-lobe fronts during MIS 2 (Clapperton
et al., 1995, Fig. 3). The Stage B and C moraines that terminate on
Peninsula Juan Mazia can be traced across to the hillsides just above
Punta Arenas to the west and curving around into Bahia Initil to the
southeast (Bentley et al., 2005; Clapperton et al., 1995; De Muro et al.,
2018; McCulloch et al., 2005a). The prominent Stage B moraine is un-
derlain by two earlier tills interbedded with stratified sediments, sug-
gesting that successive glacier advances terminated close to the Stage B
limit (Clapperton et al., 1995). On Peninsula Juan Mazia meltwater
channels associated with Stage C cut through the Stage B moraine limits,
showing that they are two distinct glacial events (Clapperton et al.,
1995). Evidence of glaciotectonised Stage C moraines on the western
shore of the Strait of Magellan suggests that Stage C represents a glacier
readvance, rather than a standstill during retreat from the Stage B
moraine (Benn and Clapperton, 2000a, 2000b). The Stage D moraine
limit terminates at Punta Paulo and was traced across the submerged
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Table 2

Weighted means of recalculated cosmogenic!°Be ages pertaining to the Stage B-
D moraine limits reported in McCulloch et al. (2005a), Kaplan et al. (2007,
2008) and Peltier et al. (2021).

Weighted Mean Reference

Stage B Stage C Stage D

26.1 £1.0ka (n 21.6 £ 1.3ka (n 18.5+ 0.3 (n McCulloch et al.
=3) =4) =3) (2005a)

N/A 20.0 = 1.8 ka (n N/A Kaplan et al. (2007)

=5)

22.8 £ 3.6 ka (n 176 £ 3.0 (n = 1744+ 1.8 (n Kaplan et al. (2008)
=5) 1) =6)

18.8 + 0.6 ka (n 179+ 04 (n = 17.5+ 0.6 (n Peltier et al. (2021)
=3) 3) =2)

bed of the Strait of Magellan using marine geophysics (Bartole et al.,
2008; Fernandez et al., 2017). The Stage D limit is a low and narrow
ridge crest, only a few metres in elevation above the surrounding
topography (Benn and Clapperton, 2000; Bentley et al., 2005; Darvill
et al., 2014; Lovell et al., 2012).

Deposition of the Stage B-D moraine limits has been extensively
dated using radiocarbon, AAR, tephrochronology, OSL and cosmogenic
10ge dating (Blomdin et al., 2012; Clapperton et al., 1995; Evenson et al.,
2009; Kaplan et al., 2007, 2008; McCulloch et al., 2005a; Peltier et al.,
2021; Porter, 1990; Porter et al., 1992; Prieto and Winslow, 1994).
Although precise ages for moraine formation are a little inconsistent
between studies, there is convergence that the Stage B-D moraines were
deposited during MIS 2. The weighted means of cosmogenic '°Be ages
for Stages B-D are summarised in Table 2. Blomdin et al. (2012) used
K-feldspar Infrared-Stimulated Luminescence to date the deglaciation of
a sample between the Stage C and D limits. Two minimum age models
suggested, although with large associated uncertainties, ages of 22 + 6
ka and 22 + 5 ka (Blomdin et al., 2012). Radiocarbon ages for the shells
in the basal till of the Stage B moraine limit provide a maximum age of
49.06-31.97 cal ka BP (n = 10; Clapperton et al., 1995; McCulloch et al.,
2005a).

5.5. Retreat from Stage D moraine limit

In response to the onset of warming at ~18-17 ka (Peltier et al.,
2021), Strait of Magellan and Bahia Initil ice lobes began to retreat from
the Stage D moraine limit. An extensive dataset (n = 32) of
minimum-limiting ‘ice-free’ radiocarbon ages from peat cores around
the shores of the Strait of Magellan and Bahia Infitil (Clapperton et al.,
1995; McCulloch et al., 2005a, 2024; McCulloch and Bentley, 1998;
Moreno et al., 2023; Porter et al., 1984; supplementary data) indicates
that the ice sheet responded rapidly to warmer conditions and retreat
was underway before 17 ka.

During deglaciation from the Stage D limit, a proglacial lake formed
in the overdeepened basin, dammed by the retreating glacier front.
Raised shorelines, at 30-60 m a.s.l. around the Strait of Magellan, mark
the extent of this Stage D proglacial lake, which drained eastward to the
Atlantic. Eleven radiocarbon dates on basal peat above these glaciola-
custrine sediments show that the ice lobe had retreated from the central
Strait of Magellan before 16.16-15.05 cal ka BP, allowing the lake to
drain to the Pacific (McCulloch et al., 2005a, 2024). The presence of the
robustly dated Volcan Reclus tephra (15.0 ka; McCulloch et al., 2005b;
Sagredo et al., 2011) sandwiched between these peat layers also cor-
roborates that the Stage D proglacial lake had drained before 15 ka.

Initial deglaciation appears to have been punctuated by a series of
brief standstills or small readvances, which are evidenced by smaller and
fragmented recessional moraines within the Stage D limit in a region of
shallow depths and low bathymetric gradient (Fernandez et al., 2017,
Fig. 3). These moraines have been observed both onshore (Bentley et al.,
2005; McCulloch et al., 2024) and offshore (marine geophysical survey;
Fernandez et al., 2017). As the ice lobes retreated southwards,
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encountering deeper water and higher bathymetric gradients, the rate of
deglaciation accelerated and recessional moraines are no longer
observed (Fernandez et al., 2017).

However, there is evidence for a final stabilisation of Bahia Intitil Ice
Lobe near Punta Yartou (Fig. 4). Geomorphological mapping by
McCulloch et al. (2024) and Glasser and Jansson (2008) identified at
least four additional Stage D moraine ridges between Rio Caleta and Rio
Condor. Sixteen boulders from these moraines yielded a wide range of
cosmogenic 1°Be ages, likely as a result of nuclide inheritance, but, after
removing outliers, the remaining data suggest moraine occupation at
~18 ka (McCulloch et al., 2024). Geophysical data also show a 90 m
thick deposit of coarse ice-proximal sediments at a shallowing before the
deeper trough of southern Canal Whiteside, supporting a period of ice
stabilisation at the topographic constriction between Isla Dawson and
Punta Yartou (Fernandez et al., 2017). These likely represent the last
depositional glacial landforms before retreat of the ice sheet to the fjords
surrounding CDI. Due to the increased water depth and lack of glacial
deposits in southern Canal Whiteside, it is likely that deglaciation
occurred rapidly from this point.

Rapid ice-sheet collapse following the onset of deglaciation is sup-
ported by radiocarbon dating on the northern margin of CDI. Fourteen
minimum-limiting ages for deglaciation obtained from cores indicate
that glaciers had retreated close to the current icefield by ~17 cal ka BP
(Fig. 4; Boyd et al., 2008; Hall et al., 2013, 2019). This is corroborated
by 31 cosmogenic '°Be dates from erratic boulders and bedrock samples
across the western Fuegian archipelago, between CDI and SII (Fig. 4).
The consistency of this extensive dataset suggests deglaciation to within
these fjords had occurred by at least ~16 ka (n = 31; McCulloch et al.,
2024). Within analytical uncertainties, these studies imply
near-instantaneous retreat over a distance of ~150 km from the Stage D
moraine limit to just outside the present-day ice extent. Given the very
low surface gradients, and therefore driving stresses, of the palaeo-Strait
of Magellan and Bahia Initil ice lobes (estimated to be as low as ~7.5
m/km and <10 kPa respectively), and the fact they were calving into
deep water, such a rapid response to climatic warming would be ex-
pected (Clapperton et al., 1995; Kaplan et al., 2008).

5.6. Late glacial readvances

There has been much debate in the literature in relation to Late
glacial readvances of Strait of Magellan and Bahia Infitil ice lobes during
the ACR. The presence of lacustrine sediments and associated raised
shorelines observed on the western and eastern shores of the Strait of
Magellan and Bahia Infitil and on northern Isla Dawson have previously
been interpreted as evidence for a large proglacial lake that was dam-
med by a glacier readvance of ~80 km, preventing drainage of melt-
water to the Pacific Ocean (McCulloch et al., 2005a, 2005b; Clapperton
et al., 1995; McCulloch and Bentley, 1998; Bentley et al., 2005). The
timing of this extensive glacier readvance, termed ‘Stage E’ (Figs. 3 and
4), was constrained by radiocarbon dating and tephrochronology
immediately above and below the laminations of bluish-grey clays and
silts observed in stratigraphic sections around the Strait of Magellan,
suggesting the proglacial lake had existed between ~15 and 12.3 cal ka
BP (McCulloch et al., 2005b, 2024).

However, there is significant evidence to contradict the occurrence
of this previously hypothesised ‘Stage E’ ice dam. Firstly, an extensive
glacier readvance into the deep troughs of the central Strait of Magellan
and Canal Whiteside would have required a significant increase in
accumulation to maintain a stable calving ice front in water depths
exceeding 400 m (McCulloch and Bentley, 1998). Furthermore, Hall
et al. (2013, 2019) observed no evidence of glacier readvance in the
stratigraphy of peat cores sampled in the Marinelli and Brooks fjords on
the northern margin of CDI, suggesting ice has remained close to the
present ice margin since ~17 ka (Section 5.5; Fig. 4). The JPC77 marine
core in Seno Almirantazgo also records ice-free conditions following
deglaciation before ~15.63 cal ka BP (Boyd et al., 2008) and marine
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Fig. 5. The locations of previously mapped and undated moraine limits for Lago Fagnano, Canal Beagle and Paso Mantellero ice lobes, displayed on the ETOPO 2022
15 Arc-Second Global Relief Model. Also displayed are the locations of sediment cores. The corresponding recalibrated radiocarbon ages from these cores can be
found in the supplementary data The rectangular box north of Ushuaia shows the location of ACR cirque glaciers dated by Menounos et al. (2013).

geophysical surveys by Fernandez et al. (2017) found no evidence of
submerged moraines that could constitute the continuation of the pro-
posed ‘Stage E’ moraine across Canal Whiteside. In addition, Reynhout
et al. (2022) used cosmogenic °Be dating to show that glaciers read-
vanced only a few kilometres from the current ice extent in the northern
CDI during the ACR. Two moraine boulders, sampled only ~3 km from
the current glacier extent, were dated and both yielded cosmogenic 1°Be
ages of 13.0 ka (Reynhout et al., 2022). Further investigating the pos-
sibility of this ice-dammed lake hypothesis, McCulloch et al. (2024

10

Fig. 4) collected 31 cosmogenic °Be samples from erratic boulders and
bedrock across the western Fuegian Archipelago to determine possible
positions of this ‘Stage E’ ice dam. They found that all samples had been
exposed in a stable position for at least ~16 kyr, demonstrating that an
ice dam substantial enough to dam meltwater drainage to the Pacific
could not have existed during the ACR.

An alternative explanation for the observed raised-lake deposits,
which is compatible with a reduced glacier extent since ~17 Kka, is
proposed by McCulloch et al. (2024). They suggest that the early and
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produce the P-CAAT Gaussians. Cosmogenic °Be ages from Strait of Magellan and Bahfa Iniitil ice lobes are shown in more detail in Fig. 7.

rapid collapse of the PIS in southernmost Patagonia resulted in rapid
isostatic uplift of the shallow southern continental margins of the Fue-
gian Archipelago. By generating relative sea-level curves using a Glacial
Isostatic Adjustment (GIA) model, they demonstrate that isostatic uplift
between ~17 and 15 ka could have led to the formation of a land barrier
on the continental shelf, damming the lake, which they name ‘Lago
Kawésqar’. McCulloch et al. (2024) also propose that the drainage of the
raised lake at ~12 ka could be explained by neotectonic downfaulting of
the southern land barrier along the Magellan-Fagnano Fault System
(MFFS), a mechanism which had already been observed locally at Puerto
del Hambre (Bentley and McCulloch, 2005). This vertical seismic
displacement could explain the absence of palaeoshorelines and lacus-
trine sediments south of the MFFS, as they would be submerged below
sea level as a result of ~30-50 m of downfaulting.

6. Lago Fagnano Ice Lobe

Lago Fagnano Ice Lobe flowed eastwards from CDI, reaching a total
length of ~132 km during the last glacial cycle (Coronato and Rabassa,
2011; Waldmann et al.,, 2010, Fig. 5). At its maximum extent, ice
covered an area of ~4000 km?, with an eastward slope of 8° and a total
ice volume of ~54 x 10° m>, reaching a longitude of 66° 45 W
(Coronato et al., 2009). Extensive geomorphological mapping of the
region by Coronato et al. (2009) showed that an alpine-style glacial
landscape fed by more than 50 tributary glaciers developed in the
western part of Lago Fagnano. This transitioned to a lowland glacial
landscape, forming a piedmont-type glacier in the eastern part of the
lake basin.

The lack of datable material in the compact gravelly till that marks
the maximum last glacial cycle extent of Lago Fagnano Ice Lobe makes
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chronological constraint challenging (Coronato et al., 2002, 2005). At
its maximum extent, the main body of Lago Fagnano Ice Lobe branched
into three outlets in the Fuego, Ewan and San Pablo valleys to the north,
northeast and east of Lago Fagnano respectively (Coronato et al., 2009).
This is evidenced by the mapping of ‘ground moraine’ and lateral till
deposits that represent the eroded remnants of LGM moraines within
these valleys (Coronato et al., 2008, 2009). These are the Buenos Aires,
Miramonte, Penny and Yehuin moraines in the Fuego valley and the
Indiana, Hantuk and Chepelmut moraines in the Ewan valley (Fig. 5). A
fourth drainage route towards Sloggett Bay in the southeast was pro-
posed by Bonarelli (1917) and Caldenius (1932) but later rejected by
Coronato et al. (2009) as a local ice lobe draining from the Lucio Lopez
Range slopes. Divergence of Lago Fagnano Ice Lobe is further supported
by seismic stratigraphic evidence of a sequence of five interpreted lateral
or medial moraines, now submerged below the lake (Waldmann et al.,
2010).

There are very few studies that date the past ice limits of Lago Fag-
nano Ice Lobe. A thermoluminescence age of 25.7 ka was obtained from
the latero-frontal terminal moraine of Fuego Ice Lobe to the north of
Lago Fagnano (Coronato et al., 2008, their table 51.2), suggesting
maximum glacial conditions were obtained during the gLGM/MIS 2. The
only other geochronological constraints are from stratigraphic profiles
of glaciolacustrine deposits along the southeast shore of Lago Fagnano
(Bujalesky et al., 1997; Coronato et al., 2009; Sanci et al., 2021; labelled
’stratigraphic profiles’ in Fig. 5 and in order E-W). These sediments are
interpreted by all authors to represent an ice-contact lake, likely dam-
med by Lago Fagnano Ice Lobe. The glaciolacustrine sequences are
sandwiched between two glacial diamicts, suggesting that the
ice-contact lake was preceded and succeeded by a glacier advance
beyond the eastern shore of Lago Fagnano. Radiocarbon dating of peat
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Fig. 7. (A) Published cosmogenic '°Be moraine boulder ages for Strait of Magellan and Bahia Initil ice lobes during the last glacial cycle from outermost (oldest) to
innermost (youngest). Annotations of marine isotope stages, ACR and gLCM (grey boxes), individual boulder ages and uncertainties, and P-CAAT statistics are
symbolised as for Fig. 6. The presence of marine shells in the basal till of the Stage B and A moraines imply marine incursions (and, therefore, an ice-free Strait of
Magellan) represented by horizontal dashed lines. However, the ‘young’ cosmogenic '°Be ages of the outer (Stage A, PA, SdSS and RC) moraines would imply that
these marine incursions occurred during the MIS 2 marine low stand (corresponding vertical dashed line), an unlikely scenario involving implausibly dynamic glacier
fluctuations over 100s of kms during a period of relative climate stability. If the presence of these marine shells has been interpreted correctly, the cosmogenic °Be
ages from the Stage A moraine should plot to the right of the MIS 3 marine high stand (dashed dark grey box) and the ages for the PA, SdSS and RC moraines should
plot to the right of the MIS 5 marine high stand (off the scale shown here). Ie., the published cosmogenic '°Be ages and interpretation of marine shells in the basal till
are incompatible and imply drastically different last glacial cycle chronologies. Note that the Stage D dataset does not include ages from recessional moraines. (B)
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in the glaciolacustrine deposits elicited maximum limiting ages for the
uppermost diamict (and minimum limiting ages for the lowermost dia-
mict) of 35.44 + 0.95 cal ka BP and 49.75 + 5.24 cal ka BP and four
infinite ages (Bujalesky et al., 1997; Coronato et al., 2009). Sanci et al.
(2021) used an age-depth model constrained by five radiocarbon ages to
suggest deposition of these glaciolacustrine deposits between 49 and 32
cal ka BP. The authors extrapolate this sedimentation rate to the full
depth of the sedimentary sequence, as determined by geophysical sur-
veys (Prezzi et al., 2019), to infer the presence of an ice-contact lake as
early as 58.8 cal ka BP. This suggests, as proposed by Bujalesky et al.
(1997) and supported by later authors, that the preceding glacier
advance took place during MIS 4 (although possibly MIS 6) and the
subsequent overriding diamict records a glacier advance during MIS 2.
The ice-contact-lake deposits sandwiched between these two glacial
diamicts indicate that, although Lago Fagnano Ice Lobe was less
extensive during MIS 3, it likely remained in contact with Lago Fagnano
throughout this interstadial period and did not retreat to Almirantazgo
Fjord before the MIS 2 glacier advance. This is evidenced by the presence
of dropstones, absence of sub-fossils and scarce organic matter within
the stratigraphic profiles (Sanci et al., 2021). However, there is no
indication of the position of the ice dam within Lago Fagnano, although
the progressively more ice-distal facies and lake lowering described in
the eight stratigraphic sections at the far eastern shore suggest that the
ice margin continued to retreat progressively throughout MIS 3, allow-
ing for partial drainage of the ice-dammed lake (Bujalesky et al., 1997).

Deglaciation of eastern Lago Fagnano following the MIS 2 glaciation
occurred before 14.46 4 0.39 cal ka BP, based on minimum radiocarbon
ages from basal peat (Coronato et al., 2009). A substantial number of
Late glacial moraines have been observed in, and along the shores of,
Lago Fagnano. Coronato et al. (2009) mapped three recessional mo-
raines (Tolhuin-Jeu Jepen moraine, Valdez moraine and Martinez mo-
raines; Fig. 5) which were proposed to have been deposited during Late
glacial recession from the glacier’s maximum extent, but remain un-
dated. Waldmann et al. (2010) used multi-channel seismic profiles along
Lago Fagnano to identify and map a series of submerged frontal, central
and lateral moraine crests preserved in the lake basin. These represent at
least 20 readvances or standstills of Lago Fagnano Ice Lobe during
retreat, suggesting a step-wise and prolonged deglaciation pattern.
Submerged moraine C4, representing one of the final glacier readvances
in the western Lago Fagnano basin, was estimated to have been depos-
ited at ~11.2 ka. This was based on the onlap of a traceable seismic
stratigraphic layer from a sediment core to the submerged C4 moraine.
An age-depth model of the sediment core that was based on the H1
tephra (eruption of Mt Hudson at ~8 ka; Stern et al., 2016) and an
estimated sedimentation rate, gave the approximate age of 11.2 ka,
although the authors suggest that a lower sedimentation rate would
equate to deposition during the ACR. Waldmann et al. (2010) suggested
that final retreat of Lago Fagnano Ice Lobe from the Tierra Del Fuego
lowlands towards the Cordillera Darwin occurred during the later stages
of the Younger Dryas, following ACR weakening. This enabled the
drainage of the lake westwards into the Pacific. Lake level was lowered
as a consequence, subaerially exposing the glaciolacustrine sediments
that are now found in cliff exposures along the lake shores (Waldmann
et al., 2010). However, this estimated timing of glacial retreat from the
western side of Lago Fagnano would appear to be a significant under-
estimate given the earlier timing of retreat into the fjords of the northern
CDI before ~17 ka (Hall et al., 2013, 2019).

7. Canal Beagle Ice Lobe

Canal Beagle Ice Lobe flowed eastward from the southern and
eastern CDI, exploiting a fault line that has been glacially overprinted
throughout multiple glacial cycles (Fig.1; Fig.5). Although the timing of
maximum extent of Canal Beagle Ice Lobe is based only on radiocarbon
dating of basal peat, Rabassa et al. (2006) suggest maximum glacial
conditions were attained at ~22-20 cal ka BP, during MIS 2. The ice lobe
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is thought to have reached ~1400 m ice thickness and terminated at the
Punta Moat moraine complex, ~150 km from the modern glacier extent
(Rabassa and Clapperton, 1990). This moraine complex is composed of
several nested ridges that represent at least four standstills or small
readvances, which suggests that the ice front remained close to its
maximum glacial extent for some time (Rabassa et al., 1990). A
well-developed drumlin flow-set has been mapped on Isla Gable and
along the northern shore of Isla Navarino, and likely formed whilst the
ice lobe terminated at Punta Moat (Rabassa et al., 2000).

The timing of deglaciation of Canal Beagle is much better con-
strained than its maximum extent. Seventeen peat cores, covering a
transect of past ice-lobe extent, provide minimum-limiting radiocarbon
ages for the retreat of Canal Beagle Ice Lobe (Fig. 5). The oldest
minimum-limiting age constraint in the eastern Canal Beagle is a basal
date of 17.84 4 0.75 cal ka BP from Puerto Harberton (Heusser, 1989a).
However, this core was likely sampled with a Hiller Borer which can
cause potential issues with sample contamination (Jowsey, 1966). Two
other cores from Puerto Harberton yielded basal ages of 16.10 + 0.83
(Markgraf and Huber, 2010) and 15.99 + 0.21 cal ka BP (Vanneste et al.,
2015). At Lago Eugenia, Bjorck et al. (2021) reported a basal age of
15.04 + 1.01 cal ka BP (although with inverted ages of 19.25 + 0.38,
15.26 + 1.04 and 15.52 + 0.27 cal ka BP close above the basal age) and
McCulloch et al. (2019) reported a basal age of 15.88 + 0.17 cal ka BP
from a coastal peat bog at Caleta Eugenia. Together, these radiocarbon
ages from eastern Canal Beagle show that the ice lobe had already
retreated at least 50 km from Punta Moat moraine before ~16 cal ka BP.
A single radiocarbon age of 15.05 + 0.43 cal ka BP was reported from
Caleta Robalo in central Isla Navarino (Heusser, 1989b), but this again
was likely sampled using a Hiller Borer so should be treated with
caution. A minimum-limiting age of 17.12 + 0.23 cal ka BP was reported
at Punta Burslem (McCulloch et al., 2020), and two ages of 16.17 + 0.27
and 15.97 + 0.26 cal ka BP at Puerto Navarino (Bjorck et al., 2021).
Three basal ages of 13.93 + 0.13, 14.54 &+ 0.40 and 13.92 + 0.13 ka BP
are also reported at Ushuaia 1, 2 and 3 respectively (Heusser, 1998), but
these samples were also likely collected using a Hiller Borer. These
minimum-limiting ages from central Canal Beagle suggest continued
rapid deglaciation of a further 60 km at ~16 ka. Along the northwest
arm of Canal Beagle, Hall et al. (2013) reported two ages of 14.71 + 0.38
and 12.11 + 0.33 cal ka BP from the southeast CDI and two ages of 10.45
+ 0.2 and 14.49 + 0.47 cal ka BP from the southern CDI. These record
final deglaciation of Canal Beagle Ice Lobe close to the current ice extent
before ~14.5 ka. The persistence of periglacial tundra likely inhibited
the growth of dateable organic matter at some of the eastern sites, thus
its likely many of these dates are not close-limiting minimum ages
(McCulloch et al., 2019) whereas the minimum ages from the western
sites, located along the wetter end of the east-west precipitation
gradient, probably reflect the timing of ice-free conditions more closely.

During retreat of the ice lobe from Punta Moat, the Beagle basin
would have been isolated from the Atlantic and Pacific Oceans by
shallow sills, which were flooded at ~11 ka (Bujalesky, 2011). A seismic
profile along the Canal Beagle north of Isla Navarino shows that glacial
diamict is overlain by sediments interpreted as glaciolacustrine deposits
(Bujalesky, 2011). This suggests that a proglacial lake developed in front
of the retreating Canal Beagle Ice Lobe. Final drainage of this lake would
have occurred when the ice lobe retreated past the opening of Canal
Murray, a shallow sill (~30 m deep) west of Isla Navarino. Radiocarbon
dating from organic sediments overlying varved clays at three core sites
along the northern shore of Isla Navarino suggests that the proglacial
lake occupied the channel until just before ~16 ka (Bjorck et al., 2021).

Seismic reflection revealed evidence of a submerged frontal-moraine
complex near Punta Segunda, Canal Beagle, approximately 18 km west
of Ushuaia Airport, suggesting that ice-lobe recession was interrupted by
periods of ice-front stabilisation (Bujalesky, 2011; Rabassa et al., 2000).
Given the extensive dataset of ‘ice-free’ radiocarbon dates described
above, which are broadly indistinguishable between the east and west
extremes of Isla Navarino, it is unlikely that these glacial standstills were
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occupied for any significant time. Therefore, these submerged reces-
sional moraines likely represent brief standstills during periods of high
sediment flux amidst an overall rapid retreat of Canal Beagle Ice Lobe
(Rabassa et al., 2000).

Further evidence for rapid deglaciation is provided by two cosmo-
genic 10ge ages from cirques north of Ushuaia (Menounos et al., 2013).
The weighted mean age of 16.2 + 0.8 ka suggests that ice was limited to
high-altitude cirque glaciers by ~16 ka (Menounos et al., 2013). Inboard
of these bedrock sample sites, Menounos et al. (2013) sampled boulders
on moraine crests 0.85-2.5 km beyond the current glacier margins. The
weighted mean age of 13.2 £ 0.7 ka (n = 7) suggests a small readvance
of cirque glaciers coeval with ACR. This is supported by three
minimum-limiting radiocarbon ages of 12.16 + 0.28 cal ka BP, 12.01 +
0.13 cal ka BP and 11.89 + 0.69 cal ka BP from the same study area
(Menounos et al., 2013). Following this minor Late glacial readvance,
there was no evidence found for glacier advances outside of the Little Ice
Age (LIA) limit during the Holocene (Menounos et al., 2013). This is
supported by the transition from relatively cold and dry Late glacial
conditions to the warmer Holocene climate between ~12.6 and 11.7 ka
(McCulloch et al., 2020).

8. Paso Mantellero Ice Lobe

Paso Mantellero Ice Lobe is the southernmost major outlet of the
former PIS studied to date, extending ~160 km south from the CDI to the
west coast of Isla Hermite at 55.53°S (Hodgson et al., 2023, Fig. 5). Few
studies have focussed on the glaciation of the southernmost islands of
Cabo de Hornos National Park due to their remote location and chal-
lenging access. The only known geomorphological field campaign to be
conducted on these islands (Hodgson et al., 2023) reported an absence of
drift deposits and glacial landforms, concluding that the islands were not
overridden by ice and glaciation was limited to the local cirques that
were mapped remotely by Glasser and Jansson (2008). However, on the
west coast of Isla Hermite, Hodgson et al. (2023) reported stratigraphic
sections of glacial diamict overlain by peat. Clast orientation in the
diamict indicated a N-S palaeo-flow direction, suggesting the glacial
diamict resembled the eastern lateral margin of a topographically con-
strained N-S ice stream through the Paso Mantellero trough. This pro-
vided the first direct evidence for this southernmost PIS extent, which
has previously been suggested by flow lines in the PATICE reconstruc-
tion (Davies et al., 2020) and by 16 out of 21 of the gLGM Paleoclimate
Modelling Intercomparison Project (PMIP) model experiments by Yan
et al. (2022). Radiocarbon dating of peat macrofossils immediately
overlying the glacial diamict suggests that deglaciation occurred before
12.92 ka BP, but this is likely not a close minimum age due to the
delayed onset of peat growth at high latitudes during the Late glacial
(Hodgson et al., 2023).

9. Western ice-sheet limit

There is little direct evidence of the western limits of the PIS in
southernmost Patagonia and few studies have investigated the glacial
geomorphology within the fjords and islands of the western margin.
Rodriguez et al. (2023) published a high-resolution geomorphological
map covering a 1565 km? area to the west of GCN. They reported a
landscape dominated by glacial erosional landforms likely formed under
thick, warm-based ice. It is assumed that the ice-sheet margin extended
to the continental-shelf break, as evidenced by seismic data collected
along a latitudinal transect of the western margin (DaSilva et al., 1997).
This would also be in keeping with other LGM ice sheets that are thought
to have terminated at the shelf break (e.g. Bentley et al. (2014), Clark
et al. (2022), Hughes et al. (2016) and Leger et al. (2024) for the Ant-
arctic, British-Irish, Eurasian and Greenland ice sheets, respectively). In
addition, it is plausible that the increasing elevation of the PIS and
increasing accumulation on the western flanks (due to the strong pre-
vailing SWWs) throughout the last glacial cycle would have resulted in a
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westward ice-divide migration late in the last glacial cycle (Mendelova
et al., 2020; Sugden et al., 2002), which likely allowed the PIS to reach
the Pacific continental shelf break. The timing of maximum ice-sheet
extent on the western margin is constrained only by a few marine
sediment cores (Fig. 1): ODP Site 1233 in northern Patagonia at 41°S
(Kaiser et al., 2007), MR16-09 PC03 in central Patagonia at 46°S
(Hagemann et al., 2024) and MD07-3128 in southern Patagonia at 53°S
(Caniupan et al., 2011). Hagemann et al. (2024) and Kaiser et al. (2007)
reconstructed the timing of PIS advances during the last glacial cycle by
analysing terrigenous sediment within the cores, which is thought to be
enhanced during extensive ice cover due to increased glacial erosion.
Both studies reported a high glaciofluvial sediment flux at ~70-60 ka
(MIS 4) and ~40-30 ka (late MIS 3) as well as during the gLGM (MIS 2).
An abrupt decrease in sediment supply at ~18 ka suggests that the
western margin of the PIS remained extensive, perhaps still terminating
at the shelf break, until rapid deglaciation after 18 ka (Hagemann et al.,
2024).

10. Discussion

We summarise schematically the published geochronometric con-
straints on the timing of glacier fluctuations during the last glacial cycle
for the ice lobes described in this paper (Fig. 6). Our compilation rep-
resents a significant update to the 2020 PATICE database, incorporating
103 newly published cosmogenic '°Be ages and 13 new radiocarbon
ages from recent studies in southernmost Patagonia. In Fig. 7 we depict
the moraine-boulder cosmogenic '°Be ages from Strait of Magellan and
Bahia Intil ice lobes in more detail, highlighting the most prominent
ongoing debate of the last glacial cycle in southernmost Patagonia - the
contradictory evidence for the ILGM extent.

The glacial chronology of Seno Skyring Ice Lobe is relatively well
constrained, with no available dating to indicate an earlier ILGM during
MIS 3 or MIS 4 (Lira et al., 2022). Further investigation of the outer
crests of the Laguna Blanca moraine complex (LBI and LBII; Fig. 2),
perhaps by sampling an age-depth profile through the associated glacial
outwash, or the outwash surface cobbles, could discern whether the
entire moraine complex formed relatively synchronously, or if a similar
glacial extent was attained earlier in the last glacial cycle.

The maximum extent of Seno Otway Ice Lobe, despite being indi-
cated by prominent terminal moraine ridges, has not yet been dated, and
the onset of its deglaciation is also poorly constrained (Darvill et al.,
2017). However, the geomorphology would suggest that the outermost
moraines in Seno Otway (Fig. 2) were formed contemporaneously with
theouter moraines of Strait of Magellan Ice Lobe. Further geo-
chronometric constraints from Seno Otway need to be acquired to
constrain this chronology.

The glacial geomorphology and chronology of Strait of Magellan and
Bahia Inditil ice lobes have been the focus of many published studies and
the Stage A-E moraine naming convention has often been used to
compare the timing of ice lobes across southernmost Patagonia (Fig.3;
Fig.6). However, despite considerable efforts using a variety of dating
techniques to constrain the timing of these ice-lobe fluctuations, the ages
from each moraine are poorly clustered and a single agreeable chro-
nology (particularly for the ILGM) remains unclear (Fig. 7). Further-
more, it is likely that catastrophic drainage of the Bahia Iniitil proglacial
lake during deglaciation formed complicated meltwater pathways that,
together with large mass movements, obliterated much of the previous
landform evidence at Cabo Boquer6n. Therefore, it is possible that the
correlation of ‘synchronously’ deposited moraines between the two ice
lobes may be incorrectly interpreted, further compounding the inter-
pretation of these poorly clustered cosmogenic °Be datasets.

Extensive geomorphological mapping, stratigraphic profiles and
marine seismic profiles have been used to study the last glacial cycle of
Lago Fagnano Ice Lobe (Fig. 5). However, few of these studies have
provided geochronometric constraints. Although stratigraphic profiles
provide evidence for two periods of glaciation beyond the eastern shore
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of the lake, there is no age constraint on the earlier glacier advance and
only a single thermoluminescence age for the subsequent period of
glaciation during MIS 2. It is also unclear which glacier advance was
most extensive. Additionally, further dating could help to discern
whether Lago Fagnano Ice Lobe remained more extensive until the late
Younger Dryas (Waldmann et al., 2010), considerably later than the
widespread evidence of rapid and early (~16 ka) collapse found else-
where in southernmost Patagonia.

The chronology of Canal Beagle Ice Lobe remains poorly constrained
and its maximum last glacial cycle extent at Punta Moat is only
hypothesised to be ~22-20 ka based on minimum radiocarbon ages from
basal peat. Direct dating of the Punta Moat moraine would be a helpful
addition to our understanding of southernmost PIS evolution.

Paso Mantellero Ice Lobe is thought to be the southernmost extent of
the former PIS during the last glacial cycle, but its timing is constrained
only by a Late glacial radiocarbon date which is assumed not to be close-
limiting. The western ice-sheet limit is thought to have reached the
continental shelf break and likely remained an extensive marine-based
margin until ice-sheet collapse at ~18 ka. Collection and analysis of a
marine core south of CDI could provide further insight into the timing of
ice-sheet advances onto and retreat from the continental shelf at the
southernmost ice-sheet margin. Given the disparity in dating constraints
across southernmost Patagonia described here, the following summary
largely draws upon the chronology of Strait of Magellan and Bahia Intitil
ice lobes where the glacial chronology is more thoroughly constrained.

10.1. Early local LGM

The existing geochronology does not permit an unambiguous
assessment of whether the ice lobes in southernmost Patagonia reached
a ILGM prior to the gLGM. For Strait of Magellan and Bahia Intil ice
lobes, there are consistent datasets of cosmogenic °Be exposure ages
(MIS 4; Peltier et al.,, 2021) and age-depth profiles through glacial
outwash (MIS 3; Darvill et al., 2015b) that suggest a more extensive and
earlier maximum extent during the last glacial cycle. These data
corroborate with an extensive cosmogenic '°Be dataset from Torres del
Paine and Ultima Esperanza ice lobes immediately north of our study
region (lower red box; Fig. 1) that record a ILGM extent during MIS 3
that was twice as extensive as the gLGM extent (Ciner et al., 2022; Garcia
et al., 2018; Girault et al., 2022; Sagredo et al., 2011). Likewise, the
maximum last glacial cycle extents of Lago Argentino Ice Lobe (upper
red box; Fig. 1) culminated at 44.5 £+ 8.0 ka and at 36.6 + 1.0 ka
(Romero et al., 2024).

However, earlier studies have proposed that the Strait of Magellan
was ice-free during MIS 3 and MIS 5, prior to the Stage B and Stage A
glacier readvances respectively (Clapperton et al., 1995; McCulloch
et al., 2005a). This is because a marine incursion into the strait is
thought to be the most plausible explanation for the presence of marine
shells in their basal tills. The distinct change in moraine morphology and
weathering characteristics of the outer (RC, SASS, PA and Stage A) and
inner (Stages B-D) moraines, along with the accumulation of loess de-
posits overlying the outer moraines, are also cited as evidence of their
deposition during different glacial cycles. These conflicting chronologies
are demonstrated in Fig. 7, where the MIS 3 marine high-stand is ex-
pected to have occurred after the deposition of the Stage A moraine (and
the MIS 5 marine high-stand after the deposition of the PA moraine).
Instead, nearly all samples from the outer Stage A, PA, SdSS and RC
moraines yield cosmogenic 1°Be ages that are younger than expected,
post-dating the MIS 3 marine high-stand.

These two lines of evidence are contradictory and there is clearly a
need for this existing chronology to be better understood. It is pertinent
to consider alternative explanations for the ‘young’ cosmogenic °Be
ages or the incorporation of these marine shells in the basal tills of the
Stage B and Stage A moraines. It is also possible that there could be
inherent problems with the dating constraint of the MIS 3 (MIS 5) ma-
rine shells, that are close to (beyond) the dating limit of radiocarbon.
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Radiocarbon dating of marine materials is associated with an additional
source of uncertainty because ocean carbon is not in isotopic equilib-
rium with the atmosphere. Ocean water is typically slightly depleted in
14¢, resulting in older apparent ages compared to the radiocarbon dating
of terrestrial materials. Although this marine reservoir effect (MRE) is
accounted for in our methods by recalibrating all ages with the Ma-
rine20 calibration curve (Section 2.2), it uses a globally averaged MRE
which may not be appropriate for latitudes south of 40°S (Davies et al.,
2022; Heaton et al., 2020). Clapperton et al. (1995) also recognised that
there were significant assumptions that were made in their AAR dating
methodology for these marine shells. Firstly, the D/L ratios were not
locally calibrated, thereby causing uncertainties in the absolute ages of
at least £40-50% (McCoy, 1987). Secondly, the rate of racemisation is
highly temperature dependent and the thermal history of the site is
poorly constrained. An average post-depositional temperature of 4 °C for
all sites is assumed, but even a +1.5 °C deviation from this assumed
post-depositional temperature could result in a 25-30% error in the
estimated AAR age (McCoy, 1987). Finally, racemisation rate can vary
considerably between mollusc species and Clapperton et al. (1995) were
able to identify only a few of the dated shell fragments, instead using the
modern racemisation rate of the mollusc genus Mya, a common mollusc
found in similar environments at high northern hemisphere latitudes
(Miller, 1985). Nevertheless, regardless of the uncertainty in the ages of
these marine shells, merely their presence in the basal till of the Stage A
and B moraines is diagnostic of a marine environment prior to the
deposition of both moraines. Considering global sea-level re-
constructions (e.g. Gowan et al., 2021; Lambeck et al., 2014), this im-
plies a considerable time interval between these glacial stages, or
requires an alternative explanation for the incorporation of the shells in
these tills (Fig. 7). In order for the Strait of Magellan to have been
ice-free and open to the Pacific Ocean between the ~25, ~23.5 and
~18.5 ka cosmogenic '°Be ages of the PA, Stage A and Stage B moraines
(Fig. 7), would imply implausibly large ice-sheet fluctuations of >200
km in a few thousand years. Another knowledge gap that could shed
light on this ILGM vs. gLGM contradiction is a better understanding of
the rate of landform change in the region to enable quantification of the
implied time gap between the deposition of the inner and outer mo-
raines. In addition to better understanding the existing chronology, GIA
modelling could be used to investigate the timing and extent of past ice
loading in the region compared to the height and age of raised shorelines
on the Atlantic coast.

Stratigraphic sections in eastern Lago Fagnano also suggest a glacier
advance sometime before MIS 3, but it is not clear where is the corre-
sponding moraine limit, only that it extended beyond the eastern shore
of the lake (Bujalesky et al., 1997; Coronato et al., 2009; Sanci et al.,
2021). In the absence of further chronological constraints, it is also
possible that this diamict relates to a previous glacial cycle. There is
currently no evidence of an earlier last glacial cycle maximum for Seno
Skyring, Seno Otway, or Canal Beagle ice lobes, but this does not pre-
clude the possibility that these ice lobes expanded beyond or to their
gLGM positions during MIS 3 or 4 as they did in other parts of Patagonia
(e.g. Garcia et al., 2018; Garcia et al., 2021; Romero et al., 2024).
However, it is clear that further evidence is required to infer a ubiqui-
tous PIS maximum that was earlier and more extensive than the gLGM in
southernmost Patagonia.

10.2. Global LGM and deglaciation

During the gLGM, the seven ice lobes discussed in this paper
advanced ~130-200 km from the present-day ice extent and it is
assumed that the western margin terminated on the continental shelf
break. In Seno Skyring, the outermost of these moraine limits was
attained at ~26 ka, with some dating evidence of an advance at this time
in Strait of Magellan, Bahia Initil and Lago Fagnano ice lobes as well.
This coincides with the broad pattern of increased glacial activity re-
ported across the southern hemisphere mid-latitudes at this time (Darvill
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et al., 2016). A series of moraine crests up to 30 km inboard of these
limits date to the later stages of the gLGM and likely represent small
readvances or glacier standstills. All of the ice lobes in southernmost
Patagonia were still extensive until at least 18 ka, although there are
limited chronological data to draw upon for Seno Otway Ice Lobe. The
onset of deglaciation occurred after 18.1 ka in Seno Skyring, between 18
and 17 ka in Strait of Magellan-Bahia Initil, before 17 ka in Canal Beagle
and before 14.5 ka for Lago Fagnano. The deglaciation rate, inferred by
the timing of retreat to the Fuegian fjords, appears to be rapid, reaching
just outside the present-day icefields by ~16-17 ka on Isla Santa Inés,
~16 ka on Isla Clarence and Isla Capitan Aracena, by 17 ka in the
northern CDI and by ~14.7 ka in the southern CDL. It is unlikely that
retreat of Lago Fagnano Ice Lobe to the Fuegian fjords occurred later,
during the Younger Dryas, as inferred by an estimated age for a sub-
merged moraine (Waldmann et al., 2010). This would imply a con-
trasting response of Lago Fagnano Ice Lobe to the contemporaneous
rapid and early retreat of the other southernmost PIS outlets. Rapid
deglaciation is reported throughout many parts of the former PIS (e.g.
Boex et al., 2013; Garcia et al., 2019; Hein et al., 2010; Leger et al.,
2021) and rapid collapse of the ice lobes in this region would be ex-
pected given the fact that they would have been calving into deep water
and the low-angle glacier slopes and lower elevation of the Andes in
southernmost Patagonia would have led to a high sensitivity to the onset
of warmer conditions. Multiple submerged moraines have been detected
in the glacial troughs of the former ice lobes, suggesting periods of
glacial standstills during deglaciation. However, given the geo-
chronometric evidence for rapid ice-sheet collapse to the Fuegian fjords,
these recessional moraines could not have been occupied for a signifi-
cant time period and more likely represent a high sediment supply.

10.3. Antarctic Cold Reversal

Glaciers surrounding GCN and CDI readvanced during the ACR,
extending ~12 km in Gajardo Channel (52.8°S), ~3 km in the northern
CDI (54.6°S), and <2.5 km in a small cirque glacier adjacent to Canal
Beagle (54.7°S). This limited but coeval advance of glaciers during a
period characterised by cooling in Antarctic ice cores is substantially
smaller than the previously proposed ~80 km ‘Stage E’ readvance
inferred from the presence of ‘proglacial-lake’ deposits and associated
raised shorelines in the Strait of Magellan (McCulloch et al., 2005b).
McCulloch et al. (2024) provides an alternative explanation for these
observed raised-lake deposits, that is also compatible with the
geochronological evidence, which suggests that any ‘Stage E’ glacier
advances would not have been sufficient to dam a large lake in the Strait
of Magellan and Bahia Initil during the Late glacial. The moraines
identified on Isla Dawson are recessional moraines from the Stage D
limit, deposited during deglaciation before ~17 ka.

11. An updated ice-sheet reconstruction for southernmost
Patagonia

Based on our updated compilation of geochronometric dates and in-
depth review of existing and newly published literature since the
PATICE reconstruction, we present in Fig. 8 an updated schematic of ice-
sheet evolution in southernmost Patagonia. The informally named
‘Clapperton’ and ‘Darvill-Peltier’ scenarios show schematics of the two
contradictory chronologies for the outermost moraine limits described
in Sections 5.1-5.3 and summarised in Table 1.
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