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Abstract

Patagonia in southernmost South America is situated in a climatically sensitive
region of the Southern Hemisphere. It is the only stretch of land to fully
intersect the southern westerly wind belt, an important component of the global
climate system. Robust glacial chronologies from this region can help unravel the
interhemispheric (a-)synchronicity of climate events and the underlying drivers
of glaciation and climate change. Despite exceptional preservation of moraine
records in Patagonia, little is known about the build-up and the evolution of the
last Patagonian Ice Sheet (PIS) throughout the entire last glacial cycle. The
response of glaciers to abrupt climate events during the last deglaciation and
glacier change during the Holocene remain poorly resolved in many parts of
Patagonia. This thesis reconstructs the extent and timing of glacial advances
and the evolution of palaeolakes on the eastern side of Monte San Lorenzo. This
site was chosen for its well preserved geomorphological record and the potential
to yield new insights in the glacial and climate history of the region.

Geomorphological mapping revealed three landform assemblages. In the Bel-
grano valley, the geomorphology is dominated by three large moraine systems and
associated outwash terraces deposited during advances of the former Belgrano
glacier. Once the Belgrano glacier retreated to within its trough, the geomor-
phology is dominated by glaciolacustrine landforms documenting a formation of
a higher, palaeolake Belgrano. Nearer the mountains, moraines, flutes and active
outwash tracts evidence recent, Holocene mountain glaciation. Cosmogenic nu-
clide exposure dating reveals that the maximum extent of the Belgrano glacier
occurred at ∼ 75 ka, towards the end of Marine Isotope Stage (MIS) 5. The sec-
ond advance dated at ∼ 25 ka, coincident with the global Last Glacial Maximum
(gLGM), was significantly smaller. Third advance of the Belgrano glacier was
dated at ∼ 13 ka, coeval with Antarctic Cold Reversal (ACR). Subsequent rapid
ice retreat, accompanied by a palaeolake development, was interrupted by a short
ice marginal stabilisation during the Northern Hemisphere (NH) Younger Dryas
(YD). After this, glaciers withdrew to the mountains and the palaeolake drained,
marking the final demise of the PIS. Finally, a Holocene advance/still-stand of
the San Lorenzo glacier is constrained to 2.8 ± 0.2 ka. An ELA lowering of 221 -
271 m relative to the present was required to match this limit, which translates to
a temperatures decrease of ∼ 1.3 - 1.6 ◦ C assuming an adiabatic lapse rate of 0.6
◦C / 100 m and no change in precipitation. The late Holocene advance coincided
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with a climatic deterioration observed regionally and worldwide, and may have
been caused by reduced solar activity at the time.

The main implications of this work are as follows: 1) Glaciation of the
Patagonian Andes initiated early in the last glacial cycle. 2) The topography,
catchment size and the shifting ice divides played an important role in determining
the magnitude of glacier advances. 3) During the last glacial-interglacial transition
(LGIT), glaciers in the region responded to a dominant Antarctic climate signal,
and to lesser extent to the NH YD signal. 4) During the Holocene, glaciers in
Patagonia achieved greater extent prior to the last millennium and the overall
pattern of Holocene glacier change contrasts with that observed in New Zealand.



Lay summary

Patagonia in southernmost South America was once covered by an ice sheet over
2,000 km long. Glaciers extended from the Andean mountains to the Pacific
Ocean in the west and the Patagonian plains in the east. Glaciers grew and
shrank with a changing climate and left an imprint in the landscape. Landforms
left behind by glaciers serve as archives of past climate and environmental change.
In this thesis, I extract information from these archives to document how glaciers
in Patagonia changed during the last ice age. This helps us to better understand
how the climate was changing during the last ice age and what was causing it,
how sensitive glaciers were to small, but rapid changes in climate in the past and
how they may respond to present and future climate change.

This thesis revealed that an extensive mountain ice cap developed over the
Patagonian Andes at the beginning of the last ice age, about 75,000 years ago.
This the first evidence for the expansion of ice during the first half of the last
ice age in Patagonia. While we know relatively a lot about ice extent around
the world during the peak of the last ice age, it is much harder to find evidence
during earlier stages. The growth of ice at this time was likely caused by the
Southern Hemisphere receiving less energy from the Sun. As the world was
emerging from the last ice age, glaciers were retreating rapidly but were very
sensitive to small, rapid changes in climate. The results presented in this thesis
show that a brief cooling in Antarctica and the Southern Ocean enabled glaciers to
expand about 13,000 ago. Glaciers then disappeared from the Patagonian plains
due to a warming climate and large lakes formed in the valleys that had been
carved by glaciers. During the last 10,000 years, the so-called Holocene, glaciers
were confined to the mountains valleys, much like today, but grew and shrunk
several times.
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2 1.1 Rationale

1.1 Rationale

Patagonia was once covered by an ice sheet 2,000 km long, which waxed and
waned many times in the past in response to climate change and left its imprint
on the landscape. Glaciers flowed from the Andean crests down to the Pacific
Ocean in the west and the Patagonian steppe in the east. Here, herds of guanaco
now roam the semi-desert environment and glaciers had long retreated deep into
in the mountains. It is the dry climate that preserved what is ’...probably the
most complete and intact sequence of Quaternary moraines anywhere in the world’
(Clapperton, 1993, p. 358). This is a unique archive, which enables us to study
past climate of the Southern Hemisphere. However, to fully exploit this archive,
we need to constrain past glacier change with robust chronologies. This thesis
aims to improve our understanding of the glacial history and past climate in
Patagonia over the course of the last glacial cycle and the Holocene.

Patagonia in southernmost South America extends through the southern mid-
latitudes (40◦ S - 60◦ S, Fig. 1.1). It lies in the vicinity of Antarctica and adjacent
to south Atlantic and south-east Pacific. It is uniquely sensitive to climate signals
from both the high latitudes and the tropics. It is thus well positioned to study
Quaternary climate change of the Southern Hemisphere.

Land comprises only a fraction of Earth’s surface in the mid-latitudes of the
Southern Hemisphere. Southernmost South America, with the Andean mountain
range running north to south, is the only significant barrier to the southern
westerly winds (SWW; 1.1). Changes in the latitudinal position and intensity
of the SWW influence the Southern Ocean carbon sink (Lovenduski et al.,
2008; Le Quere et al., 2007), the southern ocean circulation and productivity
as well as sea ice extent (Purich et al., 2016). The SWW drive upwelling
of deep waters in the Southern Ocean through which CO2 is released into
the atmosphere, a key component of the meridional overturning circulation
(Toggweiler and Samuels, 1995; Marshall and Speer, 2012; Meredith et al., 2012).
By controlling atmospheric CO2 concentrations, the SWW played a critical role
in the last glacial-interglacial transition (LGIT) and the Holocene climate change
(Toggweiler et al., 2006b; Toggweiler and Russell, 2008; Anderson et al., 2009;
Denton et al., 2010; Moreno et al., 2010; Fletcher and Moreno, 2012; Saunders
et al., 2018). Strengthening of the SWW has been observed since the 1970’s (e.g.
Marshall, 2003; Swart and Fyfe, 2012; Swart et al., 2015), but global climate
models (the Coupled Model Intercomparison Project, CMIP) underestimate this
trend (Swart and Fyfe, 2012; Meijers, 2014). Future projections indicate a
poleward shift and intensification of the SWW over the next century but models
disagree on the magnitude and position change (Bracegirdle et al., 2013; Meijers,
2014). Improving our understanding of the past dynamics of the SWW is therefore
a key goal of palaeoclimate research.

Glaciers in southernmost South America are sensitive indicators of past
climate. Well-dated records of past glacier change can provide new insights into
the past dynamics of the SWW, the interhemispheric phasing of climate change,
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Figure 1.1: Location of Patagonia in the Southern Hemisphere, the study site is
indicated with a circle. Approximate contemporary location of the core of the southern
westerly winds (SWW) (Kilian and Lamy, 2012) is shown along with position of the
Polar Front (PF), the Subantarctic Front (SAF) and the Subtropical Front (STF)
(Orsi et al., 1995)
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and the drivers of Southern Hemisphere glaciation and climate change (e.g Denton
et al., 1999a; Moreno et al., 2001). Mapping the spatial and temporal variability
in past climate change is essential for calibrating regional and global climate
models and may help to improve future projections. Despite the exceptionally
well-preserved geomorphological record, the exact timing and extent of glacier
fluctuations remain poorly resolved in many areas. To improve our understanding
of the glacial history of Patagonia, this thesis focuses on the following gaps in
knowledge:

1) The development of the last Patagonian Ice Sheet (PIS) and the timing
and magnitude of glacial advances throughout the last glacial cycle are poorly
constrained. Increasing number of studies from the southern mid-latitudes
demonstrate full glacial conditions well before the global Last Glacial Maximum
(gLGM; ∼ 26 - 19 ka, Clark et al., 2009). In Patagonia, such evidence is largely
restricted to the southernmost outlet glaciers of the PIS, which attained their
maximum extent as early as ∼48 ka (Darvill et al., 2015; Garćıa et al., 2018). In
central Patagonia, the existing chronologies from two large outlet lobes do not
document glacier expansion prior to ∼35 - 30 ka during the last glacial cycle (Hein
et al., 2009, 2010; Kaplan et al., 2004, 2005; Smedley et al., 2016). It is unclear
if this apparent latitudinal asynchrony is a consequence of 1) a true climatic
signal (e.g. latitudinal position of the SWW), 2) a lack of dated pre-gLGM
ice limits in central Patagonia, 3) glacial dynamics affecting glacier response to
climate, or 4) erosion of the moraine record by geomorphological processes. Lack
of robust chronologies spanning the last glacial cycle limits our understanding
of the development of the PIS, and hinders examination of ocean-atmosphere-
cryosphere interactions and the drivers of Southern Hemisphere glaciation and
past climate.

2) Response of glaciers to millennial scale climate events during the last glacial-
interglacial transition (LGIT). Millennial scale climate events characterised the
last glacial period and have been shown to be out-of-phase between the hemi-
spheres by correlating ice cores from Greenland and Antarctica (Blunier et al.,
1997; Blunier, 2001; EPICA Community Members, 2006; Pedro et al., 2011; WAIS
Divide Project Members, 2015). Although commonly attributed to the bipolar
seesaw, the exact oceanic and atmospheric processes governing these abrupt events
are still debated (for recent reviews see Pedro et al., 2018; Landais et al., 2015).
Recent work has documented a migration of the SWW during theses abrupt events
and highlighted the role of atmospheric teleconnections (Markle et al., 2017; Buiz-
ert et al., 2018). Mapping the spatial and temporal footprint of millennial-scale
climate events across latitudinal gradients can help to uncover the processes re-
sponsible for propagation of the climatic signals between the high-, mid-latitudes
and the tropics. Expression of these climate signals has, however, been a con-
tentious issue in Patagonia for several decades, in particular the occurrence of the
Northern Hemisphere Younger Dryas (YD; ∼ 12.9 - 11.7 ka; Blunier et al., 1998)
and the Antarctic Cold Reversal (ACR; ∼ 14.6 - 12.8 ka, Lemieux-Dudon et al.,
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2010). Separating these consecutive events is often problematic due to the low
resolution of chronologies. Disentangling climatic and non-climatic factors (e.g.
calving, topographic stabilisation) on glacier response to these abrupt events has
proven challenging in central Patagonia due to calving into large palaeolakes and
the complex topography. Further, large spatial data gaps in dated ice marginal
positions (cf. Davies et al., 2020) during the LGIT limit our understanding of the
pattern of deglaciation and the break-up of the PIS.

3) While in the Northern Hemisphere, glaciers were restricted in size through-
out most of the Holocene and then expanded to their maximum Holocene posi-
tions in the last millennium, the emerging evidence in the Southern Hemisphere
suggests a more complex story. However, detailed, well-dated records of the long-
term, Holocene glacier change are still too few in Patagonia (e.g. Kaplan et al.,
2016; Strelin et al., 2011; Reynhout et al., 2019; Hall et al., 2019). This hinders
our ability to draw a broad picture of millennial to centennial climate variability
during the Holocene, elucidate potential hemispheric and regional mechanisms of
climate change, and to contextualise the current and future climate change in the
region.

1.2 Study area

To address the above gaps in knowledge, an understudied area on the eastern
side of Monte San Lorenzo (3706 m asl) in central Patagonia was chosen. New
research presented in this thesis focuses on the Belgrano and Lacteo valleys (Fig.
1.2). The site is ideal for addressing the above gaps in knowledge for several
reasons:

1) The valleys contain a well-preserved geomorphological record with a
potential to track glacier change over the last glacial cycle and through to the
Holocene.

2) The former Belgrano glacier was not a major outlet glacier of the PIS (cf.
Glasser et al., 2005) and occupied a small and relatively shallow basin sitting at
just over 800 m asl (modern lake level). In contrast, the neighbouring valleys of
Lago Pueyrredón (LP) and Lago Buenos Aires (LBA), where most chronological
work has been done, have been eroded to below sea level (∼ 200 m asl at the
lake level, Murdie et al., 1998). Large fast-flowing outlet lobes, which occupied
these over-deepened basins drained much of the central sector of the former PIS
(Glasser et al., 2005). Fast ice flow and calving into deep proglacial lakes may
have, at times decoupled these large outlet lobes from climate (Glasser et al.,
2005; Douglass and Bockheim, 2006; Bendle et al., 2019). The Lago Belgrano
glacier thus may have been more sensitive to climate than the larger outlet lobes.

3) Based on numerical modeling of the PIS inception, Sugden et al. (2002)
suggested that massifs to the east of the main Andean arc, such as the San
Lorenzo, which would have been in the precipitation shadow of the PIS during
full glacial conditions, likely have preserved a longer geomorphological record.
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The Lago Belgrano valley thus may provide clues to the early stages of the last
glaciation.

4) Once separated from the PIS, the San Lorenzo, a relatively small ice cap,
should have been more sensitive than the larger Patagonian Ice Fields, to climate
fluctuations during the LGIT and the Holocene. It thus provides an opportunity
to resolve the spatial-temporal footprint and magnitude of cold reversals, in
particular, the contested YD and ACR in central Patagonia, as well as the timing
of Holocene advances.

1.3 Aim and objectives

This thesis aims to better constrain the glacial history in central Patagonia in
order to better understand the drivers of glaciations and the underlying climate
change in the southern hemisphere.

The specific objectives are as follows:
1) To map the glacial geomorphology of the area using high resolution satellite

imagery and field observations.
2) To determine the extent and timing of the oldest advances in the Belgrano

valley using cosmogenic nuclide surface exposure dating of moraines and outwash
terraces.

3) To reconstruct the timing and extent of glacier advances and the palaeolake
evolution during the LGIT using cosmogenic nuclide surface exposure analysis on
moraine boulders and raised shorelines, and optically stimulated luminescence
analysis (OSL) of glaciolacustrine sediments.

4) To reconstruct the Holocene glacial history of the Lacteo glacier and
determine the Equilibrium Line Altitudes (ELAs).

1.4 Thesis structure

This thesis contains chapters, which have been written as standalone pieces of
work, thus necessitating some overlapping content. Chapter 2 is split into two
parts and presents background to: 1) the physiography of central Patagonia, and
2) the glacial history and palaeoclimate in central Patagonia. The first part gives a
brief description of the physiography of central Patagonia, roughly between 44◦ S
and 49◦ S. In the second part, I review previous work pertaining to glacial extent,
ice dynamics, geochronologies and palaeoenvironmental proxies. I focus on central
Patagonia as it provides important context for the work done in this thesis, and
draw comparisons to broader regions where necessary. The first two parts of this
chapter build on Mendelova et al. (2017) (Appendix 7.3), which is a review of
glacial chronologies and palaeoenvironmental proxies spanning the LGM and the
Holocene in central Patagonia. Sections 2.1, 2.2.3 and 2.2.5 on the physiography
of central Patagonia, the timing of glacial advances and palaeoenvironmental
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Figure 1.2: Map of central Patagonia showing the location of the study site, large
over-deepened basins of Lago Pueyrredón and Lago Buenos Aires, and the Northern
and Southern Patagonian Icefields. Shaded relief map was derived from SRTM DEM.
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proxies have been adapted from the review paper. Very little work has been done
in the Lago Belgrano valley and around Monte San Lorenzo, and I summarize this
specifically in section 2.2.8. Chapters 3 - 6 present the main analytical results
and discussion of the findings. Chapter 7 synthesizes and evaluates the research
presented in this thesis, and outlines avenues for future research. Chapters 4
(Mendelová et al., 2020b) and 5 (Mendelová et al., 2020a) have been published
and are a result of collaborative work. Authors contribution statement is given
below.

Chapter 4

Mendelová, M., Hein, A.S., Rodés, Á., Xu, S., 2020. Extensive mountain
glaciation in central Patagonia during Marine Isotope Stage 5. Quaternary
Science Reviews 227, 105996.

This research was conducted as a collaboration with the named co-authors. In
this paper, I undertook the fieldwork and most of the laboratory analysis. I wrote
the manuscript and made all the figures. Andy Hein assisted with the fieldwork,
Ángel Rodés assisted with the laboratory analysis, Sheng Xu conducted the AMS
measurements. Andy Hein and Ángel Rodés edited the text and contributed
ideas.

Chapter 5

Mendelová, M., Hein, A.S., Rodés, Á., Smedley, R.K., Xu, S., 2020. Glacier
expansion in central Patagonia during the Antarctic Cold Reversal followed by
retreat and stabilisation during the Younger Dryas. Quaternary Science Reviews
227, 106047.

This research was conducted as a collaboration with the named co-authors. In
this paper, I undertook the fieldwork and most of the laboratory analysis. I wrote
the manuscript and drew all the figures. Andy Hein assisted with the fieldwork,
Ángel Rodés assisted with the laboratory analysis, Rachel Smedley carried out
the luminescence analysis, Sheng Xu conducted the AMS measurements. Andy
Hein, Ángel Rodés and Rachel Smedley edited the text and contributed ideas.

Review paper
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Mendelová, M., Hein, A.S., McCulloch, R., Davies, B., 2017. The Last
Glacial Maximum and deglaciation in central Patagonia, 44◦ S - 49◦ S. Cuadernos
de Investigación Geográfica 43, 719 - 750.

The review paper (Appendix 7.3) was undertaken as a collaboration with the
named co-authors. I undertook the literature search, wrote the manuscript and
drew all the figures. All authors contributed ideas and edited text.
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2.1 Physiography of central Patagonia

The region of central Patagonia (44◦ S - 49◦ S) features the Northern Patago-
nian Icefield (NPI), the highest mountains of the Patagonian Andes, extended
fjord systems on the west coast and large over-deepened basins to the east of
the mountain front that are separated by volcanic plateaus (mesetas). Glaciers
repeatedly occupied the basins and extended to the low-lying plains known as the
Patagonian steppe (Fig. 2.1). The ice flow during successive Quaternary glacia-
tions exploited pre-existing structural faults, and over-deepened and widened the
fjords and valleys through selective erosion (Glasser and Ghiglione, 2009). Be-
tween 47◦ S and 48◦, the Andean range is interrupted by faulting. As a result, a
topographic depression occupies the gap between the NPI and Southern Patag-
onia Icefield (SPI) and numerous high massifs are offset to the east of the main
Andean spine. Among them are Monte San Lorenzo (3706m m asl), the third
highest peak of the Patagonian Andes, and Sierra de Sangra, both covered by
small ice caps.

Figure 2.1: A) Map of Patagonia and B) enlarged map of central Patagonia
showing the approximate extent of the PIS at the gLGM (after Davies et al., 2020),
key places names discussed in the text and the location of marine cores ODP 1233
(Kaiser et al., 2005; Lamy, 2004) and MD07 3088 (Siani et al., 2010; Montade et al.,
2013).
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The continental divide is unusually located about 170 km to the east of the
mountain divide. All major lakes, and all glaciers and icefields drain to the Pacific
Ocean via rivers (Rı́o Pascua and Baker), which exploit the topographic gap in
the Andes (Fig. 2.1). In the Belgrano valley, the drainage divide runs just east
of Lago Belgrano, which drains westward through a series of interconnected lakes
and eventually via the Ŕıo Pascua to the Pacific Ocean. During glacial times, the
growth of ice along the Andes blocked Pacific drainage pathways causing large-
scale drainage reversals. Deglaciation is thus associated with Atlantic/Pacific
drainage reversals across many parts of Patagonia (Caldenius, 1932; Turner et al.,
2005; Bell, 2008; Hein et al., 2010; Glasser et al., 2016; Thorndycraft et al., 2019).

The region features a gap in the active volcanic arc (46.5◦ S - 49◦ S), near
the Chile Triple Junction, where the Nazca, South American and Antarctic
tectonic plates meet (Gutiérrez et al., 2005; Stern, 2004). The regional geology
is characterized by intrusions of the Patagonian Batholith within the Andean
Cordillera, Mesozoic and Cenozoic volcanics, Mesozoic marine sediments, and a
Paleozoic metamorphic complex (Vandekerkhove et al., 2016; Lagabrielle et al.,
2004). Basins to the east of the Andes are filled with Pliocene-Quaternary glacial
and glaciofluvial sediments (Vandekerkhove et al., 2016; Lagabrielle et al., 2004).
San Lorenzo is part of the Patagonian Batholith intrusion (Ramos and Kay, 1992;
Ramı́rez de Arellano et al., 2012). Palaezoic basement rocks outcrop immediately
east of the San Lorenzo massif. Jurassic volcanic and Cretaceous sedimentary
rocks occur in the Belgrano valley and around Lago Burmeister. Further east in
the Belgrano valley, Cenozoic sedimentary rocks and Neogene volcanics are found.
The latter is represented by Meseta Belgrano, a high plateau which separates the
Belgrano valley from the Pueyrredoón valley.

The SWW exert a dominant influence on the climate of Patagonia. They
are strongest in austral summer with the core located between 45◦ S and 50◦ S,
while in winter they weaken and expand towards the equator (Garreaud et al.,
2009). The dominant westerly flow advects moist Pacific air masses, which
upon interaction with the Andean mountains produce a strong orographic effect
(Aravena and Luckman, 2009; Garreaud et al., 2009). Precipitation can thus reach
5000 - 10 000 mm a−1 on the western slopes of the Andes (Garreaud et al., 2013).
In the east, precipitation decreases rapidly to less than 300 mm a−1 within tens
of km downwind of the mountain front (Garreaud et al., 2013). The Andes thus
create one of the greatest climate gradients in the world (Schneider et al., 2003).
As a consequence of the topographic depression, Monte San Lorenzo is the first
orographic barrier to the SWW and has a transitional maritime to continental
climate (Falaschi et al., 2013).

The vegetation units in the region, summarized by Villa-Mart́ınez et al. (2012),
mirror the climatic and topographic gradients. Hyperhumid islands and fjords
on the west side of the Andes are dominated by Magellanic moorland. Further
inland, evergreen rainforests (Nothofagus nitida and N. betuloides) are found,
which transition to winter deciduous forests (Nothofagus pumilio) on the eastern
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mountain slopes. Open and arid lowland areas east of the mountain front are
characterized by shrubs and grasses known as the Patagonian steppe. At higher
altitude above the tree line, high Andean vegetation communities develop.

Patagonia hosts the largest temperate ice masses in the Southern Hemisphere
outside of Antarctica and numerous smaller ice bodies with the NPI covering a
total area of 3976 km2 and the SPI just over 13,200 km2 (Davies and Glasser,
2012). Between 1961 and 2016, glaciers from the southern Andean region lost a
total mass of 1,200 Gt and the region was the third largest contributor to sea level
rise after Alaska and Greenland (Zemp et al., 2019). Glaciers in central Patagonia
experience a warm and wet climate, they extend well below the mean annual 0
◦C isotherm and receive most of their precipitation in austral winter (Sagredo
and Lowell, 2012). San Lorenzo and the surrounding mountains constitute the
easternmost extensively glaciated area in Patagonia (Falaschi et al., 2013), the
San Lorenzo Ice Cap covers ∼ 142.9 km2 (Davies and Glasser, 2012).

Between the LIA (∼ 1870) and 2011, the NPI and San Lorenzo shrank by ∼20
% and ∼30%, respectively (Davies and Glasser, 2012). Over the recent decades,
the Patagonian Icefields experienced an accelerated thinning and mass loss, with
intense thinning observed north of 49◦ S (Rignot et al., 2003; Rivera et al., 2007;
Foresta et al., 2018). Between 2011 and 2017, the NPI lost mass at rate of 6.79
± 1.16 Gt a−1, an increase of ∼70 % and ∼134% compared to the periods of
2000-2012 and 1975-2000, respectively (Foresta et al., 2018). Mass balance and
mass loss rates for smaller ice caps are less well constrained, in part due to a
combination of challenging topography and their smaller size for measurements
using radar altimetry (cf. Foresta et al., 2018).

2.2 Glacial history and palaeoclimate of central

Patagonia

2.2.1 Glacial extent

First written observations of glaciations in Patagonia were made by Charles
Darwin (1842), who described erratic boulders in the Rı́o Santa Cruz valley and
correctly assumed their glacial origin. The Swedish geologist Otto Nordenskjöld
(1899) was first to make a map of glacial extent in southernmost Patagonia and on
Tierra del Fuego (Rabassa, 2008). In his seminal work, Caldenius (1932) mapped
moraine sequences across Patagonia and produced the first regional map covering
the area between 41◦ S to 56◦ S (Fig. 2.2). Across Patagonia, he correlated
four glacial limits, which he termed ’Initioglacial, ’Daniglacial’, ’Gotiglacial’ and
’Finiglacial from the oldest to the youngest following the Scandinavian model.
He attributed these glacial limits to the last glaciation, and also identified one
younger limit post-dating the LGM. His map was outstanding for his time and laid
foundation for research on Quaternary glaciation of Patagonia. Among other early
work, Feruglio (1944) described basaltic lava flows interbedded with glacial tills
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in the Santa Cruz Province, which he considered Pliocene in age (Rabassa, 2008).
In his later work, he described four glacial events, following Caldenius (1932), but
based on the position of landforms within the landscape, e.g. near topographic
divides vs. valley floor, he clearly distinguished different ages and related some
landforms to much older events (Rabassa, 2008; Rabassa and Coronato, 2009).
The history of early research on glaciation of Patagonia was summarized by
Rabassa (2008) and Rabassa and Coronato (2009). With the advent of modern
radiometric dating techniques, the model of glacial phases in Patagonia continues
to be refined.

In recent years, Geographical Information System (GIS) and the increased
availability of satellite imagery and digital elevation models (DEM) has allowed
for large-scale mapping at an increasingly higher resolution. Building on previous
Patagonia-wide mapping (Glasser et al., 2008), Davies et al. (2020) presented the
most comprehensive map of the glacial geomorphology related to the PIS. High
resolution satellite imagery (2.5 m) that since became available enabled mapping
at an even greater detail. Supported by field-checking, this has been done for
selected parts of Patagonia, for example Tierra del Fuego (Lovell et al., 2012;
Darvill et al., 2014), part of the Cordillera Darwin (Izagirre et al., 2018), Lago
Viedma (Ponce et al., 2019) and the NPI (Bendle et al., 2017a).

2.2.2 Glacial dynamics

Erosion

Long-term glacial erosion of the landscape can lower the ice-surface elevation and
lead to less positive glacier mass balance (MacGregor et al., 2000). Based on
preserved glacial limits at LBA in Patagonia, Kaplan et al. (2009) noted that
reduced ice extent since ∼ 1.2 Ma to the LGM does not mirror palaeoclimate
records. They postulated that glacial erosion, rather than climate, may control
glacier length. Anderson et al. (2012) then demonstrated this process through
numerical modeling, and showed that glacial erosion can reduce ice extent in
successive glaciations by lowering the maximum ice surface elevation and reducing
the accumulation area, irrespective of climatic forcing. Cogez et al. (2018) also
noted that only moraines from alternate glacial cycles are preserved at LBA,
similarly to LP (Hein et al., 2009, 2011), and they suggested that a more complex
erosion-climate feedback could operate. Over much longer timescales (3.6 Ma),
Clague et al. (2020) mapped and dated sequences of tills interbedded with lava
flows preserved on high inter-valley plateaus in Patagonia (50◦ S) and proposed a
landscape evolution model, which supports the glacier-erosion feedback concept.
They suggested that Pliocene glaciers flowed over low relief landscape. Long-term
glacial erosion then incised deep valleys, which entrenched glaciers, isolated high
plateaus where these early tills got preserved, and overall reduced glacier length.
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Figure 2.2: A section of the original map of Caldenius (1932) showing the glacial
limits at Lago Buenos Aires, Lago Pueyrredón and Lago Belgrano. He correlated
these limits to glacial events identified in Scandinavia.

Calving

As the outlet glaciers of the PIS retreated, proglacial lakes developed in over-
deepened basins behind moraines (Caldenius, 1932), and led to the establishment
of freshwater calving-fronts. Calving can lead to accelerated ice retreat, potential
break-up of a glacier tongue (Boyce et al., 2007), and it affects glacier sensitivity
to climate (Benn et al., 2007). Calving is thus an important consideration when
drawing climatic interpretations from past glacial records. Many present day
Patagonian glaciers calve into fjords or lakes, and calving exerts an important
control on their mass balance and retreat rates (Warren and Sugden, 1993; Warren
and Aniya, 1999; Davies and Glasser, 2012; Sakakibara and Sugiyama, 2014;
Foresta et al., 2018). By comparing an annually-resolved varve record from the
LBA basin to regional palaeoclimate proxies, Bendle et al. (2019) were able to
demonstrate that calving dynamics, more than prevailing climatic conditions,
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controlled the retreat rate of the LBA ice lobe once it retreated into its trough
and a freshwater calving front had established. Douglass and Bockheim (2006)
suggested that a wide calving front and a deep proglacial lake may have affected
the LBA outlet lobe during an advance and retreat phase. Similarly, Martin
et al. (2019) and Davies et al. (2018) demonstrated that freshwater calving and
topographic pinning points exerted a potentially strong control on the response
of the central Patagonian glaciers to climate forcing during the Late Glacial.

Fast ice flow

Fast ice flow may decouple glaciers from the prevailing climatic conditions and
should be considered when making climatic inferences from the geomorphological
record. Fast ice flow has been inferred from landforms evidence in numerous
places across Patagonia. Based on mapping of glacial lineations and ice-scoured
bedrock east of the NPI, Glasser and Jansson (2005) reconstructed fast flowing,
topographically-constrained outlet glaciers. They suggested that these outlet
glaciers controlled ice discharge pattern and the position of the ice divide in
this sector, and lowered the overall ice elevation profile. Fast ice flow may have
decoupled these ice lobes from climate-induced thickness and extent (Glasser and
Jansson, 2005). Around the Strait of Magellan, streamlined landforms along with
the presence of thrust moraines and deformable bed were interpreted as evidence
of rapid ice flow, potentially surge-like activity (Lovell et al., 2012; Darvill et al.,
2017). At Lago Viedma (50◦ S), mapped landforms assemblages, which included
crevasse-squeeze ridges, push and over-ridden moraines, and mega flutes, were
also interpreted as evidence for surge activity (Ponce et al., 2019).

Numerical modelling

Numerical modelling experiments can provide important insights into the dy-
namics of former ice sheets. In Patagonia, this proved challenging because of the
complex topography (alpine setting underrepresented by coarse model resolution,
cf. Hubbard et al., 2005) and a range of climatic regimes encountered by the
elongated north-south oriented PIS.

Hulton et al. (2002) used a coupled ice sheet/ climate model to simulate the
PIS at the LGM and through deglaciation. The model produces an LGM ice-sheet
with steep west-east mass balance gradient: a highly dynamic western ice margin
with high mass balance; and an eastern ice margin partly constrained by moisture
availability resulting from a precipitation shadow of the ice sheet. They found a
good fit with the empirical evidence by lowering temperatures by 6 ◦C. The model,
however, overestimated ice extent in the central sector while under-representing it
in the southern parts. It also failed to reproduce large outlet lobes on the eastern
side. Forced into deglaciation by stepped increases in temperatures, the northern
sector of the PIS collapses rapidly, while the sector between 53◦ S and 43◦ S is
most resilient.
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Hubbard et al. (2005) instead focused on a central sector of the PIS, centred
on the NPI. They used a three-dimensional model and a higher resolution grid
(2km). The model, tuned to fit the empirical evidence from LBA, reproduced
eastern outlet lobes, which are characterised by low ice surface gradients and low
basal shear stress. When forced into deglaciation using the Vostok temperature
record (Fig. 2.3), the ice sheet initially retreats steadily until a rapid collapse
at about 14.5 ka when it loses ∼ 85 % of its volume in 800 model years. This
may indicate that the ice sheet lost its stable configuration when a certain tipping
point was reached. The model also simulates ice-margin stabilization during the
ACR (Hubbard et al., 2005).

Figure 2.3: Deglaciation of the central sector of the Patagonian ice sheet as
modelled by Hubbard et al. (2005), forced by the Vostok temperature record.

Simulating the PIS inception, Sugden et al. (2002) found that the presence of
high mountain valleys creates the most favourable topography for ice inception.
In contrast, where glaciers descend from narrow mountain crests to deep fjords,
it takes longer for ice to build up. The growing ice-sheet also creates a lee-
side effect and causes snow starvation over the more easterly massifs. Finally,
they found that the increasing elevation of the ice sheet enhances mass-balance
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on the western, upwind side and causes the ice-divide to migrate towards the
precipitation source.

The wealth of glacial chronologies developed since these earlier modelling
experiments provides an opportunity for new modelling work to gain insights
into the ice sheet - climate interactions.

Figure 2.4: Simulation of the inception of the Patagonian ice sheet as modelled
by Sugden et al. (2002).

2.2.3 Timing of glacial advances

The development of glacial chronologies using modern radiometric techniques
began in the 1960’s through the work of John Mercer (e.g. Mercer, 1976, 1982,
1983). Subsequent efforts to develop the glacial history of the PIS have used a
wide range of dating techniques and are summarised by several review papers
(McCulloch et al., 2000; Rabassa and Clapperton, 1990; Rabassa and Coronato,
2009; Kaplan et al., 2008; Glasser et al., 2004; Rodbell et al., 2009; Clapperton,
1993; Harrison and Glasser, 2011; Rabassa et al., 2000; Mendelova et al., 2017;
Davies et al., 2020). Recently, Davies et al. (2020) presented an empirical
reconstruction of the PIS from ∼ 35 ka to the present based on a compilation
of previously published geochronological ages. The reconstruction of the central
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sector of the PIS centred on the NPI is shown in Fig. 2.5. In this section, I
discuss the chronological data spanning the last glacial cycle (∼ 110 ka) in central
Patagonia with references to a wider region where necessary.

Exposure ages presented here were recalculated using the CRONUS-Earth
online calculator (version 3, Balco et al., 2008), with the Patagonia production
rate (Kaplan et al., 2011) and the Lm time-dependent scaling scheme (Lal, 1991;
Stone, 2000). Ages are presented as a mean ±1σ standard deviation per landform,
unless otherwise stated. Interpretations in the original publications were followed
and outliers excluded accordingly. Modelled ages for outwash depth profiles are
presented as in the original publications.

MIS 5 to the gLGM (∼ 110 - 19 ka)

The evidence for ice expansion in Patagonia prior to MIS 2 is largely restricted to
MIS 3 and previous glacial cycles. In southernmost Patagonia (53-54◦ S), Darvill
et al. (2015) dated advances of the Bah́ıa Inútil - San Sebastián ice lobe at 45.6
(+139.9/ − 14.3) ka and 30.1 (+45.6/ − 23.1) ka using outwash depth profile
analysis, which were up to 100 km more extensive than the MIS 2 limits (Kaplan
et al., 2004; McCulloch et al., 2005b). Similarly, the Torres del Paine and Última
Esperanza outlet glaciers (50◦ S) reached their maximum extent at 48.0 ± 1.6 ka
with subsequent advances/still-stands at 39.2 ± 2.0 ka, and 34.0 ± 1.3 ka (Garćıa
et al., 2018; Sagredo et al., 2011). At 21.5 ± 1.8 ka, ice extent here was half of
its MIS 3 maximum (Garćıa et al., 2018). Tentative 10Be ages from Lago San
Mart́ın (49◦ S) suggest a pattern of successively smaller glacier extent from about
100 ka (Glasser et al., 2011). However, a more robust chronology is needed to
confirm this. In northwestern Patagonia, stratigraphic evidence and radiocarbon
chronology from the Chilean Lake District showed ice expansion at 33.6 ± 0.2 ka,
but this was similar in magnitude or smaller than the MIS 2 ice extent (Denton
et al., 1999a; Moreno et al., 2015). Outer moraine belts in three valleys here
have been tentatively assigned to MIS 4 (Denton et al., 1999b; Heusser et al.,
1999; Mercer, 1976), but further chronology is needed to firmly date these. In
northeastern Patagonia (39◦ S), 10Be ages reveal an advance at ∼39 ka Zech et al.
(2011a).

In central Patagonia, most of the chronological work has concentrated on just
two of the formerly glaciated basins: LBA (46.5◦ S) and LP (47.5◦ S) (Fig. 2.6).
Here, a range of dating techniques, including argon-argon (40Ar/39Ar) dating of
basaltic lava flows interbedded with glacial deposits, cosmogenic nuclide surface
exposure dating, soil formation rates and OSL dating, have successfully been
applied to date glacial advances from ∼ 1.2 Ma through to MIS 2 (e.g. Singer
et al., 2004; Douglass and Bockheim, 2006; Kaplan et al., 2004, 2005; Smedley
et al., 2016; Hein et al., 2009, 2010, 2011; Cogez et al., 2018). In both, LBA
and LP valleys the oldest preserved last glacial limits date to MIS3/2 and MIS
2 (Douglass and Bockheim, 2006; Kaplan et al., 2004; Hein et al., 2009, 2010),
indicating that these two lobes reached their last glacial maximum extent much
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Figure 2.5: Empirical reconstruction of the central sector of the PIS, i.e. area
centred on the NPI presented by Davies et al. (2020).
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later than the outlet glaciers in southernmost Patagonia (Darvill et al., 2015;
Garćıa et al., 2018). At LBA, this is marked by the Fenix moraine system with
the outermost limit dated at 25.7 ± 1.9 ka followed by four advances/still-stands
at 26.1 ± 1.3 ka, 21.6 ± 2.2 ka, 19.8 ± 1.4 ka and 18.5 ± 1.4 ka (Douglass and
Bockheim, 2006; Kaplan et al., 2004). In the LP valley, the maximum limit of the
last glacial cycle is represented by the Rı́o Blanco moraine system with individual
advances/still-stands dated at 28.4 ± 0.8 ka, 24.9 ± 0.4 ka and 20.9 ± 1.0 ka (Hein
et al., 2010, 2009). The only evidence for earlier expansion comes from OSL ages
(34.0 ± 6.1, 30.8 ± 5.7 ka) of buried glacial outwash at LBA (Smedley et al.,
2016), and a single moraine boulder age (35.1 ± 1.2 ka) from Lago Pueyrredón
(Hein et al., 2010). In both basins, the next older moraines pre-date the last
interglacial (Kaplan et al., 2005; Hein et al., 2017, 2009, 2010; Kaplan et al.,
2004; Douglass and Bockheim, 2006). If earlier advances during the last glacial
cycle occurred here, they were either less extensive than the MIS 2 limits or of
similar magnitude.

Elsewhere in central Patagonia, the MIS 2 ice margins are only assumed or
inferred based on minimum radiocarbon ages for ice free conditions (e.g. de Porras
et al., 2012; Garćıa et al., 2019). In the Ŕıo Cisnes valley (44.7◦ S), a basal
radiocarbon age of 19.0 ± 0.1 cal ka BP from an inter-morainic lake (de Porras
et al., 2012) provides a minimum age for ice withdrawal from moraines, which
likely represent full glacial conditions (Garćıa et al., 2019). Ice then retreated by
about 35 km, accompanied by a proglacial lake formation, before an advance/still-
stand deposited a moraine dated at 21.1 ± 1.2 ka using 10Be (Garćıa et al., 2019).

The only published vertical ice reconstruction in central Patagonia was done by
Boex et al. (2013) along a mountain transect separating the Lago Pueyrredón and
Chacabuco valleys using 10Be ages from boulders and bedrock. Lateral moraines,
which are age-equivalent to the Ŕıo Blanco moraine system in the LP valley,
revealed maximum ice-thickness of ∼ 1100 m, about 40 km from the terminus.
This result is consistent with previous modelling (Hubbard et al., 2005).

gLGM to the Holocene (∼ 19 - 10 ka)

Deglaciation
The onset and rate of deglaciation is best constrained at LBA, where a calendar-
year anchored varve chronology has been developed (Bendle et al., 2017a). Here,
ice retreat initiated at 18.1 ± 0.2 ka based on a Bayesian age model integrating
a varve chronology and moraine boulder ages (Bendle et al., 2017a; Douglass
and Bockheim, 2006). The retreat, accompanied by a proglacial lake formation,
was initially gradual, followed by a short ice stabilisation that deposited the
Menucos moraines at 17.7 ± 0.1 ka (Bendle et al., 2017a). Subsequently, ice
retreat accelerated due to recession to deeper waters and calving. The formation
of varves lasted until 16.9 ± 0.1 suggesting that ice occupied the eastern part of
the basin until this time (Bendle et al., 2017a). By 16.0 ± 0.6 ka, the LBA outlet
lobe had disintegrated as evidenced by the oldest age from a moraine deposited
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Figure 2.6: Overview map of published chronologies showing: 1) Main ice limits
in Lago Buenos Aires and Lago Pueyrredón valleys. Exposure ages are presented
as a range for each moraine system (not differentiating individual advances), taking
the youngest and the oldest age with internal uncertainty. 2) Moraine 10Be ages
spanning the ACR and YD/Holocene transition. Only ages which have not been
affected by submergence in a regional palaeolake are shown (cf. Thorndycraft et al.,
2019). Present day glaciers are from the GLIMS database.
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at the eastern edge of Lago Buenos Aires (Thorndycraft et al., 2019; Davies et al.,
2018).

At Lago Pueyrredón, deglaciation started once ice abandoned the innermost
LGM moraine, dated with a 10Be age of 19.2 ± 0.8 ka (Hein et al., 2010). Ice
retreat was accompanied by a proglacial lake development and was interrupted
by ice margin stabilization that deposited moraines in both Lago Pueyrredón and
Chacabuco valleys. A tentative age for this stabilisation comes from a single
moraine boulder age of 19.4 ± 2.3 ka in the Chacabuco valley (Boex et al., 2013).
Hein et al. (2010) inferred a retreat of more than 80 km and proglacial lake
lowering in less than 2 ka based on a submerged boulder age (17.3 ± 0.9 ka).
Radiocarbon ages from lake sediment cores taken between the Lago Pueyrredón
and Chacabuco valleys indicate ice free conditions as early as 19.6 ± 0.1 cal ka BP
suggesting separation of the Pueyrredón ice lobe (Henŕıquez et al., 2017; Villa-
Mart́ınez et al., 2012). The 10Be vertical reconstruction revealed rapid thinning
equivalent to about 1000 m of ice-surface lowering between ∼ 18 - 17 ka (Boex
et al., 2013). Ice may have lingered in the western part of the Chacabuco valley,
∼70 km from the present day margins of the NPI, until about 16.4 ± 0.1 ka (Boex
et al., 2013). Rate of deglaciation in the Lago Pueyrredón valley remains poorly
constrained, but it is thought that the outlet lobe here also disintegrated by ∼
16 ka (Turner et al., 2005; Thorndycraft et al., 2019).

Late Glacial advances

Following a period of retreat, glaciers advanced/stabilized during the Late
Glacial. There is an ongoing debate on the response of Patagonian glaciers to the
southern and northern hemisphere cold reversals, in particular the ACR and YD
and their relative magnitudes.

Overall, Late Glacial ice marginal positions are best constrained for the eastern
outlet glaciers of the NPI (Fig. 2.6). However, nearly all of theses glaciers calved
into regional palaeolakes (cf. Thorndycraft et al., 2019), which may have exerted
strong influence on their dynamics and response to cold reversals (Davies et al.,
2018). Advances/stillstands during the ACR were documented for the Colonia
glacier (13.2 ± 1.0 ka, Nimick et al., 2016) and the Soler glacier (Thorndycraft
et al., 2019; Davies et al., 2018). The moraines at the eastern edge of LBA
deposited by the Soler glacier yielded two older ages (15.4 ± 0.9 ka, mean) and
a cluster of younger ages with a mean of 14.2 ± 0.2 ka (Thorndycraft et al.,
2019; Davies et al., 2018). These moraines may mark a longer stabilisation on a
topographic pinning point during an overall retreat while the glacier calved into a
400 m deep palaeolake in the LBA basin (Thorndycraft et al., 2019; Davies et al.,
2018). The Soler glacier then advanced/stabilised again about 16 km up-valley at
the time of the YD (11.0 ± 0.5, 10.7 ± 0.4 ka; Glasser et al., 2012). Stabilisation
of the NPI ice margins during the YD is also supported by lateral moraines in
the Nef valley (11.1 ± 0.4 ka; Glasser et al., 2012) and in the Colonia valley (11.2
± 0.4 ka; Nimick et al., 2016). However, the latter age is based on boulders from
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low-lying moraines, whose relationship to the regional palaeolake is unconstrained.
Some ages from moraine boulders east of the NPI originally interpreted as dating
YD advances (Glasser et al., 2012), were submerged in palaeolakes and instead
likely date lake level fall (Thorndycraft et al., 2019).

There is evidence from two valleys for glacier advances/still-stands during the
ACR on the northern flank of Monte San Lorenzo. In the Salto valley, Davies
et al. (2018) obtained a 10Be age of 13.0 ± 0.6 ka from a moraine deposited by
the Calluqueo glacier, and in the Tranquilo valley, Sagredo et al. (2018) dated a
moraine at 13.8 ± 0.5 ka. The former calved into a 350 m deep palaeolake at this
time. Provisional ages from both valleys suggest smaller YD advances/still-stands
(Glasser et al., 2012; Sagredo et al., 2018) at the time of the YD.

Late Glacial ice marginal positions remain poorly resolved in central Patago-
nia, in particular for smaller ice caps. Moraines dated to the YD in most cases
rely on small number of ages (< 2). There is a complex interplay between glaciers,
topography and palaeolakes in this sector of central Patagonia. Disentangling cli-
matic and non-climatic controls on glacier behaviour is thus a particularly difficult
task in this area.

The Holocene (last ∼10 ka)

Our understanding of the Holocene glacier dynamics in central Patagonia is
limited owing to a paucity of robust glacier chronologies. Earlier work using
radiocarbon dating (e.g. Mercer, 1968; Glasser et al., 2004) has given valuable
insights, but only provides minimum/maximum bracketing dates for the timing
of glacial advances. Dendrochronology and lichenometry have been helpful in
documenting glacier behaviour but often only span the last several centuries (e.g.
Glasser et al., 2002; Harrison et al., 2008; Aniya and Naruse, 1999; Winchester
and Harrison, 1996; Garibotti and Villalba, 2017). Only a handful of exposure
ages have so far been obtained from Holocene moraines in central and northern
Patagonia.

There is evidence for glacier expansion in the early Holocene. OSL ages from
moraines (9.7 ka, 9.3 ka and 5.7 ka) and glacial outwash (7.7 ka and 7.8 ka)
suggested that the Rafael Glacier, a large western outlet of the NPI, was either
more extensive between 9.7 ka and 5.7 ka, or advanced multiple times during
this time period (Harrison et al., 2012). However, non-climatic factors related
to calving dynamics may have driven the Holocene fluctuations of this glacier
(Harrison et al., 2012). Previous sedimentological work demonstrated complex
composition of these moraines, resulting from sediment reworking by a glacier
re-advance into its former proglacial area (Glasser et al., 2006). East of the NPI,
two moraines deposited atop of a raised delta above LBA yielded 10Be ages of 10.9
and 8.9 ka (recalculated means) (Douglass et al., 2005), but show a considerable
scatter.

The onset of the so-called ’Neoglacial’ from the mid-Holocene was originally
proposed based on minimum/maximum radiocarbon ages (Aniya, 1995, 1996;
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Mercer, 1970, 1976, 1982). The exact timing of glacier advances remains to
be established in much of central Patagonia. Mid-Holocene advances/stillstands
were only directly dated using 10Be for two glaciers. The Tranquilo glacier on the
northern flank of Monte San Lorenzo deposited a moraine at 5.7 ± 0.1 ka (Sagredo
et al., 2016), and a lateral moraine in the Colonia valley, east of the NPI, was
dated at 5.0 ± 0.2 ka (Nimick et al., 2016). A later advance/stillstand is suggested
by three OSL ages from glacio-lacustrine sediments and a terminal moraine of the
Leon glacier (2.6 ± 0.2 ka, 2.4 ± 0.5 ka and 3.3 ± 0.9 ka; Harrison et al., 2008).
The OSL ages are, however, inconsistent with 10Be ages obtained from the same
moraine (1.1 ka and 0.9 ka) (Harrison et al., 2008). More recent glacial history
has been investigated extensively around the NPI using historical documents,
dendrochronology, lichenometry and radiocarbon dating (e.g. Winchester and
Harrison, 1996; Harrison and Winchester, 2000; Winchester et al., 2001; Harrison
et al., 2007; Glasser et al., 2002, 2004). These studies demonstrated the onset of
ice recession from prominent terminal moraines and trimlines around AD 1870 -
1890. This is considered the end of the Little Ice Age (LIA) in the area (Harrison
et al., 2007). Overall, drawing temporal and spatial patterns over the Holocene
is problematic and it is not clear when glaciers in central Patagonia were at their
Holocene maximum.

In southern Patagonia, more detailed chronologies have been developed, which
give insight into the long-term Holocene glacier change. In the Cordillera Darwin,
glaciers were similar to, or even smaller than today multiple times in the early
and mid-Holocene (Hall et al., 2019). The largest glacier advances then occurred
over the last 1.3 ka (Hall et al., 2019). The SPI outlet glaciers also retreated
from their Late Glacial maximum to near the present-day limit by ∼ 9.2 ka as
documented by stratigraphy and radiocarbon dating (Kaplan et al., 2016; Strelin
et al., 2014, 2011). They then achieved their Holocene maximum between 6.1 - 4.5
ka followed by a second phase of advances/stillstands after 2.3 ka (Kaplan et al.,
2016; Strelin et al., 2014, 2011). Reynhout et al. (2019) documented decreasing
extent of the Torre glacier (SPI) from the early Holocene until the last millennium
with advances dated at 9.7 ± 0.4, 6.9 ± 0.2, 6.1 ± 0.3, and 4.5 ± 0.2 ka. The
timing of these glacier advances have been linked to the climate variability related
to the Southern Annual Mode (SAM) (Reynhout et al., 2019; Kaplan et al., 2016).
Reynhout et al. (2019) attributed the pattern of decreasing extent of the Torre
glacier to increasing Southern Hemisphere summer insolation.

2.2.4 Proglacial lake evolution

Deglaciation in Patagonia was accompanied by the development of large proglacial
lakes and continental drainage reversals. Understanding the evolution of
proglacial lakes is important for interpreting the glacial geomorphological record
and its palaeoclimatic significance. Thorndycraft et al. (2019) demonstrated that
some dated moraines east of the NPI were submerged in regional palaeolakes.
Shielding by water would reduce production of cosmogenic nuclides in these sur-
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faces and thus boulders from submerged moraines would produce erroneously
young exposure ages.

Palaeoshorelines and raised deltas have been mapped extensively in the LP,
LBA and Chacabuco basins (Bendle et al., 2017b; Hein et al., 2010; Turner et al.,
2005; Glasser et al., 2016; Bell, 2008; Bourgois et al., 2016). Here, proglacial
lakes developed in each basin as ice was blocking westward drainage pathways
(including the Ŕıo Baker valley) and initially drained eastward to the Atlantic
Ocean. Retreating ice margins gradually opened up Pacific drainage pathways
(Glasser et al., 2016) and also allowed a unified palaeolake to form, which flooded
all three valleys. A number of dating techniques have been applied to constrain the
evolution of these palaeolakes, including OSL dating of raised deltas and beaches,
14C dating of organic material from spillways, and cosmogenic exposure analysis
resulting in a number of different, often competing models of lake evolution
(Hein et al., 2010; Glasser et al., 2016; Turner et al., 2005; Bourgois et al.,
2016). Recently, Thorndycraft et al. (2019) proposed a refined model of the
palaeolake evolution based on an improved high resolution mapping, an altitudinal
analysis of existing geochronologies and Bayesian age modelling (Fig. 2.7). They
demonstrated a gradual drainage of the paleaolakes over at least six drainage
events. Their Bayesian age modeling places the final drainage of the unified
palaeolake into the Pacific at 12.4 - 11.8 ka as the lower Ŕıo Baker valley opened
up. Most outlet glaciers of the NPI and western glaciers of San Lorenzo calved
into these regional palaeolakes during most of Late Glacial. Davies et al. (2018)
demonstrated that freshwater lakes exerted a strong influence on the dynamics of
these glaciers and on their response to climate fluctuations.

Comparatively little work has been done on the evolution of proglacial lakes
and drainage reversals in other valleys in the region. For example, Garćıa et al.
(2019) documented development of a proglacial lake in the Ŕıo Cisnes valley
(44◦) from ∼ 19 ka, which extended westwards as the ice margin retreated and
flooded multiple basins before draining to the Pacific towards the end of the Late
Glacial. Horta et al. (2017) proposed a model of palaeolake evolution in the
Belgrano valley. However, geomorphological evidence constraining the palaeolake
levels and the relationship of the presented radiocarbon ages to reconstructed
palaeolake levels are unclear.

2.2.5 Terrestrial palaeoenvironmental proxies

Terrestrial palaeoenvironmental proxies can yield insights into deglaciation his-
tory, palaeoclimate and landscape development. Their distribution in central
Patagonia is biased towards the eastern side of the Andes due to easier access,
with the exception of the Taito peninsula. This section highlights the major
trends in landscape development and palaeoclimatic conditions inferred from dif-
ferent proxies.
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Figure 2.7: The model of palaeolake evolution in the LBA, LP and Chacabuco
valleys, from Thorndycraft et al. (2019).
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Late Glacial

Following ice retreat, most records from the eastern side of the Andes indicate an
open landscape with sparse scrub-steppe dominated by Poacea, Asteraceae, and
Ericaceae under persistent cold and dry conditions at most sites until ca. 14 cal
ka BP (Markgraf et al., 2007; de Porras et al., 2012; Iglesias et al., 2016). Steppe
taxa such as Plantago and Acaena was often present indicating disturbance and
unstable post-glacial conditions (de Porras et al., 2012, 2014; Markgraf et al.,
2007; Iglesias et al., 2016). Iglesias et al. (2016) inferred ∼ 200 mm annual
precipitation required to support the reconstructed vegetation community at 44◦

S 71◦ W. Subsequently, a gradual increase in Nothofagus taxa suggests grass-
steppe vegetation with scattered trees and an increase in effective moisture, but
still less than modern values (de Porras et al., 2012, 2014; Markgraf et al., 2007).
The pollen record from Lago Los Niños suggests open forest between 14.3 - 13.2 cal
ka BP, with a subsequent trend towards more open landscape and drier conditions
until 11.5 cal ka BP (Iglesias et al., 2016). Fluctuations of aquatic taxa in pollen
records attest for high millennial-scale environmental variability between ca. 14
and 11 cal ka BP (Markgraf et al., 2007; Villa-Mart́ınez et al., 2012).

Contrary to the above, wetter and colder conditions throughout the Late
Glacial period are inferred from the Lago Augusta and Lago Edita pollen
record on the basis of arboreal taxa, such as Nothofagus, hygrophilous
Fitzroya/Pilgerodendron and Drimys present immediately after the onset of sed-
imentation and persisting until 11.8 cal ka BP (Villa-Mart́ınez et al., 2012;
Henŕıquez et al., 2016). This pollen assemblage reflects patches of evergreen
forests in an open landscape, likely a forest refugia in Chacabuco Valley, sus-
tained by the enhanced influence of the SWW at this latitude (Villa-Mart́ınez
et al., 2012; Henŕıquez et al., 2016). A decline in hygrophilous and cold-resistant
taxa at ca. 11.8 cal ka BP is concurrent with an increase in Nothofagus and likely
reflects warming and reduced precipitation due to the decreased influence of the
SWWs (Villa-Mart́ınez et al., 2012).

On the western side of Patagonia, a marine pollen record from 46◦ S off
the Chilean coast (MD07-3088), suggests a gradual Nothofagus forest expansion
from ∼ 17.6 cal ka BP, representing a first step of warming (Montade et al.,
2013). Closed Nothofagus-Pilgerodendron-Podocarpus forest developed across
the Chonos Archipelago and Taitao Peninsula between 14 - 13 cal ka BP and
showed no reductions in the forest cover once a closed forest became established
(Haberle and Bennett, 2004; Bennett et al., 2000; Lumley and Switsur, 1993).
Humid rainforests, once established, tend to be insensitive to smaller climatic
changes. However, a high-resolution marine pollen record indicated there was
an increase in Magellanic moorland (Astelia) at 14.5 cal ka BP, interpreted as
a sudden precipitation increase accompanied by a pause in the warming trend
and cooling coinciding with the ACR. The subsequent retreat of the Magellanic
moorland after 12.8 cal ka BP marks the second warming step during the Late
Glacial and provides a strong evidence for the end of the ACR (Montade et al.,
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Figure 2.8: The location of palaeoenvironmental proxies in central Patagonia
spanning the Late Glacial. The records, which document the ACR signal are shown
with a full orange circle, while the ones which do not document either ACR or YD are
depicted with an empty circle.



CHAPTER 2. Background 31

2013). A Chironomid record from Laguna Stibnite on the Taitao Peninsula shows
a peak in abundance of Podonominae between 13.1 - 10.5 cal ka BP, interpreted
as indicative of cool and oligotrophic lake waters. The changes in the chironomid
assemblages were small, however, and any cooling during this period, coeval with
the YD would have been minimal (Massaferro and Brooks, 2002).

In summary, with the exception of two pollen records (Henŕıquez et al., 2017;
Montade et al., 2013), palaeovegetation proxies, do not indicate any significant
vegetation changes from which cooling contemporaneous with either the ACR
or YD may be inferred. Proxies from the eastern side of the Andes show high
variability in effective moisture during the Late Glacial (15 - 11 ka), which together
with the degree of insensitivity of proxies to minor oscillations in temperature
might have masked any less pronounced cooling coeval with either the ACR or
YD.

Holocene

During the early Holocene, forests on the Pacific islands were dominated by
Tepualia and Weinmannia between 12.4 - 6.7 ka indicating warm and dry
conditions (∼ 1◦ to 2◦ C above present mean temperature) (Haberle and Bennett,
2004). The warmest and driest conditions of the Holocene between 11.5 to 7.4
ka were inferred from a pollen assemblage dominated by heliophytic taxa, such
as Myrtacea and Tepualia, in a marine sediment core at 46◦ S (MD07-3088)
(Montade et al., 2013). This is further supported by a chironomid record from
the Taitao peninsula, which suggested conditions drier than today between 10.5
- 7.2 cal ka BP (Massaferro and Brooks, 2002).

On the eastern side of the Andes (44◦ S - 45◦ S, 71◦ W), an open Nothofagus
woodland developed from ∼ 11 ka, accompanied by an increase in the frequency
and magnitude of fires signalling increasing effective moisture, but under modern
values, and summers drier and/or warmer than present (de Porras et al., 2012,
2014; Markgraf et al., 2007). In the Chacabuco valley (47◦ S, 72◦ W), closed
Nothofagus forest developed between 11.8 and 9.8 cal ka BP, accompanied by
a decline of hygrophilous and cold-resistant taxa, and increased frequency of
fires. These changes were interpreted to indicate increased temperatures and
declined westerly precipitation (Villa-Mart́ınez et al., 2012). At 49◦ S, 72◦ W,
on the southern side of Lago San Martin, precipitation lower than today, likely
around 200 mm a−1, was inferred based on the pollen assemblage dominated by
Poaceae, Ephedra and Chenopodiaceaea between 11.3 - 9.5 cal ka BP (Bamonte
and Mancini, 2011).

Precipitation decline and peak fire activity during the early Holocene were
recorded in NW Patagonia and SW Patagonia suggesting a regional trend (Moreno
and Videla, 2016; Moreno et al., 2010; Whitlock et al., 2007; Villa-Mart́ınez and
Moreno, 2007; Moreno and León, 2003; Moreno, 2004; McCulloch and Davies,
2001; Power et al., 2008). This has been attributed to weakening of the SWW
and/or their southward displacement (Moreno et al., 2010; Villa-Mart́ınez et al.,
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2012; Fletcher and Moreno, 2012; Moreno, 2004). High-resolution reconstruction
of the SWW strength based on salt-aerosol input record from a small island
in the Southern Ocean supports the SWW weakening between 11.2 and 7.2 ka
(Saunders et al., 2018). A major transgression was documented at Lago Cardiel
during early Holocene at ∼ 11.8 cal ka BP (Gilli et al., 2005, 2001; Markgraf
et al., 2003; Stine and Stine, 1990), which may be explained by enhanced easterly
moisture advection to the extra-Andean region due to decreased SWW influence
(Zolitschka et al., 2013; Villa-Mart́ınez and Moreno, 2007), which would support
decreased precipitation within the Andes. On the contrary, Lamy et al. (2010)
proposed stronger SWW at their core and weakening at their northern margin in
the early Holocene.

During the mid-Holocene, proxies from central Patagonia indicate a shift to
cooler and wetter conditions and/or establishment of present day precipitation
regime, a decrease in fire activity and establishment of vegetation communities
analogous to modern ones on both sides of the Andes (Markgraf et al., 2007;
Haberle and Bennett, 2004; de Porras et al., 2014; Montade et al., 2013; Villa-
Mart́ınez et al., 2012; Iglesias et al., 2016). de Porras et al. (2012) recorded
the easternmost position of the forest-steppe ecotone at 44◦ S between 8 and 3
cal ka, indicating the highest effective moisture of the record. The chironomid
record from the western side suggests a trend towards wetter conditions during
the mid-Holocene indicating intermediate precipitation between 7.2 - 5.2 cal
ka BP and higher precipitation between 5.2 - 2.4 cal ka BP (Massaferro and
Brooks, 2002). Increased humidity and a cooler trend in the mid-Holocene have
been inferred based on proxies from NW Patagonia (e.g. Moreno, 2004; Moreno
and Videla, 2016). These changes have been attributed to higher intensity
of the SWW and/or a northward shift (Moreno et al., 2010). After mid-
Holocene, the onset of seasonality and/or high centennial variability is observed in
records along with spatial heterogeneity, which has been attributed to centennial
contraction/expansion of the SWW and/or high frequency variability associated
with the ENSO or SAM (Iglesias et al., 2016; Moreno and Videla, 2016; de Porras
et al., 2012; Markgraf et al., 2007; Moreno et al., 2018; Markgraf et al., 2003).

2.2.6 Marine proxies

Sea surface temperature reconstructions

Sea surface temperatures (SST) in the southern mid-latitudes reflect the position
of the Antarctic Circumpolar Current and the SWW system (Kaiser et al., 2005;
Lamy, 2004). The alkenone-based SST reconstruction at 41◦ S off the Chilean
coast (ODP 1233, Fig. 2.9) provides a continuous record over the last 70 ka with
a mean resolution of 320 years (Kaiser et al., 2005; Lamy, 2004). The coldest
temperatures of the record (8 ◦C) occurred between ∼ 68 and 62 ka followed by
a rapid rise to 12 ◦C at ∼ 61 ka. Subsequently, a cooling trend is observed until
∼ 45 ka. Superimposed on the cooling trend are millennial-scale variations of 3
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◦C, which mirror Antarctic temperature records. Between 45 and 19 ka, the SST
are characterized by variability of 2 - 3 ◦C, and notably the LGM is not clearly
resolved by the record. Deglaciation is characterized by two warming steps: the
first initiated at 19.2 ka with a temperature rise of 3 ◦C, and was interrupted by a
cooling event of 0.8 ◦C between 14.8 and 13.3 ka, followed by the second warming
step of 2 ◦C at 12.7 ka.

The alkenone-based SST record from 53◦ off southernmost Chile showed
relatively warm temperatures (up to 9 ◦C) from ∼ 60 until 55 ka. Minimum
temperatures (5 ◦C) of the record were observed at ∼ 50 ka (Caniupán et al.,
2014). Subsequently, a long-term warming trend is observed until 25 ka followed
by a cooling trend, which culminated in a minimum at 19 ka. This prolonged
cooling trend has been explained by the proximity of the ice margins and high
melt-water discharge. Between 50 - 19 ka, a millennial-scale variations with
amplitude up to 4 ◦C are observed, which, together with a two-step warming
during the Late Glacial, match ODP 1233 site and Antarctic temperatures
(Caniupán et al., 2014).

SST reconstructions spanning the last ∼ 20 ka at sites along the Chilean
margin (53◦ S - 41◦ S) record a pause in warming/cooling phase coeval with the
ACR Haddam et al. (2018) supporting Antarctic timing of millennial-scale climate
change during the last deglaciation.

Offshore terrigenous sediment records

Variations in terrigenous sediment composition reaching the Chilean continental
margin has been used as a proxy for glacial activity in Patagonia (Siani et al., 2010;
Lamy, 2004; Kaiser et al., 2007). For example, high offshore Fe concentrations
have been linked to enhanced glacial erosion of the Andean volcanic rocks rich
in Fe, at times of the PIS expansion (Lamy, 2004). Comparison of the Fe record
and reconstructed SST from the ODP 1233 site revealed that between 40 and 20
ka, and during the cold part of MIS 4, SST led the Fe record by about 700 and
500 years, respectively (Kaiser et al., 2007; Lamy, 2004). The authors relate this
to a lagged response of the PIS at times when it was at its largest. The offset
disappeared and both records showed synchronous response between 50 and 40
ka. At the MIS4/3 transition and during the Late Glacial the relationship was
reversed, Fe values remained high while SST increased, which was attributed to
high meltwater and sediment supply from the rapidly wasting PIS (Kaiser et al.,
2007; Lamy, 2004).

Similarly, Siani et al. (2010) used Smectite/(illite + chlorite) and Ti/K ratios
on a sediment core from site MD07 3088 at 46◦ S to infer sediment provenance
and glacial activity in central Patagonia over the past 22 ka. They infer glacial
advances at 21.6 - 20.9 ka, 20.2 - 20 ka, 19.6 - 19.1 ka and 18.5 - 18 ka when the
above ratios were lower. After 18 ka, the Smectite/(illite + chlorite) and Ti/K
ratios showed a two step increasing trend and a decrease in sediment supply.
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Figure 2.9: A summary figure of marine and Antarctic proxies. A: SST record from
off Chile (ODP1233) (Kaiser et al., 2005; Lamy, 2004). B: EDC dust record (Lambert
et al., 2012). C: EDC deuterium record (EPICA Community Members, 2004) plotted
on AICC2012 timescale (Veres et al., 2013).

During the Holocene, Siani et al. (2010) inferred glacial advances at 10.1 - 9.1 ka,
7.8 - 6.5 ka, 3 - 2.2 ka and 1.5 - 0.7 ka.

2.2.7 Dust record

Dust fluxes to Antarctica (Lambert et al., 2008) are considered a proxy for
glacial activity in Patagonia (Sugden et al., 2009; Kaiser and Lamy, 2010), as
demonstrated by the similarity in isotopic composition of Antarctic dust and
sediments from Patagonia (Sugden et al., 2009). During the glacial times, large
outwash plains with braided channels developed on the Patagonian plains east of
the Andes, which would provide a large source of dust (Sugden et al., 2009).
Interaction of the SWW and the PIS would increase aridity on the eastern,
lee side of the Andes and promote foehn winds, which would facilitate dust
mobilization from the Patagonian plains (Sugden et al., 2009). Elevated dust
values in Antarctic records occurred during MIS 4 (Fig. 2.9, Lambert et al., 2008),
coeval with higher Fe concentrations at site ODP1233, also a proxy for glacial
activity (Kaiser and Lamy, 2010), suggesting increased glacial activity. However,
so far there are no corresponding dated glacial limits in Patagonia at this time.
During MIS 3 dust fluxes generally decreased with millennial-scale variability,
and began increasing at about 35 ka with a peak at about 30 and then 25 ka
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(Lambert et al., 2008). Chronologies from southern Patagonia showed glacial
advances at 34.0 ± 1.3 ka (Garćıa et al., 2018) and 30.1 (+45.6/−23.1) ka (Darvill
et al., 2015), which may correlate to these dust peaks. Comparing high resolution
dust records from Antarctica to glacial advances in Patagonia is complicated
by the low resolution of dating techniques such as cosmogenic surface exposure
analysis to resolve millennial-scale peaks in dust. The Fe concentration record at
site ODP1233, a proxy for glacial activity in Patagonia, matches Antarctic dust
records at millennial time scales (Kaiser and Lamy, 2010).

2.2.8 Previous work at Lago Belgrano and around Monte
San Lorenzo

The San Lorenzo ice cap coalesced with the larger PIS during the full glacial
conditions (Caldenius, 1932; Wenzens, 2005; Glasser et al., 2008). Ice from the
northern flank of San Lorenzo discharged into the Lago Pueyrredón valley, while
the eastern side of the massif sustained an outlet glacier in the Belgrano valley.

The Belgrano valley has received little scientific attention, and as a result little
has been done to map the glacial geomorphology in detail and to develop robust
chronologies (Fig. 2.10). Caldenius (1932) assumed glacial limits in the Belgrano
valley correlate to other valleys in Patagonia, but himself did not visit because of
a broken vehicle. Up to this date, the only chronological constraint on the timing
of the major fluctuations of the Belgrano outlet glacier comes from two minimum
radiocarbon ages of 18.0 ± 0.2 and 12.6 ± 0.1 cal ka BP (Wenzens, 2005 1; Table
2). Wenzens (2005) also tentatively attributed the outermost moraine belt in the
Belgrano valley to the LGM (Fig. 2.10).

Based on the reconstruction of Wenzens (2005), ice oscillated in the Belgrano
valley until the Late Glacial/Holocene transition. Ice on the northern and western
flanks of Monte San Lorenzo was confined to mountain valleys by the Late Glacial
(∼ 13.7 ka, Fig. 2.10 ) and no longer interacted with the shrinking PIS as
evidenced by geomorphological mapping and surface exposure chronologies from
the Salto and Tranquilo valleys (Davies et al., 2018; Sagredo et al., 2018; Martin
et al., 2019).

The Holocene history of the San Lorenzo glaciers remains largely unknown as
well. Mercer (1968) obtained a maximum radiocarbon age of 5.2 ± 0.2 cal ka
BP1 for an advance of the Lacteo glacier, and ∼15 km down the valley, Wenzens
(2005) obtained two minimum radiocarbon ages of 7.5 ± 0.04 and 9.5 ± 0.03 cal ka
BP 1. Garibotti and Villalba (2017) used dendrochronology and lichenometry to
date moraines in the forefields of the Lacteo and San Lorenzo glaciers. However,
their lichen growth rate curve is partly based on the moraine constrained only
by a maximum limiting age, and thus their chronology should be treated with
caution. An advance of a glacier in the Burmeister valley, immediately south of

1Recalibrated using the OxCal online calibration program (version 4.3; Bronk Ramsey, 2009
and the SHCal13 calibration curve (Hogg et al., 2013)
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Figure 2.10: A map of San Lorenzo and the Belgrano valley showing published
radiocarbon and surface exposure ages.

Lago Belgrano (Fig. 2.10), is constrained by a minimum radiocarbon age of 5.6
± 0.1 cal ka BP (Wenzens, 2005). Dendrochronology was also used to date recent
glacier fluctuations (last 400 years) in other valleys around San Lorenzo (Aravena
(2007) and Garca-Zamora et al. (2004)). The only 10Be-dated moraine with an
age of 5.7 ± 0.1 ka is found in the Tranquilo valley on the northern flank of Monte
San Lorenzo (Sagredo et al., 2016).

The evolution of palaeolakes in the valleys east of San Lorenzo has only
been studied by Horta et al. (2017). They proposed a three stage model of
palaeolake evolution in the Belgrano valley based on radiocarbon ages from
lacustrine deposits (Fig. 2.11). The geomorphological evidence for different lake
levels and extent is, however, not presented and the relationship between the
radiocarbon ages and the proposed lake levels is not clear.

There is a great capacity for detailed mapping from high-resolution satellite
imagery and development of chronologies to reconstruct glacier fluctuations and
lake evolution in the Belgrano valley and around San Lorenzo.
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Figure 2.11: The palaeolake evolution in the Belgrano valley based on Horta et al.
(2017). Palaeolakes are depicted in blue (a & c) and green (b), and moraines in pink.

2.3 Synthesis of knowledge gaps and motivation

for this thesis

Despite several decades of research, there are still gaps in our understanding of the
build-up and evolution of the PIS, patterns of deglaciation, the glacier response
to abrupt climate events as well as the Holocene glacier dynamics. The following
summarises key gaps in knowledge which motivate work done in this thesis.

1) We have limited knowledge of the onset of glaciation and the evolution of the
PIS throughout the last glacial cycle. Ice-marginal positions prior to MIS 2 remain
poorly resolved in most of central and northern Patagonia. Our understanding
of the development of the PIS is thus limited to insights gained from a modelling
experiment (Sugden et al., 2002), and the drivers of glacial activity in Patagonia
and the southern mid-latitudes throughout the last glacial cycle remain elusive.

The absence of pre-MIS 2 evidence in central Patagonia is puzzling given that
glacial maxima occurred during MIS 3 in southernmost Patagonia and in New
Zealand (Garćıa et al., 2018; Vandergoes et al., 2008; Darvill et al., 2015; Kelley
et al., 2014), and during MIS 4 in New Zealand (Schaefer et al., 2015). Antarctic
dust record (Lambert et al., 2008) and Fe record off the Chilean coast (Kaiser
et al., 2007; Lamy, 2004) support ice expansion towards the end of MIS 3, and
pronounced peaks in both records occur during the MIS 4 as well. Conditions
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comparable to or colder than the global LGM are observed during MIS 4 in SST
records off the Chilean coast (Kaiser et al., 2005) and from the Southern Ocean,
and in Antarctic ice cores. Yet, there is no evidence for glacial advances during
MIS 4 in Patagonia.

In central Patagonia, the global LGM and deglaciation is only chronologically
constrained in the LBA and LP valleys. Both were occupied by large fast-flowing
outlet glaciers, whose dynamics was, to an extent, controlled by calving during
both advance (Douglass and Bockheim, 2006) and retreat phases (Bendle et al.,
2019). Thus, the absence of pre-MIS 2 signal in central Patagonia may, at least
in part be explained by large outlet glaciers failing to respond to these climate
signals. Alternatively, pre-MIS 2 moraines may have been obliterated by more
extensive gLGM advances, or have been removed by focused meltwater erosion in
these over-deepened basins (Hein et al., 2017). Robust glacial chronologies from
less over-deepened valleys, which hosted smaller outlet glaciers, and which may
provide longer geomorphological record (cf. Sugden et al., 2002) are thus required
to gain insight into the development of the PIS and to assess the ice sheet - climate
interaction over the last glacial cycle.

2) While there is evidence for glacial activity coeval with both the ACR and
YD, evaluating the glacier-climate response during this time period in central
Patagonia is complicated by calving into large regional palaeolakes and complex
topography. It is not clear if there was a reversal in deglaciation during the Late
Glacial, or merely a pause in overall ice retreat, likely aided by stabilization at
topographic pinning-points. In many cases, in particular for moraines dated to
YD (Sagredo et al., 2018; Glasser et al., 2012), the number of exposure ages is
too low (< 2) to resolve millennial-scale climate events. Late Glacial ice marginal
positions of smaller ice caps, which may provide a more climatically sensitive
record, and yield insights into the overall pattern of deglaciation and break-up of
the ice-sheet, remain largely unresolved.

3) The timing and extent of Holocene glacier advances are poorly constrained
in much of Patagonia, in particular north of 49◦ S. Radiocarbon dating provides
only limiting ages, and beyond the limits of lichenometry and dendrochronology,
there are few directly-dated moraines. A paucity of robust glacial chronologies
hinders assessment of the spatial coherence of climatic events recorded by glaciers
and potential non-climatic factors affecting their behaviour. The Holocene was
characterised by high-frequency climate variability and spatial heterogeneity,
likely under the influence of different climatic oscillations (e.g ENSO, SAM).
Rapid retreat and mass loss of Patagonian glaciers over the recent decades (e.g.
Foresta et al., 2018) highlights the need for documenting glacier behaviour during
the Holocene in order to contextualise the present and future change, and to
elucidate the climatic controls.
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Figure 3.1: A map of the study area showing approximate field checking area
and the extent of previous mapping. ML: Monte Leon, BP: Belgrano peninsula.
Geomorphological mapping by Glasser et al. (2008) covered the entire study area.

3.1 Introduction

This chapter presents a detailed map of the glacial geomorphology related to
the former Belgrano outlet glacier and valley glaciers on the eastern side of
Monte San Lorenzo. The geomorphological mapping was used to target sampling
for cosmogenic nuclide exposure dating and OSL analysis, results of which are
presented in Chapters 4, 5 and 6. Previous studies mapped only localised areas,
selected features or used coarse resolution imagery. The geomorphological map
produced by Bendle et al. (2017b) covers part of the study area (Fig. 3.1), but
it lacks sufficient detail and spatial coverage necessary to understand the glacial
history of the Belgrano valley.

3.2 Methods

Geomorphological mappping was done using optical satellite imagery and digital
elevation models (DEM), supported by ground-truthing during two field cam-
paigns in 2016 and 2018. High resolution imagery available through the ESRITM

World Imagery (15m TerraColor imagery and 2.5m SPOT Imagery) were used
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in conjunction with the 10 m Sentinel-2 imagery (true and infrared band combi-
nations). This was supplemented by viewing imagery via Google EarthTM Pro
along with its three-dimensional visualization tool. An ALOS PALSAR radio-
metrically terrain-corrected DEM with a resolution of 12.5 m and Shuttle Radar
Topography Mission (30 m) DEM were used to aid landform identification and
to provide background for maps.

Landforms were identified using well established criteria (Glasser et al., 2008;
Darvill et al., 2014; Bendle et al., 2017b; Chandler et al., 2018) that were adapted
to suit the appearance of landforms at the study site (Table 3.1). Lakes, rivers,
modern deltas and mesetas are also mapped to provide further geographic and
topographic context. Outlines of contemporary glaciers were downloaded from
the GLIMS Glacier database (analysis date Oct 2017; Falaschi and Huber, 2017),
and glacier fronts were adjusted based on a Sentinel-2 image acquired on the
24th of March 2019. Landforms were digitised in ArcGIS (10.6.1) and stored as
shapefiles georeferenced to the WGS-1984 UTM Zone 18S projection. Final map
production was done in the Inkscape graphical software.
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Table 3.1: Landform identification criteria, modified from previous studies in
Patagonia (e.g. Glasser et al., 2008; Darvill et al., 2014; Bendle et al., 2017b; Chandler
et al., 2018)

Landform Morphology Appearance in 
imagery 

Potential 
uncertainties 

Significance 

Ice marginal     

Moraine ridges Prominent ridges of 
positive relief that may be 
linear, arcuate, sinuous or 
saw-tooth in planform. 
Often found parallel or 
perpendicular to the valley.  

Texture/colour 
difference from 
adjacent terrain. Crest-
lines often appear pale 
coloured. Shadowing 
on one side indicative 
of change in relief.  

Possible confusion with 
trimlines. Difficult to 
detect in vegetated 
areas. Low-relief ridges 
may be less visible.  

Mark former 
position of ice 
margins. 

Moraine system Undulating terrain with 
distinct moraine ridges, 
often with an associated 
outwash plain on the down-
valley side. Often contains 
intermorainic depressions, 
and could be cross-cut by 
meltwater channels 

Texture/colour 
difference from 
adjacent terrain. Higher 
relative relief. Presence 
of distinct ridges within.  

Boundaries can be 
difficult to delimit, 
especially on the ice-
proximal side or where 
it drapes on the 
underlying topography.  

Marks approximate 
position of ice 
extent and ice-
marginal 
deposition.  

Hummocky 
terrain 

Less defined, broad ridges 
and mounds of varying 
shape often separated by 
hollows. Unlike moraine 
ridges, lack distinct crest-
lines.  

Shadowing indicating 
positive relief, texture 
and colour difference 
from adjacent terrain. 
Circular hollows can be 
filled with water.  

Boundaries of 
individual hummock 
difficult to delimit.  

Former ice 
marginal zone or 
area of stagnant 
ice.  

Glacigenic 
sediment 

Accumulations of 
glacigenic sediment, not 
moulded into any particular 
shape.  

A change in colour and 
texture from adjacent 
terrain; could be 
dissected by meltwater 
channels or 
streamlined.  

It can only be inferred 
from satellite imagery.  

Indicates areas of 
glacial deposition. 

Trimlines Sub-horizontal linear 
feature on valley sides 
separating non-vegetated 
and vegetated areas.  

A sharp altitudinal 
change in texture and 
colour due to a 
vegetation change. 

Possible confusion with 
lateral moraines, 
especially where these 
are not well-defined 
ridges.  

Former vertical 
limits of glaciers, 
and potential 
thermal boundary.  

Subglacial     

Ice-scoured 
bedrock 

Exposure of bare or lightly 
vegetated rock, sometimes 
with small lakes. In places, 
it may be covered by 
glacigenic sediment.  

Rough and irregular 
texture, bedrock rock 
structures, joints and 
faults might be visible. 
Colour varies 
depending on geology. 

Boundaries could be 
difficult to delimit in 
areas with vegetation.  

Indicative of an 
area of ice at 
pressure melting 
point. 

Glacial 
lineations 

Elongate, parallel 
landforms eroded to 
bedrock or formed by 
accumulation of sediment. 
They could vary in size.  

Shadowing  indicative 
of positive relief. Often 
occur in groups, 
aligned in the direction 
of former ice flow.  

Misinterpretation of 
non-glacial structures 
in bedrock.  

Indicative of ice 
flow direction, and 
fast ice flow, where 
they are large in 
size.  

Glaciofluvial     

Outwash Large flat plains gently 
grading from moraines, or 
narrow valley-parallel tracts 
with modern drainage.  

Unvegetated, often 
homogenous surface 
with distinct 
texture/colour. Relict 
braided channels are 
often preserved on the 
surface.  

Boundaries could be 
difficult to delimit in 
areas with overprinting 
alluvial deposition. 

Indicates major 
meltwater paths.  

Meltwater 
channels 

Linear or sinuous channels 
eroded by lateral, 
proglacial or subglacial 
meltwater. They are often 
steep sided.  

Shadowing due to a 
change in relative 
relief. Often distinct 
colour in near-infrared 
imagery due to a 
change in vegetation. 
Often occur in 
association with 
moraines and do not 
contain modern 
drainage.  

 Indicate areas of 
significant 
meltwater 
production, and 
approximate 
position of ice 
margins.  



CHAPTER 3. Glacial geomorphology 45

Glaciolacustrine     

Shorelines Raised terraces, benches 
or notches cut by wave 
action into sediment or 
bedrock.  

Linear or curvilinear 
terraces often run 
parallel to modern day 
shorelines, or on the 
ice proximal side of 
moraines. Often occur 
in stepped series.  

Could be difficult to 
identified from imagery 
especially where cut 
into bedrock or where 
discontinuous, usually 
clear in the field.  

Indicate former 
lake level, or a 
proglacial lake.  

Glaciolacustrine 
deposits 

Accumulation of fine-
grained sediments, which 
can be flat-topped or 
exhibit positive relief (e.g. 
mounds).  

Appear pale coloured 
where exposed and not 
vegetated.  

Difficult to identify from 
satellite imagery alone, 
and to delaminate 
boundaries, extent 
could be 
underestimated. Field 
identification necessary 
to confirm composition.   

Indicate 
approximate  
former lake extent.  

Raised deltas Gently sloping deposits 
extending from valley 
sides, above the valley 
floor or a modern lake. 
They often occur upstream 
of active deltas, and have 
been incised by modern 
streams. A break in slope 
and steeply inclined front 
side.  

Homogenous surface 
texture and colour, 
unvegetated.   

Could be 
misinterpreted as a 
shoreline or ice-contact 
deposit.  

Indicative of former 
lake level.  

Other features     

Alluvial fans Sediment fans sloping from 
valley side, fed by a river or 
small stream. Often occur 
at the bottom of gullies.  

A change in vegetation 
and a distinct fan 
shape. Sometimes, 
multiple fans occur 
adjacent to each other 
along valley sides.   

Could be 
misinterpreted as a 
raised delta but 
unlikely.  

Reworking of 
unconsolidated 
material by 
streams.  

 

3.3 Glacial geomorphology

The main geomorphological map is presented in Figure 3.2. The following sections
describe main features mapped.
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3.3.1 Moraine ridges and complexes

Prominent cross-valley or valley-parallel ridges are interpreted as moraines mark-
ing former glacier margins. East of Lago Belgrano on the Argentine plain, they
form large moraine complexes, which extend over 10 km, separated by outwash
plains. Three main moraine systems were identified, which delimit the positions of
the Belgrano outlet glacier. These are informally named here after local features,
Klementek, Menelik and Belgrano, from the oldest to youngest.

The Klementek moraine system comprises of fragmentary outermost moraine
ridges with 25 m relief and slopes up to 12◦, which transition into an area of
hummocky terrain extending for about 10 km on the northern side of the Rio
Belgrano (Figs. 3.3 & 3.4). This hummocky terrain was described by Wenzens
(2005) as a ’ground moraine’ of the terminal moraine ridges. Superimposed on
the hummocky terrain, are small narrow ridges of up to one kilometer in length
orientated transverse to ice flow, which are interpreted as moraines.

The Menelik moraines system (Fig. 3.5) has a double-lobate shape, which
together with a medial moraine (Fig. 3.6) indicates a coalescence of the Belgrano
and Burmeister glaciers. The moraine ridges can be linear, arcuate, or sinuous
in planform, and exhibit leveled or undulating crests. The outermost moraines
are broad-crested, prominent ridges of 30 m relief and slopes up to 15◦. They
are largely continuous cross-valley, except where they are dissected by meltwater
channels and a river. Inboard, the moraine ridges diminish in size and are
interspersed with intermorainic depressions. They often occur draped on higher
topography. The smaller closely spaced moraines are interpreted as recessional
moraines and could be indicative of active gradual ice recession.

On the Cerro Mie, to the south of Lago Belgrano, is a series of prominent
lateral moraines at ∼ 920 - 1160 m asl (Fig. 3.6 B), which likely relate to advances
that deposited the Menelik, and possibly also the Klementek, terminal moraines.

The Belgrano moraine system consists of up to six distinct arcuate moraine
ridges bounding Lago Belgrano. The most prominent ridges are about 10 m
in height with slopes up to 22◦ and exhibit undulating crests. The Belgrano
moraines cross-cut older moraines north of the lake suggesting that they represent
a re-advance of the Belgrano glacier.

Further two sets of moraines were mapped, one bounding Lago Burmeister,
and one at the foot of the Lacteo valley, which occupy the same morphostrati-
graphic position as the Belgrano moraines. The Burmeister moraines delimit the
position of the former Burmeister glacier after it retreated and separated from
the Belgrano glacier. The moraines vary from small ridges of 1 - 2 m in relief and
gentle slopes of up to 6◦ and more distinct ridges of 6 - 14 m in relief and slopes up
to 17◦. The lateral-terminal moraines in the Lacteo valley were deposited along
the northern side of Monte Leon and extend to the western side of the Lacteo
valley. The lateral moraines are well preserved, in particular on the side of Monte
Leon, whereas, the terminal moraines only occur as fragments cut by meltwater
channels.
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Figure 3.2: The geomorphological map of the Belgrano valley.
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Figure 3.3: A) Satellite image (Sentinel-2) and B) mapped moraine ridges of the
Klementek moraine system and the associated hummocky terrain.
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Figure 3.4: A) Photograph showing part of the hummocky terrain, with a vehicle
in the bottom left corner for scale. B) Photograph showing the outermost Klementek
moraine ridges.
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Figure 3.5: Satellite images (Sentinel-2) A) snow-free and B) with snow cover
highlighting moraine ridges of the Menelik moraine system and C) a corresponding
geomorphological map.

Closer to the present day glacier margins, moraines more often occur as single
ridges and form continuous lateral-terminal arcs (Fig. 3.7). Terminal moraines
are commonly arcuate or occasionally exhibit a saw-tooth pattern.

3.3.2 Hummocky terrain

The hummocky terrain associated with the Klementek moraines (Fig. 3.3)
is characterised by broad less less defined ridges and mounds, which vary in
morphology from linear to semi-circular rim-ridges enclosing hollows. Individual
ridges and mounds are difficult to delimit, and where possible they were mapped
as polygons. The hummocky terrain also exhibits lineations of 200 to 600 m in
length and about 60 m in width.

The hummocky terrain with lineations and recessional moraines is likely a
palimpsest feature formed by a combination of subglacial (e.g. sedimentation
under actively flowing ice and stagnant downwasting ice) and ice-marginal
processes during overall ice retreat. The broad and subdued ridges could have
been deposited under stagnant downwasting ice during passive ice recession
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Figure 3.6: A) View of a medial moraine (pink dashed lines) formed by the
coalescence of the Belgrano and Burmeister glaciers. B) Photograph showing the
lateral moraines on Cerro Mie and the medial moraine.
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(Boone and Eyles, 2001) or could be a product of downwasting debris-covered dead
ice (Kjær and Krüger, 2001; Spedding and Evans, 2002; Schomacker, 2008). The
hummocky terrain could also represent overridden moraines with superimposed
recessional moraines similar to fluted overridden moraines observed in Iceland
(Evans and Orton, 2015).

3.3.3 Glacigenic sediment

A distinct feature between the Klementek and Menelik moraine systems, raised
above the surrounding glacial outwash, and distinguishable by texture and color
is interpreted as a glacigenic sediment drift (Fig. 3.8). It is adjacent to fragments
of moraine ridges on the southeastern side and exhibits glacial lineations. It
is dissected by numerous meltwater channels of varying size, the largest one
being over 200 m in width, and contains occasional depressions filled by water.
This feature was also described by Wenzens (2005) as a ’ground moraine’ of the
Klementek terminal moraines. Field inspection was not possible due to access
problems.

3.3.4 Glacial lineations

Linear elongate landforms, often occurring in groups, aligned in the direction of
former ice flow were mapped as glacial lineations (Fig. 3.8). The term lineation
is used here for landforms composed of sediment as well as those carved into
bedrock. In the Belgrano valley, sediment lineations occur within the hummocky
terrain associated with the Klementek moraines. The lineations here are 250
- 450 m in length and are interspersed with hummocks and hollows. South of
the Ŕıo Belgrano, within the glacigenic sediment unit, they are up 800 m in
length. The sediment lineations in the Belgrano valley are interspersed with
other landforms and/or dissected by meltwater channels and do not form well-
defined zones. Glacial lineations are common around Patagonia and indicate
warm-based ice and fast ice flow (Glasser et al., 2005, 2008). Streamlined
glacial landforms, including drumlins, flutes and megaflutes were mapped in the
Pueyrredón and Chacabuco valleys (Bendle et al., 2017b), at Lago Argentino
(Goyanes and Massabie, 2015), Lago Viedma (Ponce et al., 2019), and around
the Strait of Magellan (Clapperton, 1989; Benn and Clapperton, 2000; Lovell
et al., 2012; Darvill et al., 2014). Sediment flutes are frequent near present day
glacier margins. Bedrock lineations are found in the Lacteo valley where they
indicate converging ice flow (Fig. 3.9).

3.3.5 Ice-scoured bedrock

Ice-scoured bedrock occurs commonly along mountain valleys in the study area
(Fig. 3.9). It appears on satellite imagery as areas of exposed to lightly vegetated
bedrock with rough texture, occasionally containing small ponds and lakes. It
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often exhibits glacial lineations and could be partially covered by diamict. Such
features indicate areas of glacial erosion under wet-based sliding ice (Sugden and
John, 1976). Polished and striated surfaces (Fig. 3.9C & D) were also commonly
observed in the study area and indicate subglacial abrasion and plucking.

3.3.6 Meltwater channels

Straight or sinuous channels that begin and terminate abruptly and often lack
modern drainage indicate former meltwater pathways. In the study area, they
often occur in association with moraine ridges, or they dissect glacigenic sediment
(Fig. 3.8). The largest meltwater channels are found in the eastern part of the
study area, and are often over 100 m in width.

3.3.7 Glaciofluvial outwash

There are two types of glaciofluvial outwash in the study area: 1) Large flat-
topped terraces that grade from terminal moraines and are not active at present
(Figs. 3.3 and 4.5). They can be distinguished by surface texture and color,
and often exhibit relict braided channels. In places they have been incised by
rivers resulting in a series of stepped terraces. These occur in the Belgrano
valley and are associated with the terminal moraines systems. Outboard of the
Klementek moraine system, outwash terraces extend eastward for 10s of km and
exhibit several terrace levels suggesting different stages of outwash deposition.
2) Active glaciofluvial outwash (sandur) that emanates from current pro-glacial
areas and often forms narrow valley-parallel tracts with modern drainage (Fig.
3.7). Glaciofluvial outwash terraces are well-developed in valleys on the eastern
side of Patagonia and often separate moraine systems (e.g. Caldenius, 1932; Hein
et al., 2009, 2011; Glasser et al., 2011; Garćıa et al., 2014, 2018; Smedley et al.,
2016). Exposure dating of glaciofluvial outwash sediment has also been shown
to be a reliable approach for dating glacial advances, in particular predating the
gLGM, where outwash terraces can unambiguously be linked to moraine limits
(Hein et al., 2009, 2011, 2017; Darvill et al., 2015).

3.3.8 Palaeoshorelines

Horizontal features with no positive relief, which can take a form of terraces or
notches cut into bedrock or sediment are interpreted as palaeoshorelines. They are
formed by wave erosion and beach deposition by long-lived palaeolakes (Turner
et al., 2014). In the Belgrano valley, palaeoshorelines occur on the ice-proximal
side of all three moraine limits indicating the presence of proglacial lakes during ice
retreat. A prominent shoreline at 885 - 882 m asl was mapped running parallel
to the modern shoreline of Lago Belgrano and on the ice-proximal side of the
Belgrano moraines indicating former higher level of Lago Belgrano (Fig. 3.10).
This palaeolake Belgrano was damned by ice at least 10 km to the west of the
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Belgrano moraines and drained to the Atlantic via a spillway through the Belgrano
moraines.

3.3.9 Glaciolacustrine deposits

Accumulations of laminated silt and sand sediments were interpreted as glacio-
lacustrine deposits. They are found in the areas of former lake floor around the
modern Lago Belgrano, often in embayments and associated with former shore-
lines (Fig. 3.10B). These features could be flat-topped or exhibit positive undu-
lating relief. In satellite imagery they appear pale-colored where exposed (Fig.
3.11A), but are often vegetated. Hence, it is difficult to delimit their boundaries
and their extent was likely underestimated. Identification of glaciolacutrine sed-
iments is problematic from satellite imagery alone, and we only mapped them
where field-checking was possible.

3.3.10 Raised deltas

Gently sloping surfaces occurring along the valleys, raised above the modern valley
floor or lake level, often at the foot of small gullies and incised by modern streams,
were interpreted as raised deltas. In the study area, examples of raised deltas
occur along the southern shore of modern Lago Belgrano (Fig. 3.11). Another
feature interpreted as a raised delta is found adjacent to the western side of Monte
Leon and above the modern delta of Rio Lacteo. Its elevation corresponds to the
882 - 885 m asl shoreline and it would have been fed by pro-glacial streams of the
retreating Lacteo glacier.

3.3.11 Alluvial fan deposits

Fluvial deposits found on valley sides, often exhibiting a fan shape and fed by
small streams were mapped as alluvial deposits. In the Lacteo valley, in particular,
valley sides are dominated by fluvial activity with fans forming at the base of steep
narrow gullies. Similarly, alluvial deposition is evident along the northern side of
the Belgrano valley, often overprinting glaciofluvial outwash terraces.

3.4 Interpretation

The mapping reveals three main assemblages of landforms: 1) An assemblage
of landforms recording the evolution of the Belgrano glacier found in the the
eastern lowland part of the Belgrano valley. This assemblage is dominated
by large moraine systems and associated outwash terraces, glacial lineations,
as well as meltwater channels, hummocky relief and palaeoshorelines. The
moraine systems indicate three major advances of the Belgrano glacier with a
land-terminating front as evidenced by extensive outwash terraces grading from
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outermost moraines. Pro-glacial lakes formed during ice retreat in the outer part
of the Belgrano valley.

2) An assemblage of landforms dominated by palaeoshorelines, raised deltas,
and glaciolacustrine sediments, which document a development of a glaciolacus-
trine environments as the Belgrano glacier retreated to within the trough. The
Burmeister glacier had separated and the Belgrano glacier underwent a change
from a land-terminating to a freshwater calving front.

3) An assemblage of landforms related to recent mountain glaciation, including
younger lateral-terminal moraine arcs, closely spaced recessional moraines, and
saw-tooth moraines, which likely developed during the Holocene, trimlines, flutes
and active outwash plains.

3.5 Conclusion

This chapter presents a new, comprehensive map of the glacial geomorphology
pertaining to the former Belgrano outlet glaciers and its tributaries. The mapping
was done from high resolution imagery, supported by field-checking, and includes
greater detail, surpassing that of previous studies. The mapped features included
moraine ridges and complexes, hummocky relief, glaciofluvial outwash, glacial
lineations, meltwater channels, palaeoshorelines, raised deltas and glaciolacustrine
sediments. The mapped landforms can be grouped into three assemblages: 1) An
assemblage in the outer Belgrano valley dominated by large moraine/outwash
complexes. The Klementek, Menelik and Belgrano moraine systems, from the
oldest to youngest, mark former limits of the Belgrano glacier. Further moraines
were mapped in the Burmeister and Lacteo valleys (Rincon moraines), which
were deposited by former tributaries of the Belgrano glacier and occupy the
same morphostratigraphic position as the Belgrano moraines. 2) An assemblage
documenting the development of glaciolacustrine environment as the Belgrano
glacier retreated into the trough. 3) An assemblage of landforms recording
recent mountain glaciation. There is potential for more detailed mapping in the
mountain valleys, which could not be accessed during the field expeditions and
where dense vegetation obscured remote mapping.

The geomorphological mapping guided the sampling strategy for cosmogenic
exposure analysis to establish the timing of glacial advances. Moraines were
targeted for sampling, and in the case of the two oldest ice limits in the Belgrano
valley outwash terraces as well (Chapter 4). Geomorphological mapping was key
for linking outwash terraces to specific moraines/glacial events (cf. Hein et al.,
2009). A more recent, Holocene moraine deposited by the Lacteo glacier was
used in a 3D glacier surface reconstruction and ELA estimates (Chapter 6).
Mapping also allowed to establish the relationship between different lake levels and
palaeoshorelines. Mapped palaeoshorelines were targeted for cosmogenic surface
exposure analysis and glaciolacustrine sediments were sampled for OSL dating
to constrain the evolution of a palaeolake Belgrano (Chapter 5). In addition to
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underpinning the work presented in Chapters 4, 5 and 6, the geomorphological
map may be useful for future detailed studies of ice-dynamics and palaeolake
evolution in the area and for the PIS reconstructions using combined empirical
and numerical modelling approaches.
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Figure 3.7: A) Satellite image (ESRI World Imagery) and B) mapped landforms
near the present day margin of the Lacteo glacier.
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Figure 3.8: A) Satellite image (Sentinel-2) and B) mapped glacial lineations and
meltwater channels within the glacigenic sediment.
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Figure 3.9: A) Satellite images (ESRI World Imagery) and B) mapped ice-scoured
bedrock and bedrock lineations in the Lacteo valley. Bedrock is in many place overlain
by diamict. C) Striated bedrock in the Lacteo valley, location of the photograph is
shown in A). D) Photograph of a roche moutonnée on the Belgrano peninsula.
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Figure 3.10: A - B) A prominent shoreline (dotted yellow line) at 885 - 882 m asl
above the modern Lago Belgrano. Fine pale sediments interpreted as glaciolacustrine
deposits are visible in B) below the shoreline.
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Figure 3.11: A) Satellite image (Google Earth) and B) mapped raised deltas above
Lago Belgrano, palaeo shorelines, and glaciolacustrine deposits. C) Photograph of a
raised delta.
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64 4.1 Introduction

Abstract The timing and magnitude of glacial advances throughout a glacial
cycle can give insight on the underlying drivers of climate change. Our knowledge
of glacial activity early in a glacial cycle, however, is limited by incomplete
preservation of the geomorphological record. Here, we present a 10Be-dated
glacial chronology from early in the last glacial cycle from the Belgrano valley,
east of Monte San Lorenzo in central Patagonia. Our chronology reveals the most
extensive glacial advance of the last glacial cycle occurred at ∼ 75 ka, at the
end of Marine Isotope Stage 5. A second, less-extensive advance occurred at ∼
25 ka during the global Last Glacial Maximum. The topographic setting is such
that ice growth would have initiated on and around the San Lorenzo massif at
the start of the glacial cycle. We suggest reduced southern hemisphere summer
insolation at the time played a significant role in driving this early advance. The
comparatively smaller glacier extent during the global Last Glacial Maximum is
likely a consequence of the build-up of the full Patagonian Ice Sheet, which would
have caused ice-divide migration, ice-flow re-routing, and increased aridity on its
lee side.

4.1 Introduction

There is a long standing debate on the timing of glaciation in the southern
mid-latitudes, its (a-) synchrony with the northern hemisphere and its forcing
mechanisms (Mercer, 1984; Denton et al., 1999a; Sugden et al., 2005). Recent
studies in the southern mid-latitudes demonstrated numerous substantial glacial
advances, in many cases local maxima, prior to the global Last Glacial Maximum
(gLGM, ca. 26 - 19 ka, Clark et al., 2009) (e.g. Zech et al., 2011a; Darvill et al.,
2015; Garćıa et al., 2018; Schaefer et al., 2015; Kelley et al., 2014; Shulmeister
et al., 2019; Sutherland et al., 2007). While an early maximum is not uncommon
for many mountain glaciers and sectors of large ice sheets (Gillespie and Molnar,
1995; Hughes et al., 2013), it suggests that our understanding of glaciation in
the southern mid-latitudes and, in particular its drivers, is incomplete. Orbital
parameters, including regional insolation and season duration, latitudinal shifts
in southern westerly winds (SWW) and associated oceanic systems, as well
as local ice dynamics have been invoked as potential drivers of pre-LGM ice
expansion (Doughty et al., 2015; Garćıa et al., 2018; Darvill et al., 2015, 2016).
Evaluating the drivers of these pre-LGM advances and their role throughout the
last glacial cycle is, however, limited by a lack of dated moraines spanning the
entire glacial period. Moraine preservation is inherently incomplete due to a
range of erosional processes, including the removal of pre-existing moraines by
an advancing glacier. As a result, moraine preservation in a landscape is biased
toward the most extensive and the more recent glacial advances. Here, we present
a 10Be-dated chronology from the Lago Belgrano valley on the eastern side of
Monte San Lorenzo (47.6◦ S, 3706m) in central Patagonia, Argentina, where a
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unique topographic setting has allowed preservation of a moraine record from the
early stages of glaciation.

4.2 Physical setting

Monte San Lorenzo is an isolated granitoid massif that is situated ∼90 km east of
the main spine of the Andes on the border with Chile (Chilean name: Monte
Cochrane) (Fig. 4.1). At this latitude, faulting has created a topographic
depression that breaks the main chain of the Andes (Lagabrielle et al., 2004)
to separate the North Patagonian Icefield (NPI) from the South Patagonian
Icefield (SPI), and the San Lorenzo massif from the Pacific coast. The Ŕıo
Baker and Ŕıo Pascua exploit this ∼80 km gap in the mountain chain to drain
much of the eastern side of the Andes, including the large cross-border lakes of
Lago General Carrera/Buenos Aires (LBA), Lago Cochrane/Pueyrredón (LP),
and Lago O’Higgins/San Mart́ın (SM), westward to the Pacific Ocean. The San
Lorenzo and southern massifs constitute an area of high topography stepped east
of the main Andean chain (Fig. 4.1 C). They are enclosed on their southern,
western and northern sides by deep glacial valleys, some of which have been eroded
to below sea level (e.g. LP and LBA; Murdie et al., 1998). By comparison, their
eastern side is less affected by glacial erosion. Lago Belgrano lies at over 800
m asl. and Lago Burmeister at 900 m asl. The modern drainage divide runs
just east of Lago Belgrano (Fig. 4.1 C), with this lake and the eastern outlet
glaciers of San Lorenzo draining via a series of interconnected lakes westward into
the Pacific Ocean. Lago Burmeister and the eastern part of the Belgrano valley
instead drain eastward into the Atlantic Ocean via the Ŕıo Belgrano.

The geology of the area comprises Paleozoic basement rocks, intruded and
overlain by Jurassic volcanic rocks and sedimentary sequences of Cretaceous and
Jurassic age (Ramos et al., 1982; Ramos and Kay, 1992). The eastern part of
the Belgrano valley is mainly characterized by Neogene and Paleogene volcanic
sequences, the latter is represented by the Meseta Belgrano, which separates the
Belgrano and Pueyrredón valleys (Ramos et al., 1982; Ramos and Kay, 1992).
Monte San Lorenzo is part of the Patagonian Batholith intrusion, and is the
nearest source of granitic boulders.

The climate of Patagonia is dominated by the SWW, which deliver precipita-
tion to the present glaciers and icefields. The SWW are strongest during austral
summer with the core situated between 45◦ − 55◦ S. In winter, they weaken and
expand equatorward (Garreaud et al., 2009). The Andes create an orographic
barrier to the westerly storms resulting in a strong west-east precipitation gradi-
ent. On the Pacific coast, precipitation reaches 5000 - 10 000 mm a−1 (Garreaud
et al., 2013). East of the mountain divide precipitation decreases sharply to less
than 300 mm a−1 within tens of kilometres from the mountain front (Garreaud
et al., 2013). Air temperatures do not exhibit such a strong west-east gradient,
and are pre-dominantly controlled by the SWW (Kilian and Lamy, 2012).
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Figure 4.1: A) Location of Patagonia in the southern hemisphere along with
Southern Ocean and Antarctic proxies discussed in the text and approximate location
of the southern westerlies (SWW). B) Location of our study site in Patagonia and
approximate extent of the Patagonian Ice Sheet during the gLGM (Singer et al., 2004).
Image: ESRI World Imagery. (LBA: Lago Buenos Aires, TdP: Torres del Paine, UE:
Última Esperanza, BI-SS: Bah́ı Inútil-San Sebastián lobe). C) A map showing the
topography of central Patagonia and location of the San Lorenzo massif. Blue arrows
depict drainage directions described in the text, blue dotted line represents hydrological
drainage divide.The hillshade basemap: (SRTM). Glacier outlines are from the GLIMS
database (Falaschi et al., 2017; De Angelis et al., 2015).



CHAPTER 4. Extensive mountain glaciation in central Patagonia during
Marine Isotope Stage 5 67

Figure 4.2: Geomorphological map showing the main moraine systems in the
Belgrano valley, informally named the Klementek, Menelik and Belgrano moraines
from the oldest to youngest. Sample locations are also shown. The hillshade basemap:
SRTM.

The San Lorenzo massif, situated about 160 km from the Pacific coast, has
a transitional maritime to continental climate (Falaschi et al., 2013). At this
latitude, Monte San Lorenzo is the first orographic barrier to the SWW, which
sustain this easternmost extensively glaciated area in the region (Falaschi et al.,
2013). Glaciers of Monte San Lorenzo and the surrounding mountains cover an
area of ∼207 km2 (Falaschi et al., 2013). The snowline is estimated to be ∼
1700 m asl on the western side and about 100 m higher on the eastern side of San
Lorenzo (Falaschi et al., 2013). Glaciers of central Patagonia can be characterized
as warm and wet, and are considered particularly sensitive to temperature changes
(Sagredo and Lowell, 2012).

During the last glacial period, several tributary glaciers draining the San
Lorenzo and southern massifs coalesced and flowed down the Belgrano valley (here
referred to as the Belgrano glacier). By comparison with other outlets glaciers in
central Patagonia, the Belgrano glacier was considerably smaller and occupied a
relatively high-altitude valley. Three main moraine systems exist in the valley east
of Lago Belgrano. Based on local landmarks, we informally name these moraine
belts, Klementek, Menelik and Belgrano from the oldest to the youngest (Fig.
4.2). Here, we focus on the Klementek and Menelik moraine systems.
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4.3 Glacial history and previous work

4.3.1 Previous work at Lago Belgrano

The glacial history of the Belgrano valley has received little scientific attention
and is therefore largely unknown. Even Caldenius (1932), who mapped nearly all
of Patagonia in his pioneering work, did not map the Belgrano valley. The area
of Lago Belgrano was included in a Patagonia-wide glacial geomorphological map
(Glasser et al., 2008), and partly covered by a more detailed geomorphological
mapping by Bendle et al. (2017b). The only field-based mapping and chronological
work in the Belgrano valley was done by Wenzens (2005) and Horta et al.
(2017). Wenzens (2005) documented the glacial geomorphology of the valley and
tentatively correlated the outermost moraine belt (the Klementek Moraines) to
the LGM. He attributed the Menelik moraine system to the Late Glacial based on
a radiocarbon age of 14.85 ± 0.12 14C ka from a kettle hole (18.0 ± 0.2 cal ka BP
1). Horta et al. (2017) focused on the palaeolake history and obtained radiocarbon
ages from lacustrine sediments inboard of the Menelik moraines. The Late Glacial
and Holocene glacier history has been investigated by several workers, mainly on
the western and northern flanks of Monte San Lorenzo (Mercer, 1968; Davies
et al., 2018; Glasser et al., 2012; Sagredo et al., 2016, 2018; Martin et al., 2019).

4.3.2 Pre- gLGM glacial history of Patagonia

In Patagonia, the evidence for pre-gLGM ice expansion is largely restricted to
Marine Isotope Stage (MIS) 3 and earlier glacial cycles. In southern Patagonia
(49◦ − 55◦ S), several studies indicate MIS 3 advances that were significantly
more extensive than the MIS 2 advances. On Tierra del Fuego (53-54◦ S), Darvill
et al. (2015) determined that the Bah́ıa Inútil - San Sebastián ice lobe advanced
at 45.6 (+139.9/ − 14.3) ka and 30.1 (+45.6/ − 23.1) ka, and was up to 100 km
more extensive than the subsequent gLGM limits (Kaplan et al., 2004; McCulloch
et al., 2005b). The Torres del Paine and Última Esperanza outlet glaciers (50◦ S)
reached their maximum at 48.0 ± 1.6 ka with subsequent advances at 39.2 ± 2.0
ka and 34.0 ± 1.3 ka dated by 10Be exposure ages (Garćıa et al., 2018; Sagredo
et al., 2011). Here, the MIS 2 ice advances (21.5 ± 1.8 ka) were half the extent
of the MIS 3 maximum (Garćıa et al., 2018). Tentative exposure dates from the
San Martin valley (49◦ S) follow a similar pattern (Glasser et al., 2011).

In northern Patagonia (40◦ − 44◦ S), glaciers also advanced during MIS 3
and MIS 2, but in contrast to southern Patagonia, the relative magnitudes were
similar. In the CLD, stratigraphic evidence and radiocarbon chronology suggest
ice expansion at 33.6 ∼ 0.2 ka, but this was similar in magnitude or smaller than
later advances (Denton et al., 1999a; Moreno et al., 2015). Zech et al. (2011a)
reported an advance at 39◦ S on the eastern side of the Andes dated by 10Be at ∼

1Recalibrated using the OxCal online calibration program (version 4.3; Bronk Ramsey, 2009)
and the SHCal13 calibration curve (Hogg et al., 2013)



CHAPTER 4. Extensive mountain glaciation in central Patagonia during
Marine Isotope Stage 5 69

39 ka. Much of the glacial deposits on the eastern side of the Andes in northern
Patagonia remains undated, which precludes firm conclusions on the magnitude
and timing of the maximum ice expansion in the north.

In central Patagonia (44◦ − 49◦ S), two chronologies from large former outlet
glaciers suggest maximum ice expansion roughly during the gLGM, between ∼ 27
- 25 ka at LBA (Kaplan et al., 2004; Douglass and Bockheim, 2006), and ∼ 28 ka
and perhaps ∼ 35 ka at LP (Hein et al., 2010, 2009). In both valleys, moraines
outside of the MIS 2 limits pre-date the last glacial cycle (Kaplan et al., 2005;
Hein et al., 2017, 2009). Smedley et al. (2016) identified MIS 3 advances at LBA
(34.0 ± 6.1, 30.8 ± 5.7 ka) using optically stimulated luminescence (OSL) dating
of buried outwash sediment. However, there are no preserved moraines related to
this advance, which likely only reached to within the MIS 2 limits.

More widely, robust 10Be chronologies from New Zealand indicate glacial
advances at ∼ 42 ka (Pukaki valley, Kelley et al., 2014), ∼ 35.5 ka (Pukaki valley,
Doughty et al., 2015) and ∼ 32 ka (Ohau valley, Putnam et al., 2013). Overall,
ice expansion during MIS 3 appears to be a regional phenomena (Darvill et al.,
2016). Despite this, we are still far from fully establishing the magnitude of the
MIS 3 glacial expansion throughout Patagonia and its climatic significance.

Chronostratigrahic evidence for glacial expansion prior to MIS 3 in Patagonia
is fragmentary. At the time of publishing, there are no firmly dated glacial
advances during MIS 4 or 5. In the Chilean Lake District (CLD), the outermost
moraine belts of three outlet lobes have been tentatively assigned to MIS 4
(Denton et al., 1999b; Heusser et al., 1999; Mercer, 1976) but this assignment is
not based on firm geochronological data. Palaeoclimate proxies from the southern
mid-latitudes (e.g. Kaiser and Lamy, 2010) and Antarctica (Johnsen et al., 1972;
EPICA Community Members, 2004) indicate cold conditions comparable to the
gLGM during MIS 4. Dust fluxes to Antarctica (Lambert et al., 2008) and the
Southern Ocean (Mart́ınez-Garcia et al., 2011), which are considered a proxy for
glacial activity in Patagonia (Sugden et al., 2009; Kaiser and Lamy, 2010), suggest
expansion of Patagonian glaciers at the time. It is likely that MIS 4 glacial records
exist in Patagonia, but they have not yet been firmly dated. By comparison,
in New Zealand, full glacial conditions during MIS 4 are well documented (e.g.
McCarthy et al., 2008; Shulmeister et al., 2018; Schaefer et al., 2015). The only
tentative evidence for ice expansion in Patagonia during MIS 5 comes from two
individual 10Be ages (91.4± 4.1 ka, 96.8± 4.8 ka) from Lago San Martin (49◦ S;
Glasser et al., 2011). As a consequence, little is known about the development of
the Patagonian Ice Sheet (PIS) from the onset of the last glaciation towards the
gLGM.



70 4.4 Methods

4.4 Methods

4.4.1 Geomorphic mapping

Geomorphological mapping was done using high resolution imagery (2.5 m to
sub-meter) available through the ESRITM World Imagery service, along with
10 m Sentinel-2 imagery. An ALOS PALSAR radiometrically terrain-corrected
digital elevation model with a resolution of 12.5 m was used to aid landform
identification. Geomorphological features were identified and mapped following
well established criteria (Glasser et al., 2008; Bendle et al., 2017b; Darvill et al.,
2014; Martin et al., 2019). Mapping was supported by ground-truthing during
two field campaigns in the austral summers of 2016 and 2018.

4.4.2 Dating approach and sampling

Cosmogenic nuclide surface exposure ages from glacial boulders are commonly
used to establish the timing of glacial advances/still-stands in a range of envi-
ronmental settings (e.g. Heyman et al., 2011). The technique works well in most
settings on timescales relevant to the gLGM, but it can break down on older
moraine systems due to site specific environmental factors that can affect nuclide
concentrations, such as moraine degradation and boulder erosion (Putkonen and
Swanson, 2003; Hallet and Putkonen, 1994; Briner et al., 2005; Hein et al., 2009,
2017; Heyman et al., 2011; Gillespie and Molnar, 1995; Applegate et al., 2010).
Depending on the environmental conditions, direct dating of glaciofluvial outwash
sediments directly linked to a moraine system can circumvent some of these is-
sues to be an effective way of constraining the timing of a glacial advance. This
is because outwash terraces are flat, unlike moraine ridges, and less susceptible
to gravity-driven surface lowering, which minimises the potential for exhumation
of surface clasts. Furthermore, the outwash cobbles rooted in the terraces are
subject to less wind erosion, which is a significant source of boulder erosion in
Patagonia. The outwash method has proved effective at dating pre-LGM glacial
advances as old as one million years in this region (Hein et al., 2009, 2011, 2017;
Darvill et al., 2015; Cogez et al., 2018). To develop our chronology, we measured
cosmogenic 10Be in both moraine boulders and glacio-fluvial outwash cobbles.

To date the Menelik moraines, we sampled six boulders on the outermost
moraine ridges, one boulder on the inner moraine and two samples came from
moraines near the northern valley side. In addition, we sampled five cobbles
from its associated outwash terrace. To date the Klementek system, we sampled
six surface cobbles from two sites on the outwash terrace associated with the
outermost moraines. Surface boulders on this moraine system are rare; those we
found were significantly eroded and unsuitable for dating. The sample details are
presented in Table 4.1. When sampling, we preferentially targeted large (ideally
>1 m) stable boulders on moraine crests that showed minimal signs of surface
erosion (cf. Heyman et al., 2016; Putkonen and Swanson, 2003). Samples were



CHAPTER 4. Extensive mountain glaciation in central Patagonia during
Marine Isotope Stage 5 71

collected by hammer and chisel from the centre of the boulder surface (Gosse
and Phillips, 2001; Darvill, 2013). Outwash cobbles were collected whole from
locations where the outwash terrace could be unambiguously linked to the moraine
system, but far enough from the moraine ridges to avoid material transported
down its slopes and onto the terrace surface (Hein et al., 2011, 2009).

4.4.3 Preparation

Samples were prepared at two cosmogenic nuclide laboratories: the Natural
Environment Research Council’s Cosmogenic Isotope Analysis Facility (NERC-
CIAF) and the University of Edinburgh’s Cosmogenic Nuclide Laboratory. The
samples were crushed, milled and then sieved to obtain the 250 µm to 500 µm
(CIAF), or 250 µm to 710 µm (Edinburgh) size fraction. Large cobbles (>10
cm) were cut to an appropriate thickness parallel to the surface prior to crushing,
while the majority of the cobbles were fist-sized and these were crushed whole.
All measurements of 10Be concentrations were done at the Scottish Universities
Environmental Research Centre (SUERC) Accelerator Mass Spectrometry (AMS)
facility.

NERC-CIAF Preparation

The 250 µm to 500 µm fraction was magnetically separated using a Franz machine
and the non-magnetic fractions were recovered. To remove carbonates and soluble
oxides, the samples were first treated with a 6:1:1 solution of water, HCl (37%)
and HNO3 (68%, aqua regia), on a hot-plate (∼ 50◦C) and the supernatant
was discarded. The samples were then treated with a 100:1 mixture of water
and concentrated (40%) HF on a shaker table for one hour to slightly etch
feldspar and mica grain surfaces. Supernatant liquid was discarded. Feldspar and
mica minerals were then removed through froth floatation (Herber, 1969): the
samples were repeatedly treated with eucalyptus oil, to make the etched grains
hydrophobic, and a carbonated surfactant solution. Floating minerals were then
discarded and quartz grains that did not float were recovered. The samples were
then etched three times in a 1 litre solution of water, HF (40%) and HNO3

(150:2:1) in a high power ultrasonic tank to isolate the cores of the quartz grains.
An aliquot of the final quartz sand was dissolved and its purity was tested for
Al,Be, Fe, Ca and Ti by ICP-OES at SUERC. The samples were dissolved in
pure HF and each sample and process blanks (n=2) were spiked with ∼ 0.2
mg of 9Be carrier. After dissolution, the HF was evaporated and replaced by
HCl. The solutions were first passed through anion exchange chromatography
columns to remove Fe. The Fe-free fraction was then evaporated and the HCl
was replaced by diluted H2SO4. The sulphate solutions were then passed through
cation exchange chromatography columns to remove Ti and B, and to separate
Be and Al fractions. The 10Be fractions were precipitated as hydroxides and
oxidised at ∼ 900◦C. Resulting BeO were mixed with Nb (1:6) and pressed into
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copper cathodes for AMS analysis. All measurements were normalized to NIST
SRM4325 standard with nominal ratios of 2.79 × 10−11 10Be/9Be (Nishiizumi
et al., 2007) and half-life of 1.36 Ma. The blank corrections ranged between 1 and
4% of the sample 10Be/9Be ratios.

Edinburgh Preparation

At the University of Edinburgh’s Cosmogenic Nuclide Laboratory, quartz was
isolated through repeated acid etching following standard procedures (Nishiizumi
et al., 2007; Bierman et al., 2002). The samples and the process blanks (n=2)
were spiked with ∼ 0.25 mg 9Be carrier. The samples were prepared as BeO
targets for AMS analysis following procedures detailed by Hein (2009), which are
similar to those described above. 10Be/9Be measurements were normalized to the
standards of Nishiizumi et al. (2007) with nominal ratios of 2.79 × 10−11. The
blank corrections were under 1% of the sample 10Be/9Be ratios.

Age Calculations

The 10Be ages were calculated using the online exposure age calculator formerly
known as the CRONUS-Earth online calculator (version 3, Balco et al., 2008),
with the Patagonia production rate (Kaplan et al., 2011) obtained from the ICE-
D online database (http://calibration.ice-d.org/). Throughout the paper
we report ages calculated using the time-dependent scaling scheme of Lal (1991)
modified by Stone (2000). Using the New Zealand 10Be production rate (Putnam
et al., 2010b), our ages decrease by less than 1%, and using the global production
rate (Borchers et al., 2016) the ages decrease by ∼ 6%. Summary statistics for
each moraine system are provided in Figure 4.6. We base our discussion on the
arithmetic mean and 1 σ standard deviation for each moraine system.

The ages presented here assume zero erosion and are therefore minimum
ages. Topographic shielding was measured in the field and is negligible for
all samples (∼ 0.99). The ages are not corrected for snow, vegetation or soil
shielding. Vegetation is sparse in the area, mostly comprises steppe grasses and
is unlikely to introduce significant shielding. Owing to high winds and the semi-
arid environment, we expect snow shielding to be minimal. Soils in the field
area are thin (normally 0-10 cm) and spatially variable, and a significant lag is
expected before soil develops following ice retreat. Quantifying soil shielding over
the exposure history is therefore difficult, but we expect the impact on ages to be
minimal.

http://calibration.ice-d.org/
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4.5 Results

4.5.1 Moraine Record

The Klementek moraine system comprises of well-defined outermost moraine
ridges with 25 m relief and slopes up to 12◦ deposited in the eastern part of the
valley, ∼ 65 km from present day glacier margins (Fig. 4.2). The outermost
moraine ridges are discontinuous and up-valley transition into a hummocky
terrain, which extends for 10 km on the northern side of the Ŕıo Belgrano
(Fig. 4.3). Hummocks and hollows are interspersed with streamlined, ice-flow
parallel landforms of 250 - 450 m in length. Small narrow ridges of up to one
kilometer in length, perpendicular to former ice flow, are superimposed on the
hummocky terrain, and are interpreted as recessional moraines. Occasional,
significantly eroded boulders with fluting and ventifacts are scattered on the
hummocky terrain. A glacio-fluvial outwash terrace emanates from the distal
margin of the outermost moraine ridges. Relict braided channels can be traced
from the surface of the outwash to the moraines. The outermost moraine ridges
are interpreted to mark a former ice margin position of the Belgrano glacier, while
the hummocky terrain was likely formed by a combination of subglacial and ice-
marginal processes during ice retreat. The morphology of the Klementek moraine
system is suggestive of a pre-LGM age.

The Menelik moraines (Fig. 4.4 and 4.5) are 22 km up valley and are separated
from the Klementek moraines by a >10 km long broad glacio-fluvial outwash
terrace. The double-lobate shape of the Menelik moraines and the presence of a
medial moraine indicate the coalescence of the Belgrano and Burmeister glaciers.
The outermost Menelik moraines are prominent, cross-valley ridges with broad
crests, and 30 m relief and slopes up to 15◦ (Fig. 4.4 and 4.5). Clusters of
exposed gravel and abundant boulders can be found on moraine crests. Inboard,
moraines diminish in size and in places are interspersed with numerous ponds
and depressions. Numerous small (1-2 m relief) moraine ridges are preserved
on higher ground (Fig. 4.4 A). The sequence of smaller moraines extends up
valley over a distance of ∼ 10 km, and suggests deposition during ice recession.
Palaeoshorelines indicate formation of shallow proglacial lakes as the ice margin
retreated (Fig. 4.2). Near the northeast shore of Lago Belgrano, the Menelik
moraines are cross-cut by the younger Belgrano moraines (Fig. 4.2). This
indicates that the glacier retreated into the Belgrano trough prior to a subsequent
re-advance, which also removed part of the inner Menelik moraine system. Glacio-
fluvial outwash terraces emanate from the Menelik moraines with preserved relict
surface channels. The outwash plain has been incised by two rivers, leaving the
area sampled isolated and unaffected by post deposition fluvial processes.
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Figure 4.3: A) Satellite image (Sentinel-2) and B) mapped moraine ridges of the
Klementek moraine system and the associated hummocky terrain. Sample locations
and 10Be exposure ages are also shown. C) Photograph showing part of the hummocky
terrain, with a vehicle in the bottom left corner for scale. D) Photograph showing
the outermost Klementek moraine ridges. E) Photograph showing the outermost
Klementek moraine ridges and the associated outwash in foreground that was sampled
for surface exposure analysis. F) An example of an outwash cobble sampled, which
still exhibits fluvial shape, but some surface erosion is evident (maximum 3 mm).



76 4.5 Results

Figure 4.4: A) Photograph showing the Menelik moraines (dashed yellow lines)
draped on higher ground. B-E) Photographs showing the outermost Menelik moraines
(dashed yellow lines) along with examples of sampled boulders. F) Example of a
cobble sampled from the outwash associated with Menelik moraines. Ventifacts on
the surface suggest long surface exposure (cf. Hein et al., 2011).
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Figure 4.5: Enlarged geomorphological map showing the Menelik moraine system
along with sample locations and 10Be exposure ages.
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4.5.2 Exposure ages

We present 20 new exposure ages from the Klementek and Menelik moraine
systems. The 10Be data are presented in Figures 4.3 B and 4.5, and Tables
4.2. The probability density diagrams (’camelplots’) are shown in Figure 4.6. In
the following, we report individual 10Be ages with 1 σ internal uncertainties.

The ages from the Klementek outwash range from 67.1 ± 1.7 ka to 85.9 ± 1.9
ka (n = 6; Fig. 4.3 B and 4.6 A). The distribution of ages contains a cluster of
four ages, with one younger and one older age. The ages yield a mean of 75.7 ±
5.9 ka (all data), or 75.2 ± 2.8 ka with the outliers excluded.

The boulder ages from the Menelik outermost moraines range from 18.4 ± 0.6
ka to 26.0 ± 0.8 ka (n=6; Fig. 4.5 and 4.6 B). We consider the youngest sample
(18.4 ± 0.6 ka) an outlier because it was taken from a short, partly buried boulder
and was likely exhumed from the moraine matrix post-deposition. The remaining
samples range from 23.0 ± 0.6 ka to 26.0 ± 0.8 ka and yield a mean age of 24.8
± 1.1 ka. The two boulders from moraines near the Belgrano valley side yielded
ages of 22.9 ± 0.9 and 18.3 ± 0.6 ka. The boulder from the inner Menelik moraine
gave an age of 17.0 ± 0.7 ka. Cobble ages from the Menelik outwash (Fig. 4.5
and 4.6 C) range from 23.7 ± 0.9 ka to 26.0 ± 1.0 ka, excluding an older age of
36.6 ± 1.1 ka, and yield a mean age of 24.8 ± 0.9 ka.

4.6 Discussion

4.6.1 The age of the Klementek outwash

Geomorphic considerations

The distribution of the Klementek outwash cobble ages suggests that the samples
may have been affected by pre- and post-depositional processes. One possibility
is that the cobbles are erroneously young because they were exhumed through
bio- or cryo-turbation, or as the terrace surface lowered through time. We do
not expect bio- or cryo-turbation processes to significantly affect the exposure
ages because soils at the site are thin, which should limit this process. Terrace
deflation is also expected to be insignificant based on a study in the neighboring
Lago Pueyrredón valley to the north. Here, Hein et al. (2009) estimated outwash
terrace surface lowering rates at 0.53 mm ka−1 using a depth-profile approach.
This rate would imply about 45 mm of total terrace surface lowering over the
past 86 ka (the age of oldest outwash sample), which would not significantly
decrease the apparent exposure ages. Rock surface erosion is another potential
source of geological scatter and erroneously young apparent exposure ages. Our
ages assume no rock surface erosion, but minor surface erosion is evident on most
Klementek cobble samples (Fig. 4.3 F). The erosion depth is variable but less
than ∼ 3 mm (Figures 4.3 F). This amount of erosion integrated over ∼ 86 ka
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Table 4.2: Exposure ages

Lm LSDn St
Sample Age Inter Exter Age Inter Exter Age Inter Exte

Years Years Years

Klementek outwash
LB1637 73531 1849 6407 76046 1914 6634 72158 1814 6251
LB1638* 85924 1874 7431 89053 1943 7711 84365 1839 7252
LB1639* 67089 1680 5835 69391 1739 6042 65888 1650 5697
LB1640 79600 2003 6946 82415 2075 7200 78157 1966 6780
LB1641 75642 1904 6594 78264 1971 6831 74281 1869 6438
LB1642 72164 1815 6286 74654 1879 6510 70841 1781 6135
Menelik moraines

outer
LB1614 25318 733 2212 25987 752 2272 24904 721 2164
LB1615 22976 625 1993 23503 639 2040 22625 615 1952
LB1616 25240 631 2174 25905 647 2232 24823 620 2126
LB1617 24230 622 2091 24831 638 2144 23853 612 2047
LB1618* 18427 589 1626 18669 597 1649 18217 582 1600
LB1619 26002 755 2273 26709 776 2336 25574 743 2223
Menelik moraines

inner
LB1612 22908 931 2104 23438 953 2154 22546 916 2061
LB1630 17020 702 1566 17189 709 1582 16849 695 1543
LB1632 18330 614 1628 18568 622 1650 18088 606 1599
Menelik outwash
LB1620 25449 685 2207 26122 703 2266 25058 674 2161
LB1621 26010 951 2345 26716 977 2411 25605 936 2297
LB1622 24140 738 2121 24733 756 2175 23788 727 2079
LB1623* 36632 1101 3222 37803 1137 3327 35993 1082 3148
LB1624 23728 851 2132 24296 872 2184 23388 839 2091

Scaling schemes: Lm is the time-dependent version of Lal (1991) and Stone
(2000), LSDn - time-dependent scheme of Lifton et al. (2014), and St -

time-independent version of Lal (1991) and Stone (2000).
Ages are reported with 1 internal and external uncertainties, the latter includes

production rate and scaling uncertainties. Ages assume zero erosion and no
correction for shielding by snow and/or vegetation. Elevation flag is std. Grey

shading indicates ages reported here. Samples marked with * are outliers.
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Figure 4.6: Probability density diagrams (’camelplots’) for A) the Klementek
cobble ages, A) Menelik boulder ages, and C) Menelik cobble ages. Thin purple
curves represent Gaussian curves for individual samples. Thick purple curve represent
the summed probability distribution for the data, excluding outliers. Outliers are
represented by dashed curves. Vertical lines denote an arithmetic mean (dark green,
excluding outliers), and 1 and 2 σ (paired brown and yellow lines respectively)
confidence intervals of the mean. Wmean: uncertainty-weighted mean.
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(age of oldest sample) yields an erosion rate of 0.035 mm ka−1. Applying this
erosion rate to the age calculations would increase the ages by less than 1 %,
which is within the analytical uncertainty.

Nuclide inheritance is a potential source of geological scatter that would
make the ages erroneously old. We assume inheritance is negligible because
the outwash sediment was shielded, transported and eroded by warm-based ice
before deposition. This assumption is supported by depth-profile measurements
in the neighbouring Lago Pueyrredón valley where average inheritance was
demonstrated to be negligible (Hein et al., 2009), and by the similarity of outwash
cobble and moraine boulder exposure ages. Given the similarity of ages obtained
from the Menelik moraine boulders and outwash surface cobbles, we too conclude
inheritance is low.

Age interpretation

There are several ways to interpret the outwash exposure ages: 1) If we assume
that the oldest sample remained on the surface the longest and the other samples
were exhumed later as the outwash terrace deflated, then the oldest age approach
(cf. Hein et al., 2009) would provide the closest age for the deposition of the
outwash at ∼ 86 ka. 2) The youngest and oldest ages were affected by pre-
(85.9 ± 1.9 ka, e.g. inheritance) and post-depositional processes (67.1 ± 1.7 ka,
exhumation). If we exclude them as outliers, we obtain a mean age of 75.2 ±
2.8 ka (n=4), which would be the best possible age for the deposition of the
outwash. 3) All ages are correct and the outwash is of composite age, and was
deposited during ice expansion between ∼ 86 and 67 ka. Given the clustering of
ages and our assessment of the significance of terrace deflation, exhumation and
inheritance, we tentatively suggest the mean age of 75.2 ± 2.8 ka (scenario 2)
as the best estimate for the culmination of the ice advance that deposited the
outwash. However, since we cannot exclude other scenarios, we acknowledge that
the outwash might be as old as 86 ka or it could have been deposited between 86
- 67 ka.

Our mapping suggests the Klementek moraines are age-equivalent to the
dated outwash and therefore represent a glacial advance at 75.2 ± 2.8 ka
ka; the morphology of the moraine system is consistent with this age. We
acknowledge that the hummocky terrain with superimposed moraine ridges could
be a palimpsest feature younger than the dated outwash and could have been
deposited during MIS 4 and 3.

4.6.2 The age of Menelik moraines and outwash

The Menelik outermost moraine boulders yield a mean age of 24.8 ± 1.1 ka,
excluding one young outlier. The outwash cobbles yield a mean age of 24.8 ± 0.9
ka, excluding one older outlier. As with the Klementek outwash, there are several
ways to interpret the Menelik outwash ages: 1) the oldest age approach (36.6 ±
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1.1 ka, LB1623); 2) the oldest age is an outlier (e.g. contains inherited nuclides
or reworked from previous advance) 3) all ages are correct, and the outwash is of
composite age. The relative clustering of the boulder and outwash ages indicates
that scenario 2) is most likely. Our field observations, however, provide some
support for scenario 3, since there is a remnant of a smaller moraine just outboard
of the outermost Menelik moraine sampled. It is possible the oldest outwash
sample (36.6 ± 1.1 ka) represent this earlier, slightly more extensive advance,
and therefore we tentatively suggest an advance at this time. The remaining
four samples, which produce a central peak (Fig. 4.6 C), would therefore relate
to the major advance that deposited the prominent outermost moraines and
(part-) deposited the outwash. Excluding two ages (LB1618 and LB1623), the
remaining outwash and moraine boulder exposure ages are indistinguishable and
when combined together yield a mean age of 24.8 ± 1.0 ka, which we interpret as
the timing of this major advance.

4.6.3 The last glacial cycle at Lago Belgrano

Our 10Be ages suggest the most extensive advance of the Belgrano glacier occurred
early in the last glacial cycle at 75.2 ± 2.8 ka ka toward the end of MIS 5. Given
the scatter in our exposure ages and the extent of the hummocky terrain with
recessional moraines, it is possible the glacier oscillated near its maximum position
between 86 - 67 ka. The advance precedes major cooling during MIS 4, when
some New Zealand glaciers had reached full glacial conditions (e.g. McCarthy
et al., 2008; Shulmeister et al., 2018; Schaefer et al., 2015). Whilst we find no
unambiguous evidence for an advance during MIS 4, we recognize the youngest
age of 67.1± 1.7 ka overlaps in timing. We only dated outwash associated with the
outermost moraines, it is therefore possible that some of the recessional moraines
were deposited during MIS 4.

We have tentative evidence for an advance during MIS 3 (36.6 ± 1.1 ka), but
this requires further chronological constraint. Significant MIS 3 glacial advances
have been identified at several locations elsewhere in Patagonia (Darvill et al.,
2015; Smedley et al., 2016; Garćıa et al., 2018; Denton et al., 1999b). A second
major, but considerably smaller, advance of the Belgrano glacier is represented
by the Menelik moraines and occurred at 24.8 ± 1.1 ka, coeval with the gLGM.

4.6.4 Evidence for MIS 5 glaciation

The Belgrano glacier reached its maximum extent much earlier than elsewhere
in Patagonia, where MIS 3 is the more dominant signal. Our data provide
the first robust evidence for MIS 5 glaciation in Patagonia. Elsewhere in the
southern mid-latitudes, evidence for MIS 5 glaciation is fragmentary. In southern
Patagonia, the maximum expansion of the Lago San Martin outlet glacier may
have occurred during late MIS 5 (Glasser et al., 2011). In New Zealand, 10Be
ages from the Cascade valley, suggest an advance at ∼ 90 ka (Sutherland et al.,
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2007). Shulmeister et al. (2010) reported glacier advances at ∼ 100 - 90 ka and
∼ 80 ka in the Rakaia Valley based on stratigraphic evidence and OSL ages. The
advance of Belgrano glacier could correlate with ice expansion evident in New
Zealand during MIS 5b-a.

In the northern hemisphere, there is evidence for expansion of mountain
glaciers and ice sheets during MIS 5. For example, glaciers in central Asia
(Röhringer et al., 2012; Koppes et al., 2008), NE Siberia (Zech et al., 2011b), as
well as in NW Washington and in the Pyrenees (Pallàs et al., 2010; Lewis et al.,
2009) reached their maximum during MIS 5. Sectors of large northern hemisphere
ice sheets expanded to their maximum position early in the last glacial cycle. For
example, the Barents-Kara ice sheet reached its maximum extent during MIS 5
(90 - 80 ka), and was less extensive during subsequent glaciations (Svendsen et al.,
2004).

These studies demonstrate substantial glaciation of mid-latitude mountain
areas globally, as well as the growth of ice sheets, during MIS 5. Our data
demonstrates extensive glaciation of the eastern massifs of central Patagonia at
this time. We speculate that the onset of glaciation throughout the Patagonian
Andes also occurred during MIS 5, but the geomorphic and stratigraphic evidence
has largely been destroyed, or remains undiscovered.

4.6.5 gLGM and deglaciation in Patagonia

Our data show that the Belgrano glacier advanced at 24.8 ± 1.0 ka during the
gLGM, but this advance was substantially smaller than the MIS 5 advance. The
timing of this advance is in good agreement with other glacial records in Patagonia
(e.g. Hein et al., 2010; Kaplan et al., 2004, 2008; McCulloch et al., 2005b; Denton
et al., 1999b). For example, in central Patagonia, the LP outlet glacier achieved
its maximum extent at ∼ 28 ka with a subsequent advance at ∼ 25 ka (Hein et al.,
2010). The LBA outlet lobe was at its maximum at∼ 27 - 25 ka followed by several
smaller re-advances/still-stands (Kaplan et al., 2004; Douglass and Bockheim,
2006). Advances during the gLGM in southern Patagonia were substantially
less extensive than the MIS 3 advances (Garćıa et al., 2018; Darvill et al., 2015;
McCulloch et al., 2005b; Kaplan et al., 2008).

The presence of numerous, regularly spaced recessional moraines indicate that
deglaciation from the 25 ka limits at Lago Belgrano was, at least initially, gradual.
We speculate that the Belgrano glacier occupied the eastern portion of the valley
for at least 8 ka, between ∼ 25 ka and ∼ 17 ka, based on the age from the
inner Menelik moraine (17.0 ± 0.7 ka), but further work is needed to confirm
this. Shallow proglacial lakes formed as the ice margin retreated from the inner
Menelik moraines. Once the glacier retreated into the Belgrano trough, it likely
experienced a more dynamic retreat associated with calving. We have no evidence
to constrain the maximum recession prior to the re-advance that deposited the
Belgrano moraines.

Although we cannot firmly constrain the timing and rate of deglaciation, our
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youngest age (17.0 ± 0.7 ka) from the inner Menelik moraine broadly matches
the onset of deglaciation elsewhere in Patagonia. At LP, deglaciation began as
ice withdrew from the youngest Ŕıo Blanco moraines dated at ∼ 21 - 19 ka (Hein
et al., 2010). Rapid deglaciation of the LP and Chacabuco valleys accompanied
by ice thinning is supported by a vertical reconstruction (Boex et al., 2013) and
a pollen analysis of a lake core (Henŕıquez et al., 2017). At LBA, the onset of
deglaciation was dated at 18.1 ± 0.2 ka, followed by a short still-stand at 17.7
± 0.1 ka, which deposited the Menucos moraines (Bendle et al., 2017a; Kaplan
et al., 2004; Douglass and Bockheim, 2006). Deglaciation was initially steady, but
accelerated after 17.3 ka when the LBA outlet lobe started to calve into a deep lake
(Bendle et al., 2017a). Overall, it appears that in central Patagonia deglaciation
was underway by 19 - 18 ka (Garćıa et al., 2019; Markgraf et al., 2007; Hein et al.,
2010; Henŕıquez et al., 2017; Bendle et al., 2017a), while in southern Patagonia
and in the CLD ice retreat initiated about 1 ka later (McCulloch et al., 2005b;
Garćıa et al., 2014; Kaplan et al., 2008; Sagredo et al., 2011; Denton et al., 1999a;
Moreno et al., 2015; Mendelova et al., 2017).

4.6.6 Causes of glaciation

In the following we consider potential mechanisms that could lead to ice expansion
during MIS 5 and the pattern of successively smaller ice extent at Lago Belgrano.

Insolation

Earth’s orbital parameters exert a primary control on glacial-interglacial cycles
and modulate global climate (Hays et al., 1976; Milankovitch, 1941). Insolation
in the southern hemisphere is almost completely out-of-phase with the northern
hemisphere, and it has been proposed that southern hemisphere insolation
modulates regional climates, and therefore controls glacial advances in the
southern mid-latitudes (Vandergoes et al., 2005; Sutherland et al., 2007; Darvill
et al., 2015, 2016). A minimum in southern hemisphere summer insolation
occurred between 85 - 75 ka (Fig. 4.7 B), and this may have promoted ice
advance at Lago Belgrano. As noted by Hughes and Gibbard (2018), insolation
played a particularly important role in glacial inception, including the insolation
minimum at the end of the previous interglacial. The amplitude of southern
hemisphere insolation change is greatest during MIS 5, with a minimum of the
last glacial cycle between 115 ka and 100 ka. This would have likely created
favorable conditions for glaciation of the Patagonian Andes. Glaciers in mid-
and high-northern latitudes are thought to have expanded in response to reduced
summer insolation early in the last glacial cycle (e.g. Abramowski et al., 2006;
Porter and Swanson, 2008; Farquharson et al., 2018).

Reduced southern hemisphere summer, as well as winter, insolation have been
invoked to explain glacier expansion in Patagonia and New Zealand during MIS
3 (Darvill et al., 2015, 2016; Garćıa et al., 2018). However, Doughty et al.
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(2015) and Darvill et al. (2016) noted that southern hemisphere insolation alone
cannot explain the timing of glacier advances observed in the southern mid-
latitudes. While insolation was important in driving the onset of glaciation, later
in the glacial cycle it may have only played a comparatively minor role (Hughes
and Gibbard, 2018). Further, variations in insolation would modulate regional
climates differently (Gillespie and Molnar, 1995). The timing and extent of ice
advances along the Patagonian Andes was then ultimately determined by local-
to-regional factors and feedback mechanisms (cf. Darvill et al., 2016; Garćıa et al.,
2018).

An alternative hypothesis suggests that the precessional cycle might affect the
timing of glacial advances in the southern mid-latitudes by controlling southern
hemisphere seasonality and the pole-to-equator thermal gradient, which in turn
drives westerly circulation (Shulmeister, 1999; Shulmeister et al., 2004). Glacial
advances would therefore occur at southern hemisphere precessional maxima, i.e.
23 ka, 48 ka, 72 ka, and 96 ka (Shulmeister et al., 2010). In this model, ice
expansion at Lago Belgrano might have been driven by a precessional maximum
at 96 ka and at 72 ka. There is evidence for ice advances in Patagonia at ∼ 48
ka (Garćıa et al., 2018), and in NZ at ∼ 42 ka (Kelley et al., 2014) that could be
linked to a precessional maximum at 48 ka.

Moisture availability

While the initial growth of the San Lorenzo ice cap was likely driven by
reduced southern hemisphere insolation, we suggest the early maximum and
successively smaller ice extent at Lago Belgrano was, in part, related to decreasing
moisture delivery over the course of the glacial cycle. The San Lorenzo massif
is the easternmost glaciated area in Patagonia today, sustained by westerly
precipitation. Early in the glacial cycle, expansion of an independent ice cap over
San Lorenzo would have been fostered by westerly precipitation that was able to
penetrate through the gap in the Andes. Once the full PIS developed to the west,
it blocked this gap and created a lee-side effect that led to a reduction in snowfall
over San Lorenzo. As a consequence, the Belgrano glacier was substantially
smaller during the gLGM.

Availability of moisture and the role of continentality has been highlighted as
an important factor contributing to an early local LGM and a pattern of succes-
sively smaller extent of mountain glaciers (Hughes and Gibbard, 2018; Gillespie
and Molnar, 1995). For example, maximum glaciation of the mountain ranges in
central Asia early in the glacial cycle was attributed to higher precipitation related
to the strength and advection of the South Asian monsoon and/or westerlies (e.g.
Röhringer et al., 2012; Dong et al., 2018; Zech, 2012; Owen et al., 2002; Finkel
et al., 2003; Owen et al., 2003; Abramowski et al., 2006). Development of large
northern hemisphere ice sheets would have affected atmospheric circulation and
created lee side effects and precipitation starvation in other glaciated areas, thus
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indirectly contributing to a pattern of successively smaller glaciation elsewhere
that was asynchronous with the global ice volume (e.g. Thackray, 2001; Porter
and Swanson, 2008; Svendsen et al., 2004; Zech et al., 2011b; Farquharson et al.,
2018).

Antarctic stadials

On millennial time-scales, glacial advances in Patagonia and New Zealand have
also been attributed to cooling in the southern mid-latitudes during Antarctic
stadials (Garćıa et al., 2018; Kelley et al., 2014; Schaefer et al., 2015). An
Antarctic millennial-scale climate signature across the southern mid-latitudes is
likely an expression of antiphased interhemispheric coupling commonly attributed
to the bipolar seesaw (Pedro et al., 2018; Stocker and Johnsen, 2003). Meridional
oceanic heat transfer causes the Southern Ocean and Antarctica to cool during
warm interstadial conditions in the North Atlantic region, and vice versa (Blunier,
2001; EPICA Community Members, 2006). Likely forced from the North Atlantic,
the oceanic teleconnections are accompanied by an atmospheric reorganization
(Markle et al., 2017; Buizert et al., 2018), which causes equatorward migration
of the SWW during Antarctic stadials (Markle et al., 2017; Lamy, 2004; Buizert
et al., 2018). Further, the Antarctic Circumpolar Current weakens (Lamy et al.,
2015), and cold water masses are advected northward resulting in lower SST off
Chile (Kaiser et al., 2005) and New Zealand (Barrows et al., 2007). Together this
could promote glacier expansion in Patagonia and New Zealand.

Antarctic millennial-scale climate variations have been correlated across the
southern mid-latitudes by a range of marine proxies (e.g. Barrows et al., 2007;
Lamy, 2004; Caniupán et al., 2011). Southern high- to- mid latitude millennial-
scale cooling evident in Antarctic ice-cores and several marine records might have
also facilitated the glacial advance at our site at ∼ 75 ka. Cold stadial conditions
at this time are evident in Antarctic ice cores following the prolonged A7 warm
event (4.7 F; Blunier, 2001; EPICA Community Members, 2006. A Mg/Ca-based
SST reconstruction from east of New Zealand indicates a temperature decrease
towards ∼ 75 ka (45◦ S, Pahnke et al., 2003; Fig. 4.7 D). Although the resolution
of exposure dating and associated geological uncertainties do not allow for precise
correlations, it is reasonable to expect that mountain glaciers in the southern
mid-latitudes responded to such cooling events.

Build-up of the Patagonian Ice Sheet and ice-divide migration

In the light of the above discussion, we propose a conceptual model of the build-up
of the PIS (Fig. 4.8). The San Lorenzo massif and surrounding high topography
(and present day NPI and SPI) likely acted as nucleation points for the ice sheet.
Ice inception here allowed for the development of an independent ice cap at the
time of reduced southern hemisphere insolation and higher moisture availability
early in the glacial cycle. Growth of the San Lorenzo ice cap would have been
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sustained by westerly precipitation that was able to reach the eastern massif
through the gap in the Andes (Fig. 4.8 A). Later in the glacial cycle, the
individual ice masses that were building up on high topography, including the
San Lorenzo massif, the NPI and the SPI, coalesced to form a continuous ice
sheet (Fig. 4.8 B). Approaching peak glacial conditions (Fig. 4.8 C), we expect
the ice-divide migrated westward towards the precipitation source, and in the
process caused re-organization of ice-drainage routes to focus ice flow into the
major outlets of the PIS that surround the San Lorenzo and southern massifs
(LP and SM). Furthermore, increasing the ice-sheet elevation and migrating the
ice-divide would create an effective barrier to westerly precipitation, causing a
reduction in snowfall reaching the San Lorenzo massif (cf. Sugden et al., 2002).
The successively smaller glacial extent of the Belgrano glacier can therefore be
explained by reduced moisture on the lee side of the PIS and ice-drainage re-
organization as a consequence of ice-divide migration. This explains why the
Belgrano glacier was relatively small at ∼ 25 ka, at a time when the major regional
outlets of the PIS (LP and LBA) were at their local maximum (Hein et al., 2010,
2009; Kaplan et al., 2004).

4.7 Conclusion

Our 10Be ages and geomorphological mapping demonstrate that the Belgrano
glacier reached its maximum extent of the last glacial cycle at ∼ 75 ka towards the
end of MIS 5. A second, substantially smaller advance occurred at ∼ 25 ka during
the gLGM. The topographic setting prevented overprinting of the MIS 5 moraine
record by later advances. We suggest that an independent ice cap developed over
San Lorenzo early in the last glacial cycle, likely in response to reduced southern
hemisphere summer insolation. Fostered by relatively high westerly precipitation,
this led to the most extensive advance of the Belgrano glacier early in the last
glacial cycle. Successively smaller ice extent at Lago Belgrano can be explained
by snow starvation, ice-divide migration and ice-flow re-organization as the full
PIS developed to the west of San Lorenzo. Our data provide first robust evidence
for glaciation of the Patagonian Andes during MIS 5. However, more work is
needed to elucidate the drivers of glaciation in Patagonia, from the onset early in
the glacial cycle through to the full glacial conditions.
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Figure 4.7: Comparison of our 10Be ages and other proxies. A: July insolation
intensity for 60◦ N (Berger and Loutre, 1991). B: July (orange) and December
(blue) insolation intensity for 50◦ S (Berger and Loutre, 1991). C: EDC dust record
(Lambert et al., 2012). D: SST (Mg/CA) record from off New Zealand (MD97-2120)
(Pahnke et al., 2003). E: EDC deuterium record (EPICA Community Members, 2004)
plotted on AICC2012 timescale (Veres et al., 2013). F: Oxygen isotope record from
Byrd ice core (Johnsen et al., 1972) plotted on GISP2 timescale (Blunier, 2001).
G: Summed probability density functions (’camelplots’) for the Klementek outwash,
and the Menelik boulders and outwash cobbles combined (plotted on individual y-
axis; dashed curves represent outliers). Circles indicate the arithmetic means of the
Klementek and Menelik ages (after outliers have been excluded) and error bars indicate
uncertainty of the mean, which includes propagated individual internal uncertainties
of the 10Be ages and production rate uncertainty (Kaplan et al., 2011).
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Figure 4.8
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Figure 4.8: A conceptual model of the build-up of the last Patagonian Ice Sheet
(PIS). A) The initial inception of the Patagonian Ice Sheet begins with nucleation
centres over the present day North and South Patagonian Icefields (NPI, SPI), and
the San Lorenzo massif (SL), likely triggered by reduced summer insolation in the
southern hemisphere. At this time, the Southern Westerly Winds (SWW) can freely
penetrate through the topographic depression between the present icefields to bring
snowfall east to the San Lorenzo ice cap. Ice expansion is greatest down the high-
elevation eastern Belgrano valley, since glaciers draining to the south, west and north
of the massif descended into deep valleys. B) The individual ice masses coalesce,
causing reorganization of ice (and fluvial) drainage routes, and reducing ice flux down
the Belgrano valley. C) Under peak glacial conditions, the ice-divide increased in
elevation, and migrated westward towards the precipitation source. This caused snow
starvation to the San Lorenzo massif, and significant re-organization of ice-drainage
routes to focus ice flow into the major outlets of the Patagonian Ice Sheet that
surround the San Lorenzo massif (LP and SM). These processes limited ice expansion
in the Belgrano valley when the major outlet to its north, LP (and also LBA, which
is not shown) was near its maximum last glacial extent indicated by the Ŕıo Blanco
moraines (Hein et al., 2010).
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Abstract

The spatial-temporal footprint of millennial-scale climate events during the
last glacial-interglacial transition can yield insights into the underlying drivers of
climate change, but remains poorly resolved in Patagonia. Here, we assess the
glacier response to abrupt cold events and palaeolake evolution using geomorpho-
logical mapping along with 10Be ages and optically stimulated luminescence ages
from near Lago Belgrano (47.9◦ S) on the eastern side of Monte San Lorenzo. The
former Belgrano glacier was sustained by a climatically sensitive ice cap, making
the site ideal for investigating the glacier response to abrupt cold reversals. Our
data reveal an extensive re-advance at 13.1 ± 0.6 ka, consistent with cooling and
increased precipitation during the Antarctic Cold Reversal (ACR). Subsequently,
ice retreated by at least 10 km and created an ice-dammed proglacial lake in the
Belgrano valley. Rapid recession was punctuated by smaller advances/still-stands
sufficient to maintain an ice-dam for the palaeolake and deposit a lateral moraine
dated at 12.4 ± 0.3 ka during the Younger Dryas (YD). The final withdrawal
of glaciers to the mountains allowed the palaeolake to drain and resulted in an
Atlantic/Pacific drainage reversal. This marks the final separation of the Patag-
onian Ice Sheet into the individual ice fields at the YD-Holocene transition. Our
data demonstrate the dominant ACR climate signal in central Patagonia, but also
reveals a co-occurrence of the northern hemisphere YD signal, albeit of smaller
magnitude. The ACR re-advance was primarily climatically controlled, but its
relative magnitude was likely a consequence of ice divide migration and ice flow
re-routing during the break-up of the Patagonian Ice Sheet.

5.1 Introduction

The last glacial-interglacial transition (LGIT, 18 - 11 ka) was characterized by
the demise of ice-sheets, reorganization of the atmospheric and oceanic systems
accompanied by increasing atmospheric CO2, and millennial-scale warm/cold
events (Denton et al., 2010). The interhemispheric phasing of climate change
during this period has generated much debate, in particular the occurrence of the
Antarctic Cold Reversal (ACR; ∼ 14.6 - 12.8 ka, Lemieux-Dudon et al., 2010)
and the northern hemisphere Younger Dryas (YD; ∼ 12.9 - 11.7 ka; Blunier
et al., 1998) climate signals in the southern hemisphere (e.g. Denton et al., 1999a;
Sugden et al., 2005; McCulloch et al., 2005a; Putnam et al., 2010a; Glasser et al.,
2012). The relative magnitude and the spatial-temporal footprint of these abrupt
events can yield insights into the processes involved in initiation and propagation
of climate change, but remains poorly resolved in Patagonia.

Patagonia is well-situated for studying this as it intersects the Southern
Westerly Winds (SWW), which modulate the global carbon cycle, exert a strong
influence on Southern Ocean circulation, and which played an important role in
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the LGIT by controlling atmospheric CO2 (Lamy et al., 2007; Toggweiler et al.,
2006a; Anderson et al., 2009; Marshall and Speer, 2012). The global climate
models predict a poleward shift and strengthening of the SWW in the future, yet
also show considerable spatial variability in the magnitude of the strength and
position change (Meijers, 2014). Better constraining the timing and magnitude of
past glacier fluctuations along latitudinal gradients in the southern mid-latitudes
can help to improve our understanding of past climate change, including the
role of the SWW, and can help to improve projections of future climate change.
Further, examining the consequences of the past rapid climate events on the
terrestrial environments, including the cryospheric component, is important for
contextualizing present and future climate change in the region.

In Patagonia, the ACR signal is well-documented south of 50◦ S by both
glacier chronologies and palaeovegetation records, which reveal glacier advances
and cooling coeval with the ACR (Mansilla et al., 2016; Moreno et al., 2012;
Björck et al., 2012; Garćıa et al., 2012; Moreno et al., 2009; Fogwill and Kubik,
2005; Strelin et al., 2011; Kaplan et al., 2011; Ackert et al., 2008; Sugden et al.,
2005; McCulloch et al., 2005a). Here, subsequent ice retreat and warming was
interrupted by stabilisation of glaciers during the YD (Kaplan et al., 2011; Moreno
et al., 2009). North of 50◦ S, the glacier response to climate during the LGIT
remains poorly resolved. Glacier advances/still-stands during the ACR (Sagredo
et al., 2018; Davies et al., 2018; Nimick et al., 2016) as well as YD (Sagredo
et al., 2018; Glasser et al., 2012; Nimick et al., 2016) have been reported east of
the Northern Patagonian Icefield and on the north-western flanks of Monte San
Lorenzo. Many of these glaciers calved into a large regional palaeolake during
most of the LGIT (Davies et al., 2018; Thorndycraft et al., 2019), and this process
together with topographic pinning points on the ice bed likely exerted a strong
influence on their dynamics and response to cold reversals (Davies et al., 2018).
In addition, many exposure ages from moraine boulders previously interpreted as
dating YD advances (Glasser et al., 2012), are considered erroneously young as a
consequence of their submergence in a palaeolake (Thorndycraft et al., 2019). In
some cases, the relationship between the dated moraines (e.g. Nimick et al., 2016)
and palaeolakes remains unclear. Where YD moraines have been dated, they are
based on a limited number of exposure ages (≤ 2) (Sagredo et al., 2018; Glasser
et al., 2012). Thus, firm dating of YD ice limits has not yet been achieved.

Terrestrial palaeovegetation proxies from central Patagonia (49◦ S - 44◦ S)
either: (i) do not document any clear changes from which an ACR or YD signal
can be inferred (Haberle and Bennett, 2004; Bennett et al., 2000; Lumley and
Switsur, 1993; Markgraf et al., 2007; de Porras et al., 2014, 2012; Iglesias et al.,
2016), or (ii) suggest persistence of cold/cool and wet conditions from about 16 ka
to 11.8 ka (Villa-Mart́ınez et al., 2012). Only one terrestrial record so far suggests
increased precipitation coeval with the ACR, based on an increase of cold-resistant
hygrophilous taxa between 14 ka and 13.5 ka (Henŕıquez et al., 2017). This is
supported by pollen analysis on a marine core recovered from offshore of Chile
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(46◦ S; MD07-3088, Montade et al., 2013). The absence of the ACR and/or YD
signal in many records might be masked by high climate variability during the
LGIT , combined with the effects of local climate and/or insensitivity of proxies
to minor cooling (Markgraf et al., 2007; Villa-Mart́ınez et al., 2012; Mendelova
et al., 2017).

The aim of this study is to assess the glacier response to cold reversals
during the LGIT in the Belgrano and Lacteo valleys on the eastern side of
Monte San Lorenzo. We selected this site because the relatively small San
Lorenzo ice cap would have been more sensitive to climate change than the
larger Patagonian icefields. At its maximum extent during the LGIT, the
former Belgrano glacier had a land-terminating margin rather than a calving
margin, and thus glacier fluctuations here are more likely to reflect changes in
climate. These characteristics make the site ideal for investigating the regions
glacier response to abrupt millennial-scale cooling events during the LGIT. We
use geomorphological mapping, cosmogenic 10Be surface exposure dating and
optically-stimulated luminescence (OSL) analysis to determine the timing of 1)
major glacier re-advances/stillstands during the LGIT, and 2) the formation and
evolution of palaeolakes in the valleys. Our mapping and chronology gives insight
on the processes involved in the break-up of the former Patagonian Ice Sheet
(PIS) and rates of deglaciation.

5.2 Study area and previous work

5.2.1 Physical setting

Monte San Lorenzo (3706 m, Chilean name: Monte Cochrane) is an isolated
massif located ∼ 80 km east of the main spine of the Patagonian Andes (Figs.
5.1 and 5.2). At this latitude, the main chain of the Andes exhibits a tectonic
depression, which separates Monte San Lorenzo massif from the Pacific coast,
and the Northern Patagonian Icefield from the Southern Patagonian Icefield. The
Lago Belgrano valley is a relatively small, low gradient, high elevation valley at
over 850 m asl. This contrasts with the large over-deepened basins to the north
and south (e.g. Lago Pueyrredón, 150 m) that have been eroded to below sea
level (Murdie et al., 1998). The low gradient Belgrano valley also contrasts with
mountain valleys on the northern and western flanks of Monte San Lorenzo, which
have steeper elevation profiles as they descend to low elevations (∼ 500 - 200 m
asl) within tens of km of the mountain. San Lorenzo is part of the Patagonian
Batholith intrusion (Ramos and Kay, 1992; Ramı́rez de Arellano et al., 2012),
and is the main source of granitic erratics that are found in the Belgrano valley.

The precipitation-bearing SWW have a dominant influence on climate and
sustain the present day ice-fields and glaciers. Westerly precipitation can reach
5,000 - 10,000 mm a−1 on the western side of the Andes and falls to less than
300 mm a−1 tens of km downwind of the mountain front (Garreaud et al., 2013).
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Figure 5.1: A) Location of Patagonia in the southern hemisphere with approximate
location of the Southern Westerly Winds. B) Location of the study area in Patagonia,
with an approximate extent of the PIS at the global Last Glacial Maximum (pink line).
Image: ESRI World Imagery. C) Map of central Patagonia showing contemporary ice
fields and ice caps (outlines were downloaded from the GLIMS database (Falaschi
et al., 2017; De Angelis et al., 2015)), modern drainage divide and location of Monte
San Lorenzo and Lago Belgrano valley. Magenta arrows indicate former ice discharge
routes from the San Lorenzo. Basemap: SRTM DEM.
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As a consequence of the topographic depression, the Monte San Lorenzo massif
is the first orographic barrier to the SWW, and has a transitional maritime to
continental climate (Falaschi et al., 2013).

The San Lorenzo massif sustains four valley glaciers and several smaller ice
bodies covering a total area of ∼ 139 km2 (Falaschi et al., 2013). The snowline
is estimated to be ∼ 1700 - 1750 m a.s.l on the western side and about 100 m
higher on the eastern side of the massif (Falaschi et al., 2013). All glaciers of
the San Lorenzo massif and Lago Belgrano drain westward to the Pacific Ocean
via rivers, which exploit the gap in the mountain chain (Fig. 5.2). The drainage
divide is located east of Lago Belgrano, and Lago Burmeister (∼ 900 m asl; Fig.
5.2) is over the divide and instead drains eastward to the Atlantic Ocean via
the Rı́o Belgrano. During glacial cycles, the build-up of ice along the Andean
mountain chain blocked Pacific drainage pathways, causing large-scale drainage
reversals. The break-up of the Patagonian Ice Sheet is thus associated with large-
scale drainage reversals across many parts of Patagonia (Caldenius, 1932; Turner
et al., 2005; Thorndycraft et al., 2019).

5.2.2 Previous work

During full glacial conditions, the San Lorenzo ice cap coalesced with the larger
PIS (Caldenius, 1932; Wenzens, 2005; Glasser et al., 2005; Mendelová et al.,
2020b). Ice from the San Lorenzo centre discharged northwards to join the Lago
Pueyrredón outlet glacier and south-eastwards into the Belgrano valley (Fig. 5.1
C; Wenzens, 2002). The Belgrano glacier had additional ice contribution from
accumulation areas on the mountains to the west and south of Lago Belgrano.

Following disintegration of the Lago Pueyrredón lobe, ice on the northern
and western flanks of San Lorenzo was largely confined to the mountain valleys
(Davies et al., 2018; Martin et al., 2019; Sagredo et al., 2018). Here, advances of
the Tranquilo and Calluqueo glaciers were dated at 13.8 ± 0.5 ka and 13.2 ± 0.2
ka, respectively, coeval with the ACR (Fig. 5.2; Sagredo et al., 2018; Davies et al.,
2018). At this time, the Calluqueo glacier calved into a palaeolake, and part of
the moraine was subaqueous (Davies et al., 2018). YD stabilisation is suggested
by a couple of exposure ages from inset moraines in both valleys (Fig 5.2; 12.5 ±
0.4 and 11.6 ± 0.4 ka in the Tranquilo valley (Sagredo et al., 2018), and 12.9 ±
0.8 and 12.0 ± 0.5 in the Salto valley (Glasser et al., 2012)).

The Belgrano glacier reached its full last glacial extent at 75.0 ± 2.8 ka based
on 10Be exposure ages from outwash cobbles (Fig. 5.2; Mendelová et al., 2020b).
This early maximum suggests that an independent ice mass developed on San
Lorenzo early in the last glacial cycle toward the end of MIS 5. A second major
advance deposited the Menelik moraines dated using 10Be ages at 24.7 ± 1.0 ka
(Fig. 5.2; Mendelová et al., 2020b), coeval with the global Last Glacial Maximum
(gLGM).

The Late Glacial history at Lago Belgrano is only constrained by two minimum
radiocarbon ages of 12.6 ± 0.06 cal ka BP and 9.5 ± 0.04 cal ka BP (Wenzens,
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Figure 5.2: Map showing Monte San Lorenzo, Lago Belgrano and Lacteo valleys,
along with published chronologies (black curves indicate dated ice margins). Where
more than 2 ages exist for a landform, uncertainty-weighted means with 1 σ standard
deviation are presented. Otherwise, individual ages are given with 1 σ uncertainty
(internal in case of 10Be ages). Green shading indicates our study area, and ice
margins dated in this study are highlighted in pink. Glacier outlines were downloaded
from the GLIMS database (Falaschi et al., 2017; De Angelis et al., 2015). River
drainage directions are indicated with blue arrows.

2005; Fig. 5.2). With the exception of the Tranquilo valley, where Sagredo
et al. (2018) dated an advance to 5.7 ka ± 0.1 ka using 10Be, our knowledge
of the Holocene dynamics of the San Lorenzo glaciers is limited to minimum
radiocarbon ages and lichenometry (Garibotti and Villalba, 2017; Mercer, 1984;
Wenzens, 2005). In the Lacteo valley (Fig. 5.2), Wenzens (2005) obtained an
age of 7.5 ± 0.04 cal ka BP from a kettle hole, and further up valley, Mercer
(1984) obtained a maximum age of 5.2 ± 0.2 cal ka BP from an overridden tree
incorporated within a moraine 5 km from the present day margin of the Lacteo
glacier. Wenzens (2005) obtained a minimum age of 5.6 ± 0.06 cal ka BP from a
kettle hole within the moraines bounding Lago Burmeister (Fig 5.2). Horta et al.
(2017) proposed a palaeolake in the Belgrano valley at 900 - 920 m a.s.l. between
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11.7 and 10.8 ka on the basis of two radiocarbon ages from lacustrine deposits
(Fig 5.2).

Geomorphological mapping of the valleys on the eastern side of Monte San
Lorenzo along with a robust chronology will allow us to assess the response of this
small ice cap to climate fluctuations during the ACR and YD, and will provide
insight on the overall pattern and rate of deglaciation.

5.3 Methods

In this study, we focus on a moraine system that bounds the eastern end of Lago
Belgrano, here informally named the Belgrano moraine system, and the area to
the north, including the Lacteo valley (Figs. 5.2 and 5.4). The two older moraine
systems in the Belgrano valley (Fig. 5.2) and associated chronologies are described
by Mendelová et al. (2020b).

Geomorphological mapping was done from high resolution optical satellite
imagery (2.5 m to sub-meter) distributed by the ESRITM World Imagery service,
10 m Sentinel-2 imagery and Google Earth. ALOS PALSAR (12.5 m) and
Shuttle Radar Topography Mission (30 m) digital elevation models were used to
aid landform identification. Geomorphological features were mapped following
established criteria (e.g. Glasser et al., 2008; Darvill et al., 2014; Bendle
et al., 2017b; Martin et al., 2019). Mapping was field-checked during two field
campaigns in 2016 and 2018. Published 10Be ages from Patagonia described in
this paper were recalculated using the protocol outlined in section 4.4.3, and
ages are presented as uncertainty (internal) weighted means with 1 σ standard
deviation per moraine. Published radiocarbon ages (Table 2.1) were re-calibrated
using the OxCal online calibration program (version 4.3; Bronk Ramsey, 2009)
and the southern hemisphere calibration curve (SHCal13, Hogg et al., 2013). The
calibrated median ages (95.4 % confidence interval) are presented as ”cal. ka BP”,
rounded to the nearest 100 a.

5.3.1 Surface exposure dating

Sampling

For cosmogenic nuclide analysis, we collected samples from the top centre of
large boulders embedded in the moraine crests using hammer and chisel (Gosse
and Phillips, 2001; Darvill, 2013). We targeted granitic boulders that showed
minimal surface erosion, and appeared stable. We sampled four to six boulders per
moraine limit (cf. Putkonen and Swanson, 2003). Three samples were collected
from boulders and cobbles deposited atop bedrock outcrops along a transect in
the Lacteo valley to date deglaciation of the valley. Additionally, we collected two
surface samples from beach gravels on former shorelines. The shoreline samples
consisted of an amalgamation of 30-40 quartz-rich pebbles (2-4 cm).
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Sample locations were recorded with a handheld Garmin GPS with a reported
accuracy of 3 - 5 m. Topographic shielding was measured in the field using
a compass and clinometer, and shoreline altitudes were cross-checked with a
barometric altimeter. Sample details are presented in Table 2 and sample
locations are shown in Figure 5.4.

The samples were crushed whole, except sample RV1609, which was cut
horizontally to reduce its thickness. Subsequently, the samples were sieved to
obtain the sand fraction and then prepared as 10Be AMS targets at two different
cosmogenic nuclide laboratories: the Natural Environment Research Council’s
Cosmogenic Isotope Analysis Facility (NERC-CIAF), and the University of
Edinburgh’s Cosmogenic Nuclide Laboratory. All Accelerator Mass Spectrometry
(AMS) measurements were conducted at the Scottish Universities Environmental
Research Centre (SUERC) AMS Facility. Sample preparation for cosmogenic
nuclide analysis is described in Mendelová et al. (2020b).

Age calculations

10Be ages were calculated using the online exposure age calculator described
by Balco et al. (2008), version 3, with a local 10Be production rate for Patag-
onia (Kaplan et al., 2011), derived from the ICE-D online database (http:
//calibration.ice-d.org/). Ages presented here (Table 5.3) use the time-
dependent Lm scaling scheme of Lal (1991) modified by Stone (2000). The ages
decrease by 0.5 % if calculated using the New Zealand production rate of Putnam
et al. (2010b) and decrease by 6% with the global production rate of Borchers
et al. (2016). Summary statistics for each moraine are given in Table 5.4. We base
our discussion on the uncertainty-weighted means and 1 σ standard deviation.

No correction is applied for shielding by vegetation or snow because the
moraines are sparsely vegetated by grasses with the exception of some Nothofagus
trees scattered on the lateral moraines in the Lacteo valley. Given high winds
and low precipitation, we expect the snow cover to be minimal and short-lived
in the Belgrano valley. Closer to the mountain front, snow cover would be more
persistent, but boulders perched on moraines are likely to sit above the snowpack
where they can be blown free of snow. Exposure ages assume zero erosion,
although rates of 0.2 mm ka−1 have been estimated nearby (Hein et al., 2017;
Douglass et al., 2007). Including this rate would increase ages by less than 1%,
which is within analytical uncertainties.

The moraine boulder ages are interpreted to date moraine stabilisation
following ice withdrawal, and thus the ages provide a minimum age for the
ice advance. The cosmogenic nuclide ages are considered minimum ages, given
the potential for post-depositional processes (e.g. erosion and exhumation
of boulders) that could affect surface exposure. That said, we acknowledge
inheritance could interfere with this assumption, and this is discussed explicitly.

The exposure ages from shorelines are interpreted to date the abandonment
(stabilisation) of the shoreline, and therefore dropping of the lake level. We

http://calibration.ice-d.org/
http://calibration.ice-d.org/
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assume that wave action cuts into existing sediment and subjects individual clasts
to surface erosion such that inheritance is negligible. This assumption is, however,
difficult to test without several samples from each shoreline. Our approach of
amalgamating many surface clasts should go some way toward minimising the
influence of inheritance on the final 10Be concentration of the sample.

5.3.2 OSL dating

We collected two samples for OSL dating from laminated silt and sand sediments
interpreted as glaciolacustrine deposits. OSL dating determines when mineral
grains were last exposed to sunlight prior to burial. We interpret the ages to
date the deposition of glaciolacustrine sediments, and they should therefore give
a minimum age for the development of a palaeolake.

Samples for luminescence dating were collected in opaque tubes and prepared
for analysis under subdued lighting conditions. To calculate the environmental
dose-rate throughout burial for each sample, U, Th and K concentrations were
measured for ∼ 80 g of the bulk sediment sample using high-resolution gamma
spectrometry. Water contents of 5 ± 2 % were estimated considering the field
water contents, and the environmental history for each sample. Cosmic dose-
rates were calculated after Prescott and Hutton (1994). Environmental dose-rates
determined for samples RV1801 and LBSH1801 are shown in Table S1. Grains
of K-feldspar were used to determine equivalent doses (De). Samples were first
treated with a 10 % v/v dilution of 37 % HCl and with 20 % v/v of H2O2 to
remove carbonates and organics, respectively. Dry sieving then isolated the 125 -
180 µm (sample LBSH1801) or 212 - 250 µm (sample RV1801) diameter grains,
which were subject to density separation using sodium polytungstate (< 2.58 g
cm−3 K-feldspar dominated) and then etched using hydrofluoric acid. Finally,
grains of K-feldspar were mounted on a 9.8 mm diameter aluminium single-grain
disc for analysis, which contained a 10 by 10 grid of 300 µm diameter holes. Note
that sample LBSH01-01 was analysed using microhole analysis rather than single
grains (i.e. up to four grains in each hole due to a grain size of 125 - 180 µm).

All luminescence measurements were performed using a Risø TL/OSL DA-
15 automated single-grain system equipped with a 90Sr/90Y beta source (Bøtter-
Jensen et al., 2003) fitted with a blue filter pack (BG39, Coring 7-59) in front of the
photomultiplier tube. Single aliquot regenerative dose (SAR) protocols (Murray
and Wintle, 2000) were used for the post-IR IRSL analyses performed at 225 ◦C
(Thomsen et al., 2008), termed the pIRIR225 signal. A preheat temperature of
250 ◦C for 60 s was used prior to stimulations of 2 s using the infra-red laser at
225 ◦C. The IRSL signal measured performed at 50 ◦C prior to the pIRIR225

measurement and the elevated temperature bleach of 330 ◦C for 200 s at the
end of each Lx/Tx cycle were performed using the IR LEDs. The location of
the single-grain discs was performed at room temperature, rather than elevated
temperatures to prevent thermal annealing of the IRSL signal (after Smedley
and Duller, 2013). The first 0.3 s and final 0.6 s of stimulation were summed
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to calculate the initial and background IRSL signals, respectively. The grains
were accepted after applying the following screening criteria and accounting for
the associated uncertainties: (1) whether the test dose response was greater than
three sigma above the background, (2) whether the test dose uncertainty was less
than 10 %, (3) whether the recycling and OSL-IR depletion ratios were within
the range of ratios 0.9 to 1.1, and (4) whether recuperation was less than 5 % of
the response from the largest regenerative dose.

Grains from both samples were used for dose-recovery experiments and
successfully recovered a given dose within 10 % using the pIRIR225 signal. Fading
experiments were performed on three multi-grain aliquots per sample and reported
g-values of -0.4 ± 0.7 %/decade (RV18-01) and -1.0 ± 0.7 %/decade (LBSH18-
01), which suggests that no fading correction was required for the pIRIR225

signal. De values were calculated from all grains passing all the screening criteria.
The minimum age model (MAM; (Galbraith et al., 1999; Galbraith and Laslett,
1993)) was applied to determine an age for the samples as the asymmetrical
De distributions suggested the samples were partially bleached prior to burial
(Fig. 5.3). The scatter in the De distribution arising from intrinsic and extrinsic
sources were combined in quadrature to determine σb for the MAM (Table 5.2).
The overdispersion values arising from intrinsic sources for sample RV1801 (12 %)
and LBSH18-01 (13 %) were derived from the dose-recovery experiments, while
the over-dispersion arising from variability in the internal dose-rates of K-feldspar
grains for both samples was assumed to be 10 % (after Smedley and Pearce,
2016). Additional over-dispersion (20 %) was incorporated for sample RV1801
to account for the variability in single-grain De distributions caused by external
microdosimetry (after Smedley et al., 2017). The De values were then divided by
the environmental dose-rates to determine an age for each sample (Table 5.2).
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Figure 5.3: Abanico plots of the De values determined for OSL dating, where the
grey shading shows the MAM De for each distribution. Note that sample LBSH0101
was analysed using microhole analysis rather than single grains (i.e. up to four grains
in each hole due to a grain size of 125 180 µm) but it is likely that the OSL signal
was dominated by one brighter grain.
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5.4 Results

5.4.1 Geomorphology

The Belgrano moraine system (Figs. 5.5 and 5.6) is comprised of up to 10
arcuate moraine ridges with undulating crests. The outermost moraine ridge
is subdued at 3 m height and a slope of 5◦. The morphology of this moraine
ridge may indicate that the glacier occupied this position for a shorter time or
the moraine ridge degraded post-deposition. The next two moraine ridges are
the most prominent and continuous with about 10 m in height and slopes up
to 22◦. Inboard of these the moraines appear more hummocky with occasional
inter-morainic depressions. The inner moraine ridges are again distinct with 10
m in relief. The moraines are vegetated by grasses and short shrubs with patches
of exposed coarse gravel and large cobbles. We sampled four boulders on the
innermost moraine ridges, and four boulders on the outermost subdued moraine
ridge (Fig. 5.5). A broad glaciofluvial outwash plain grades from the moraines
toward the east with preserved braided channels.

The Belgrano moraines cross-cut older recessional moraines (cf. Mendelová
et al., 2020b) on the northeastern side of the lake (Figs. 5.6 and 5.7), indicating
that the Belgrano moraines were deposited by a re-advance of the Belgrano
glacier, rather than a still-stand during overall deglaciation. The location of
the older recessional moraines suggest that after the culmination of the gLGM
advances/still-stands, the Belgrano glacier withdrew and was largely confined to
its trough prior to the re-advance.

To the north of the Belgrano moraines exists a series of latero-terminal
moraines (Fig. 5.6), here informally termed the Rincon moraines, which were
deposited by the Lacteo glacier. The Rincon moraines occupy the same mor-
phostratigraphic position as the Belgrano moraines. They are situated on the
northern slope of Monte Leon and in the gap between Monte Leon and the NE
valley side. The terminal moraine ridges (Figs. 5.8 A and B) are discontinuous
and have been dissected by several meltwater channels up to 40 m in width. We
collected four 10Be samples from the terminal moraine ridges. A glaciofluvial out-
wash grades from the moraines toward the southeast, extending for about 6 km
until it merges with the Belgrano outwash. Immediately outboard of the Rincon
moraines, the outwash terrace has been incised by meltwater channels creating a
series of stepped terraces.

About 20 km upvalley from the Rincon moraines, and 7 km from the present
day margin of the Lacteo glacier, there is a prominent multi-crested lateral
moraine perched 45 - 60 m above the valley floor (Fig. 5.9). This lateral moraine
spans a width of 100 m with several distinct crests (2-5 m in relief) that are rich in
surface boulder (Figs. 5.8 C & D). Given that the lateral moraine is only 45 - 60
m above the valley floor, we interpret the moraine to be morphostratigraphically
younger than the Rincon moraines. We collected six 10Be samples from this
lateral moraine.
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Figure 5.4: The geomorphological map of the Belgrano and Lacteo valleys. Sample
locations are also shown (white circles). The hillshade basemap: SRTM DEM.
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Figure 5.5: Examples of moraine boulders sampled for surface exposure analysis.
(A & B) Boulders on the innermost Belgrano moraine, a former shoreline is visible
in the background (A, dashed line). (C & D) Boulders on the outermost Belgrano
moraine.
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Figure 5.6: Enlarged geomorphology map showing the Belgrano and Rincon
moraines. The locations of moraine boulder samples, shoreline samples and OSL
samples collected from glaciolacustrine deposits are also shown. The area where the
Belgrano moraines cross-cut older recessional moraines is indicated with a box (Fig.
5.7). The 10Be ages presented here are individual ages with 1 σ internal uncertainty.
The approximate area of the palaeolake is indicated. This is based on 882 m asl
elevation extracted from an SRTM DEM with resolution of 30 m.
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Figure 5.7: (A) Photograph showing the area where the Belgrano moraines cross-
cut older moraines. (B & C) Satellite images showing the cross-cutting relationship
(Image: Google Earth).
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Figure 5.8: (A & B) Photographs showing the Rincon moraines and an outwash
plain grading from the moraines to the SE. The outwash terrace was incised by
meltwater creating a series of stepped terraces. (C & D) Photographs showing the
multi-crested lateral moraine in the Lacteo valley, about 7 km from the present day
margin of the Lacteo glacier.
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Palaeo shorelines

A major palaeo-shoreline at 882 - 885 m asl can be traced along the southern and
northern shores of Lago Belgrano and on the ice-proximal side of the Belgrano
moraines (Figs. 5.6 and 5.10). This shoreline is most prominent on the eastern
end of the lake where wave action from westerly winds would have been at its
greatest. Here, the shoreline is etched into bedrock and sediment, but traces of
the shoreline were observed at least 10 km upvalley, and thus the lake covered
a substantial area. Higher shorelines can also be found (e.g. at ∼ 889 - 892 m
asl.), but are spatially restricted, and could indicate a higher palaeolake level or
smaller ice-marginal lakes.

The palaeolake drained eastward to the Atlantic via an outflow through the
Belgrano moraines at ∼ 883 m asl (Fig. 5.6). The palaeolake Belgrano existed
when the drainage route through to Lago Nansen (Fig. 5.2) was blocked by ice.
The lowering of the lake indicates the loss of this ice dam, and the retreat of ice
back into the high mountains. Sediment from this lake, mainly laminated silt to
sandy-silts, are preserved at several locations throughout the basin. We collected
two 10Be samples from the 882 - 885 m asl shorelines (Figs. 5.6 and 5.10). The
shorelines in this area take a form of a flat gravel beach berm up to 30 m wide.
On the surface they are composed of medium well-sorted gravel (clasts up to 4
cm) and little to no vegetation.

OSL sample LBSH1801 (850 m; Figs. 5.6 and 5.10) came from a road exposure
of silty sediments that infill the valley bottom directly below the the 882 - 885 m
asl shoreline. The sediments are laminated sandy silts with water escape features.
Numerous boulders and cobbles are visible on the surface of the deposit but less
frequently within the exposure. We interpret these sediments as glaciolacustrine
sediments, which relate to the 882 - 885 shorelines.

The second OSL sample (RV1801, 893 m; Fig. 5.6) came from a horizontally
- laminated silt and sand deposit situated inside of the Rincon moraines in the
Lacteo valley. We interpret this deposit as glaciolacustrine sediments from a
smaller proglacial lake that formed in the Lacteo valley and was independent to
the Belgrano palaeolake.

5.4.2 Chronology

Timing of the readvance

The Belgrano and Rincon moraines are contemporaneous and represent a read-
vance of the Belgrano and Lacteo glaciers. 10Be ages from the outermost Belgrano
moraine ridge range from 12.5 ± 0.4 ka to 13.6 ± 0.4 ka, and yield a weighted
mean of 13.0 ± 0.5 ka. The innermost moraines yield ages ranging from 12.3 ±
0.4 ka to 13.8 ± 0.4 ka, with a weighted mean of 13.2 ± 0.6 ka (Table 5.3, Figs.
5.6 and 5.11). The ages from the inner and outer moraine ridges are statistically
indistinguishable. Within the dating resolution, we cannot distinguish the indi-
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Figure 5.9: Enlarged geomorphology map of the Lacteo valley. Locations of samples
collected from the Lacteo lateral moraine and along a transect in the valley are shown.
The 10Be ages presented here are individual ages with 1 σ internal uncertainty.
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Figure 5.10: (A) Photograph showing raised shorelines above the modern Belgrano
lake. (B) Photograph showing a palaeoshoreline with the location of surface exposure
(black hexagon) and OSL (square) samples. The valley bottom below the shoreline
is infilled with glaciolacutrine sediments. (C) Photograph showing the surface of a
shoreline where sample BSH1801 was taken. (D) Photograph of a shoreline where
sample BSH1803 was taken.
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vidual advances, instead, we group the ages together to date the readvance at
13.1 ± 0.6 ka (weighted mean). The Rincon moraines yielded similar ages of 12.3
± 0.4, 13.3 ± 0.4, and 13.2 ± 0.4 ka, and a weighted mean age of 12.9 ± 0.4 ka
(Figs. 5.6 and 5.11 C). We excluded one sample with an older age of 15.9 ± 0.5
ka as an outlier.

Ice withdrawal and stabilisation

The Lacteo lateral moraine 20 km up valley from the Rincon moraines affords
ages in range of 12.0 ± 0.4 ka to 14.6 ± 0.4 ka (Fig. 5.9). The ages display a
significant spread and a bi-modal distribution (Fig. 5.11 D). All ages fall within 2
σ of the weighted mean of 13.0± 1.0 ka, and thus there is no statistical grounds for
excluding any ages. However, the moraines are morphostratigraphically younger
than the Rincon moraines (12.9 ± 0.4 ka), and so we exclude the older two ages
(14.2 ± 0.6 and 14.6 ± 0.4 ka) as outliers and instead use the weighted mean of
the younger ages to date the advance at 12.4 ± 0.3 ka. This interpretation fits
with the wider chronology throughout the valley. The two older samples were
probably reworked from an earlier advance.

Samples from a transect along the Ŕıo Lacteo valley (Fig. 5.9) yielded ages
of 24.1 ± 0.8 (RV1608), 10.1 ± 0.3 (RV1606), and 11.7 ± 0.6 ka (RV1609)
(in the order of distance from the Rincon moraines). The oldest sample is
chronostratigraphically an outlier and likely relates to the gLGM. The remaining
two ages likely afford minimum ages for deglaciation of the Lacteo valley. The
sample RV1609 came from a cobble on a bedrock outcrop about 30 m higher in
elevation than the sample RV1606, which could explain its older age despite being
4.5 km further up the valley.

Palaeolake development

The two 10Be samples from the palaeo-shorelines yield ages of 12.4 ± 0.4 and 11.1
± 0.4 ka, which is consistent with the slightly older ages for the Belgrano moraines
(Table 3 and Fig. 5.6). The age difference between the two beach gravels could
result from post-depositional processes or inheritance, and without additional
samples it is difficult to resolve. The OSL sample (12.7 ± 0.7 ka) that came
from glaciolacustrine sediments associated with the 882 - 885 shoreline is within
dating uncertainties consistent with the shoreline 10Be ages. The palaeolake likely
formed at or before 12.7 ka and persisted for at least several hundred years, but
perhaps over a millennium. The OSL sample from lacustrine sediments inboard
of the Rincon moraines (Fig. 5.6), with an age of 11.6 ± 1.1 ka, fits with the
slightly older 10Be ages from the bounding Rincon moraines. This proglacial lake
formed between the Lacteo glacier and the Rincon moraines, and likely drained
into palaeolake Belgrano.
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Table 5.3: Exposure ages

Lm LSDn St
Sample Age Inter Exter Age Inter Exter Age Inter Exter

Years Years Years

Belgrano inner m.
LB1601 13684 455 1213 13612 452 1200 13691 455 1214
LB1603 12297 382 1080 12260 381 1071 12220 379 1074
LB1604 13753 417 1205 13677 415 1192 13762 417 1206
LB1605 13104 412 1153 13044 411 1142 13072 411 1151
Belgrano outter m.
LB1608 12497 429 1113 12456 428 1104 12426 427 1107
LB1609 13642 416 1196 13566 414 1183 13644 416 1197
LB1610 13197 450 1174 13135 448 1163 13172 450 1173
LB1611 12547 430 1117 12505 429 1108 12478 428 1111
Rincon moraines
RV1601 13254 352 1145 13169 350 1131 13229 351 1143
RV1602 12320 374 1079 12256 372 1068 12238 371 1072
RV1603* 15852 524 1405 15686 519 1383 15972 528 1416
RV1623 13170 395 1152 13089 393 1139 13140 395 1150
Lacteo lateral m.
RV1617* 14185 566 1296 14017 560 1275 14215 568 1299
RV1618 11958 388 1056 11859 385 1042 11859 385 1048
RV1619 12795 410 1128 12687 406 1113 12728 408 1123
RV1620 12673 684 1246 12568 678 1230 12598 680 1239
RV1621 12333 404 1091 12236 401 1076 12242 401 1083
RV1622* 14586 399 1264 14401 394 1241 14631 400 1268
Transect
RV1606 10099 310 885 10073 309 878 9941 305 872
RV1608 24135 821 2151 23751 808 2106 24754 842 2208
RV1609 11674 635 1150 11610 632 1139 11572 630 1141
Raised shorelines
BSH181 12414 386 1091 12389 385 1083 12342 384 1085
BSH183 11067 355 976 11072 355 971 10929 351 964

Scaling schemes: Lm is the time-dependent version of Lal (1991) and Stone
(2000), LSDn - time-dependent scheme of Lifton et al. (2014), and St -

time-independent version of Lal (1991) and Stone (2000).
Ages are reported with 1 internal and external uncertainties, the latter includes

production rate and scaling uncertainties. Ages assume zero erosion and no
correction for shielding by snow and/or vegetation. Elevation flag is std. Grey

shading indicates ages reported here. Samples marked with * are outliers.
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Table 5.4: Summary statistics for moraine ages

Age Std Inter Inter + PR

Belgrano inner
Mean (n=4) 13.21 0.58 0.83 1.37
Weighted mean (n=4) 13.15 0.60
Peak 13.56

Belgrano outer
Mean (n=4) 12.97 0.48 0.86 1.37
Weighted mean (n=4) 12.98 0.48
Peak 12.68

Belgrano combined
Mean (n=8) 13.09 0.55 1.20 1.61
Weighted mean (n=4) 13.07 0.56

Rincon
Mean (n=4) 13.65 1.32 0.82 1.39
Mean (n=3) 12.91 0.42 0.65 1.24
Weighted mean (n=4) 12.92 0.42
Peak 13.56

Lacteo
Mean (n=6) 13.09 0.96 1.20 1.88
Mean (n=4) 12.44 0.33 0.97 1.41
Weighted mean (n=4) 12.38 0.34
Peak 12.36

Std - 1σ standard deviation, Inter - propagated inter-
nal uncertainty, Inter + PR- propagated internal un-
certainty + production rate uncertainty.
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Figure 5.11: Normal kernel density diagrams for exposure ages from moraines: (A)
the Belgrano inner moraines,(B) the Belgrano outer moraines, (C) the Rincon, and
(D) the Lacteo lateral moraine. Thin purple curves represent Gaussian curves for
each age and thick purple curves the summed probabilities. Outliers are represented
by dashed lines. Circles represent uncertainties-weighted mean of ages after excluding
the outliers and 1σ standard deviations.



118 5.5 Discussion

5.5 Discussion

5.5.1 LGIT at Lago Belgrano

Our 10Be chronology indicates that a major re-advance of the Belgrano and Lacteo
glaciers culminated at ∼ 13 ka toward the end of the ACR. At this time, the
Belgrano glacier advanced to within 8 km of its gLGM limit (24.7 ± 1.0 ka,
Mendelová et al., 2020b). Our mapping reveals up to 10 advances/still-stands
during the ACR, but the dating resolution is insufficient to distinguish between
them. The reconstructed extent of the Belgrano and Lacteo glaciers during the
ACR is shown in Figure 5.12.

Following the culmination of these advances/still-stands, the ice margin
retreated and abandoned the Belgrano moraines. In the process, a palaeolake
formed at 882 - 885 m asl, which was dammed by ice at least 10 km west of the
Belgrano moraines. The OSL age (12.7 ± 0.7 ka) from glaciolacustrine sediments
and the 10Be ages from lake shorelines (12.4 ± 0.4 and 11.1 ± 0.4 ka) suggest
that this lake formed at ∼12.7 ka and likely existed throughout the YD period.
A minimum radiocarbon age of 12.6 ± 0.06 cal ka BP (Wenzens, 2005; Fig. 5.2)
for ice retreat from the Belgrano moraines is consistent with this interpretation.
Based on the above ages and the extent of mapped shorelines, we infer a retreat
of at least 10 km within several hundred years, which was probably facilitated
by calving in the proglacial lake. Although glacial retreat had initiated, the
ice remained extensive enough to maintain an ice dam capable of blocking the
southward drainage route through Lago Nansen.

The extent of mapped shorelines suggests that by this time, the Lacteo glacier
had separated from the Belgrano glacier, and retreated at least 5 km from the
Rincon moraines (Fig. 5.12). A proglacial lake formed inboard of the Rincon
moraines. The OSL age from the glaciolacustrine sediments here (11.6 ± 1.1
ka) suggest that this lake existed at roughly the same time as the paleaolake
Belgrano. The lateral moraines further up the Lacteo valley, with an age of 12.4
± 0.3 ka, indicates the glacier margin then stabilised during the YD. Two ages
from bedrock outcrops in the Lacteo valley (10.1 ± 0.3 and 11.7 ± 0.6 ka) indicate
that the lower part of the valley deglaciated by the end of YD.

The moraines bounding Lago Burmeister occupy the same morphostrati-
graphic position as the Belgrano moraines, suggesting that they represent an
ACR advance of the Burmeister glacier. A minimum radiocarbon age from a
kettle within these moraines (Wenzens, 2005), however suggests that they are
mid-Holocene in age. Further chronological control would be needed to confirm
this.

5.5.2 Deglaciation of the central sector of the PIS

The PIS had retreated and thinned significantly during the first phase of
deglaciation after 18-19 ka (Boex et al., 2013; Hein et al., 2010; Henŕıquez et al.,
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Figure 5.12: Model of ice and palaeolake evolution (A) during the ACR and (B)
during the YD. The extent of the Belgrano and Lacteo glaciers during the ACR, and the
extent of the palaeolake Belgrano during the YD are based on our geomorphological
mapping and chronology. The extent of the Calluqueo and Tranquilo glaciers, and
palaeolakes (pale blue) on the northern flanks of the San Lorenzo is based on published
work (Davies et al., 2018; Sagredo et al., 2018; Glasser et al., 2012; Martin et al.,
2019; Thorndycraft et al., 2019). Moraines delineating the extent of these glaciers
are highlighted in pink. Elevation of the palaeolakes is also indicated in m asl. Darker
blue colour indicates modern lakes.
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2017), and had started to separate into the Northern Patagonian Icefield and the
San Lorenzo ice cap by ∼ 15 ka (Davies et al., 2018; Thorndycraft et al., 2019).
The major basins of Lago Pueyrredón and Lago Buenos Aires had deglaciated by
about 16 ka (Hein et al., 2010; Turner et al., 2005; Bendle et al., 2017b; Boex et al.,
2013). By the time of the ACR, ice margins of the Northern Patagonian Icefield
were within a few tens of km of the modern glacier margins (75-100 km upstream
of the LGM limits; Davies et al., 2018; Thorndycraft et al., 2019; Nimick et al.,
2016). Northern and western outlet glaciers of the San Lorenzo ice cap were no
longer interacting with the PIS, as evidenced by the ACR moraines deposited by
the Tranquilo and Calluqueo glaciers (Davies et al., 2018; Sagredo et al., 2018).

Our chronology from the Belgrano valley provides robust evidence for glacier
expansion in central Patagonia during the ACR. Cross-cutting of the older
Menelik moraines by the ACR Belgrano moraines demonstrates that this was
a re-advance, in the case of the Belgrano glacier, rather than a still-stand during
overall deglaciation. Together with the data from the Salto and Tranquilo valleys
(Davies et al., 2018; Sagredo et al., 2018), this indicates a uniform response of the
San Lorenzo glaciers to the ACR climate signal. To maintain an outlet glacier
in the Belgrano valley, the ice cap likely also covered mountains to the south
of the San Lorenzo massif, but the wider geomorphology suggest it was largely
independent of the shrinking ice-sheet by this time.

Glacier advances/still-stands in central Patagonia during the ACR were a
response to colder and wetter conditions reconstructed from pollen data. The
Lago Edita record (47◦ S, Henŕıquez et al., 2017) revealed an increase in cold-
resistant taxa between 14 ka - 13.5 ka. A northward expansion of the Magellanic
moorland between 14.5 - 12.8 ka was documented by a marine pollen record off
the Chilean coast (46◦ S, Montade et al., 2013; Fig. 5.13). These palaeovegetation
changes were interpreted to indicate increased precipitation due to enhanced
influence of the SWW at this latitude, and a pause in deglacial warming in the
area (Henŕıquez et al., 2017; Montade et al., 2013).

Following the ACR advances, ice in the Belgrano valley retreated by at least 10
km before stabilising again. This is evidenced by the palaeolake Belgrano, which
formed once ice abandoned the Belgrano moraines and existed during the YD
period, as well as by the lateral moraines in the Lacteo valley (12.4 ± 0.3 ka). The
initial ice recession was likely a response to a regional warming trend as indicated
by the retreat of the Magellanic moorland after 12.8 ka (Montade et al., 2013; Fig.
5.13), and palaeovegetation changes in the Lago Edita record (Henŕıquez et al.,
2017). The YD ice margin stabilisation in central Patagonia is supported by
provisional 10Be ages from moraines inboard of the ACR limits in the Tranquilo
and Salto valleys (Fig. 5.2; Glasser et al., 2012; Sagredo et al., 2018), and by
10Be ages from the eastern side of the Northern Patagonian Icefield (Nimick
et al., 2016; Glasser et al., 2012). Minor advances or still stands during the YD
may reflect the continued influence of the SWW in central Patagonia. Pollen
assemblages from the Lago Augusta core (47◦ S) were interpreted to indicate
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a highly variable precipitation regime under cool/wet climate between 13.8 and
11.8 ka (Villa-Mart́ınez et al., 2012), while palaeovegetation changes in the Lago
Edita record were interpreted to reflect the declining but continued influence of
the SWW under warmer conditions until 11 ka (Henŕıquez et al., 2017).

Our data provide support for the final break-up and a complete separation of
the PIS into the Northern Patagonian Icefield, the San Lorenzo and the Southern
Patagonian Icefield by the end of the YD, when the ice-dammed palaeolake
Belgrano drained. Our exposure ages from the palaeoshorelines (12.4 ± 0.4, 11.1
± 0.4 ka) indicate that the Belgrano palaeolake likely drained at a similar time
as the palaeolake Chalenko (Fig. 5.12 with a Bayesian modelled age of 12 - 11
ka (Thorndycraft et al., 2019). By this time ice masses in central Patagonia were
likely close to their present day configuration.

5.5.3 Factors controlling the relative magnitude of glacier
advances

The ACR re-advance of the Belgrano glacier reached to within 8 km of its gLGM
extent. This is in contrast with the ACR ice margins east of the Northern
Patagonian Icefield and on the northern flank of San Lorenzo, which are ∼ 100
- 120 km upvalley from the gLGM limits. While the Belgrano ACR advance
was primarily climatically controlled, the relative magnitude of the ACR and
gLGM advances at Lago Belgrano can, at least in part, be explained by ice divide
migration, catchment size and ice flow re-routing.

During the gLGM, the ice divide of the PIS was located west of San Lorenzo,
along the main chain of the Andes. This potentially reduced the catchment size
of the Belgrano glacier due to ice flow re-routing, while ice from the northern side
of San Lorenzo was confluent with ice from the Northern Patagonian icefield and
focused ice flow into the Lago Pueyrredón valley. This allowed a glacier in the
Lago Pueyrredón valley to advance further east, while the Belgrano glacier was
relatively small at the gLGM. The full elevation of the PIS also blocked westerly
moisture penetration (Mendelová et al., 2020b) and reduced snow fall over San
Lorenzo during the gLGM further restricting the Belgrano glacier.

During deglaciation, the ice divide would have migrated eastward as the PIS
thinned and broke down along its major basins, leading to ice flow reorganization
and eventual ice divide break-up prior to the ACR. Glacier in the Lago Pueyrredón
valley would have largely disintegrated by this time leaving ice margins of the
former tributaries 100 - 120 km upstream of the gLGM limit (Hein et al., 2010;
Turner et al., 2005; Boex et al., 2013; Henŕıquez et al., 2017). The thinning PIS
would have also allowed for increased penetration of westerly precipitation to the
San Lorenzo massif, relative to the gLGM, and enabled the Belgrano glacier to
advance close to its gLGM limit. This process also explains why the Belgrano
glacier was considerably smaller during the gLGM compared to its maximum
extent of the last glacial cycle at ∼ 75 ka (Mendelová et al., 2020b). Thus, the
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real anomaly in the Belgrano valley is the comparatively small gLGM ice extent,
rather than an exceptionally large ACR.

The catchment size and hypsometry also played a role in determining relative
extents of the San Lorenzo glaciers during the ACR. The small extent of the
Tranquilo glacier during the ACR, compared to the Belgrano and Calluqueo
glaciers can be explained by their catchment size. While the former had a single
smaller accumulation area on San Lorenzo (Sagredo et al., 2018), the latter two
had additional ice contribution from the surrounding mountains. The difference
in hypsometry will have played a role. The northern and western flanks of San
Lorenzo have greater relief and a steeper elevation profile, and thus glaciers
here would reach the ablation zone in a shorter distance when compared to ice
discharging into the high elevation Belgrano valley to the east. A somewhat lower
ELA on the western side of San Lorenzo (Falaschi et al., 2013), would have, to
some extent, compensated for the lower altitude of the Salto valley and thereby
allow the Calluqueo glacier to advance to the lower elevation of ∼300 m asl Davies
et al., 2018).

5.5.4 Regional view

Our data reveals a structure of the LGIT advances/still-stands at Lago Belgrano
that is similar to southern Patagonia (51◦ S - 50◦ S; Garćıa et al., 2012; Moreno
et al., 2009; Fogwill and Kubik, 2005; Ackert et al., 2008; Strelin et al., 2011;
Kaplan et al., 2011) and New Zealand (Putnam et al., 2010a; Kaplan et al.,
2010, 2013). Glaciers were most extensive during the ACR and then underwent
recession punctuated by smaller advances/still-stands during the YD.

The ACR cooling is recorded in pollen records from NW Patagonia (41◦ - 43◦

S; Moreno and Videla, 2016; Pesce and Moreno, 2014), and a pause in deglacial
warming coeval with the ACR is reflected in sea surface temperature records
along the Chilean coast as far north as 41◦ S (Fig. 5.13; Kaiser et al., 2005;
Haddam et al., 2018; Caniupán et al., 2011). At the moment, there are no
glacial chronologies spanning the LGIT in northern Patagonia to evaluate the
glacier response to cold reversals here. In southernmost Patagonia (54◦ S - 55◦

S), contradictory interpretations of the ACR extent of the Cordillera Darwin
ice field warrant further work (McCulloch et al., 2005a; Hall et al., 2013, 2017).
East of the Cordillera Darwin, glaciers were confined to cirques during the ACR
(Menounos et al., 2013). Colder climatic conditions during the ACR in Tierra
del Fuego (53◦ S) are, however, indicated by palaeovegetation proxies (Mansilla
et al., 2016).

Our data supports a widespread atmospheric and oceanic cooling through-
out the southern mid-latitudes contemporaneous with cooling identified in the
Antarctic ice cores (Fig. 5.13). Latitudinal displacement of the SWW belt and
associated oceanic fronts could facilitate the propagation of the climate signals
(Pesce and Moreno, 2014; Moreno et al., 2012; Lamy, 2004). A northward shift of
the coupled system during the ACR would have caused cooling and increased pre-
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Figure 5.13: Comparison of our exposure ages to other proxies: Nothofagus
dombeyi type and Astelia pumila pollen record from core MD07-3088 off the Chilean
coast (46◦ S, Montade et al., 2013) plotted on on a scale from Montade et al.
(2019), sea surface temperature reconstruction from core ODP 1233 off the Chilean
coast (Kaiser et al., 2005) and the δ D record from EDC, east Antarctica (EPICA
Community Members, 2004) plotted on AICC2012 timescale (Veres et al., 2013). The
exposure ages are plotted after outliers have been removed. Astelia is a plant typical
of the Magellanic moorland that at present grows south of 48◦ S.
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cipitation, promoting glacier expansion in Patagonia and New Zealand (Garćıa
et al., 2012; Sagredo et al., 2018; Putnam et al., 2010b). Such a shift in the
coupled system was likely driven by interhemispheric oceanic teleconnections and
associated atmospheric reorganization commonly attributed to the bipolar see-
saw (Pedro et al., 2018; Stocker and Johnsen, 2003; Buizert et al., 2018).

5.6 Conclusions

Our geomorphological mapping along with 10Be and OSL ages document a major
re-advance of the Belgrano glacier at 13.1 ± 0.6 ka, and a re-advance/still-stand
of the Lacteo glacier at 12.9 ± 0.4 ka, coeval with the ACR. The San Lorenzo
ice cap covered an extensive area at this time, but was largely independent of at
least the Northern Patagonian Icefield. Following the culmination of the ACR
advances/still-stands, ice in the Belgrano valley retreated by at least 10 km and
an ice-dammed proglacial lake formed at 882 - 885 m asl. The 10Be ages from
the palaeoshorelines and an OSL age from glaciolacustrine sediments suggest that
the lake likely existed between ∼12.7 and ∼11.1 ka, implying stabilisation of ice
margins during the YD. The 10Be ages from a lateral moraine in the Lacteo
valley (12.4 ± 0.3 ka) indicate a smaller advance/still-stand during the YD. We
suggest that the final break-up of the PIS occurred at the end of the YD, when
glaciers retreated back to the mountains and the palaeolake Belgrano drained.
Our data from the Belgrano valley supports the dominant ACR climate signal
in the southern mid-latitudes, but also suggest a co-occurrence of the northern
hemisphere YD signal, albeit of smaller magnitude. Glacier expansion in the
southern mid-latitudes during the ACR is in line with the northward migration
of the coupled oceanic-atmospheric system.
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Abstract

The Holocene period provides a test ground for improving our understanding
of hemispheric to regional controls on glacier activity and their sensitivity to
climate. In Patagonia, detailed chronologies documenting Holocene glacier change
are still too few in many areas. Here, new 10Be ages, 3D glacier reconstruction and
ELA estimates for the Lacteo glacier are presented. The Lacteo glacier advanced/
stabilised at 2.8 ± 0.2 ka and was less extensive since. The glacier reconstruction
indicates that an ELA lowering of 221 - 271 m relative to the present was required
to match the 2.8 ka extent. This implies temperatures lower by∼ 1.3 - 1.6 ◦ Celsius
assuming an adiabatic lapse rate of 0.6 ◦C / 100 m and no change in precipitation.
In line with other records, the results indicate that glaciers in Patagonia achieved
larger Holocene extent prior to the last millennium. The advance coincided with a
climatic deterioration recorded by a number of proxies and may have been caused
by reduced solar activity at the time.

6.1 Introduction

Glaciers in the mid- and high latitudes of the Northern Hemisphere were generally
smaller than today during the early to mid-Holocene and then expanded with
advances culminating during the Little Ice Age (LIA) between 1500 - 1800 (e.g.
Solomina et al., 2015). This long-term trend broadly followed decreasing NH
summer insolation (Solomina et al., 2015). In contrast, glaciers in New Zealand
were progressively smaller over the course of the Holocene (Schaefer et al., 2009;
Putnam et al., 2012; Kaplan et al., 2013), a trend attributed to insolation
driven changes to atmospheric circulation. This trend is, however, not replicated
throughout Patagonia, and more detailed chronologies spanning the Holocene are
still too few and restricted to the southern part, hindering our understanding of
controls on glacier activity.

In the Cordillera Darwin, southernmost Patagonia, glaciers retreated to near
their present day configuration in the early Holocene (Bertrand et al., 2017; Boyd
et al., 2008; Hall et al., 2013, 2019). Advances then occurred multiple times from
mid-Holocene with largest advances over the last 1.3 ka (Bertrand et al., 2017; Hall
et al., 2019). Some glaciers of the SPI also retreated to near their modern limits in
the early Holocene followed by maximum Holocene expansion between 6.1 and 4.8
ka, with a second phase of smaller advances/stillstands after 2 ka (Kaplan et al.,
2016; Strelin et al., 2014, 2011). This mid- and late Holocene glacier expansion has
been linked to the dominance of negative Southern Annual Mode (SAM) causing
wetter and colder conditions over Patagonia (Moreno et al., 2014; Kaplan et al.,
2016; Moreno et al., 2018; Reynhout et al., 2019). Some glaciers advanced in the
early Holocene (Douglass et al., 2005; Harrison et al., 2012; Reynhout et al., 2019),
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despite warm and dry conditions documented by palaeoenvironmental proxies
throughout Patagonia (e.g. de Porras et al., 2012, 2014; Markgraf et al., 2007;
Montade et al., 2013; Massaferro and Brooks, 2002). An advance of the Torre
glacier (SPI) in the early Holocene and its subsequent decreasing extent have
been explained by increasing SH insolation over the Holocene (Reynhout et al.,
2019). In central Patagonia, the culmination of LIA advances by AD 1870 -1890 is
well documented (e.g. Winchester and Harrison, 1996; Harrison and Winchester,
2000; Winchester et al., 2001; Harrison et al., 2007; Glasser et al., 2002, 2004), but
well-dated records of glacial activity prior to the LIA are few (e.g. Nimick et al.,
2016; Sagredo et al., 2016). Seeking to fill some of the spatial and temporal gaps,
this chapter presents new 10Be ages constraining a Holocene advance/stillstand of
the Lacteo glacier, reconstruction of the Equilibrium Line Altitudes (ELA) and
discusses its Holocene dynamics.

6.2 Study site and previous work

The Lacteo and San Lorenzo glaciers are small valley glaciers (∼ 5 and 8 km in
length, respectively) located on the eastern side of Monte San Lorenzo. They have
lake terminating margins, low-gradient debris-covered tongues and are bounded
by a near vertical headwall of Monte San Lorenzo (Fig. 6.1). Over the 2000 - 2012
period, the Lacteo glacier thinned at a rate of 1.95 m a−1 and the San Lorenzo
glacier at 1.8 m a−1, with no positive elevation changes observed (Falaschi et al.,
2017). The modern ELA was estimated to be ∼1800 m asl on the eastern side
of San Lorenzo and about 100 m lower on the western side of the massif, which
receives higher precipitation (Falaschi et al., 2013). These estimates are based
on mapped snowlines using satellite imagery from 2005 - 2008, with standard
deviations up to 42 m (Falaschi et al., 2013). Falaschi et al. (2017) suggested that
the ELA now likely lies above the maximum surface elevation of the two glaciers.

The Holocene moraines deposited by the Lacteo glacier have previously been
mapped by Mercer (1968) and Garibotti and Villalba (2017). Garibotti and
Villalba (2017) also mapped moraines in the San Lorenzo valley (Fig. 6.2). For
ease of comparison, the moraines are here referred to as M1-M5 in the Lacteo
valley and M1 - M6 in the San Lorenzo valley from the oldest to the youngest,
following Garibotti and Villalba (2017). These moraines are constrained by a
combination of historical photographs and lichenometric ages in both valleys
(Garibotti and Villalba, 2017) and a single radiocarbon age from the Lacteo valley
(Mercer, 1968) (Fig. 6.2). In the Lacteo valley, the M1 moraine has a maximum
radiocarbon age of 5.2 ± 0.2 ka (Fig. 6.2; Mercer, 1968). This age comes from a
rooted tree stump found within a section on the edge of a lagoon impounded by
the M1 moraine (Mercer, 1968). The lichenometric ages are shown in Fig. 6.2.

Historical aerial photographs from 1958 show that both Lacteo and San
Lorenzo glaciers had started to retreat from their youngest moraines (M5 and M6
respectively) (Garibotti and Villalba, 2017). A photograph taken by de Agostini
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Figure 6.1: A 3D view of Monte San Lorenzo and the Lacteo glacier. Source:
Google Earth.
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Figure 6.2: Lichenometric ages for the moraines deposited by the Lacteo and
Lorenzo glacier (Garibotti and Villalba, 2017) and a maximum radiocarbon age for a
moraine of the Lacteo glacier (Mercer, 1984). Moraines are shown with dashed lines
as mapped and labelled by Garibotti and Villalba (2017).



130 6.3 Methods

(1937) shows the terminus of the Lacteo glacier in 1937 inside of the M4 moraine
(Garibotti and Villalba, 2017). These photographs provide minimum ages for the
youngest moraines in both valleys. Together with lichen data from other sites,
they were used as control ages for the lichen growth curve presented by Garibotti
and Villalba (2017). Beyond 450 a BP, their lichen growth rate curve is based
on the moraine dated by Mercer (1968) with only a maximum 14C age, thus the
lichenometric ages older than 450 a BP should be interpreted with caution. Thus
the exact timing of advances in both valleys prior to the early 20th is uncertain.

6.2.1 The moraine sequence

Aiming to improve the Holocene chronology of the Lacteo glacier, the M1 terminal
moraine is dated here using exposure analysis on moraine boulders. The glacier
surface and the ELA is then reconstructed for this limit.

The M1 moraine in the Lacteo valley is a prominent lateral-terminal moraine,
partly deposited against a bedrock outcrop about 2 km up-valley from the Late
Glacial lateral moraine described and dated in Chapter 5. The M1 terminal
moraine ridge is composed of clast-supported angular to sub-angular boulders,
the largest one being up to 4 m in length. It is sparsely vegetated by mosses
and occasional patches of short shrubs. Dense Nothofagus forest has developed
outside of the moraine, while inside of the moraine vegetation is sparse. Sediment
cover associated with this moraine, which can be clearly distinguished in satellite
imagery, extends from the lateral margins down to the valley floor. Two less
defined ridges can be seen within it, mapped by Garibotti and Villalba (2017)
as M2a and M3 moraines. The composition of the M1 moraines (Fig. 6.3) is in
sharp contrast to the Late Glacial lateral moraine in the valley, which is composed
of sandy, matrix-supported diamicton with rounded boulders embedded in the
crests. The next prominent lateral moraine (M4) is found about 2 km up-valley,
it is fresh in appearance and has no vegetation.

6.3 Methods

6.3.1 Exposure dating

Four samples were collected from moraine boulders on the M1 terminal moraine
in the Lacteo valley. Large boulders with flat top surfaces, showing no sign of
surface erosion and resting in a stable position on the moraine crest were sampled.
The samples were collected from the center of the top boulder surfaces using a
hammer and chisel. The sample details are presented in Table 6.1 and the sample
locations are shown in Fig. 6.4. Sample processing details are described in detail
in Chapter 4 Section 4.4.3.

The 10Be ages were calculated using the version 3 of the online CRONUS
calculator (Balco et al., 2008) and the Patagonian production rate (Kaplan et al.,
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Figure 6.3: Photographs showing the M1 lateral-terminal moraine in the Lacteo
valley, from which moraine boulder samples were collected.

2011) derived from the ICE-D database. The ages were corrected for topographic
shielding, which was measured in the field using compass and clinometer (∼ 0.995
for all samples). The ages are presented with zero erosion and should thus be
considered minimum ages. Applying erosion rate of 0.2 mm ka−1, derived in the
LP valley (Hein et al., 2017; Douglass et al., 2007), increases the ages by 0.03 % (
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∼ 1 year), which is within analytical uncertainty. Although, erosion rate may be
slightly higher within the mountains, over such a short time scale it is likely to
have negligible effect on the exposure ages. Boulders showing no sign of surface
erosion were sampled. Persistent deep snow would shield surfaces and reduce
production of cosmogenic nuclides, thus reducing the exposure age. Shielding
from snow within the mountains is more likely than lower down in the Belgrano
valley. However, strong winds would tend to remove snow from moraine crests and
boulder tops, limiting snow depth and persistence in winter months. Sampling
taller boulders should also reduce the likelihood of long-term burial. For these
reason correction for snow cover is not applied.

The 10Be ages are reported as exposure ages before present (2016, year of
sampling). Radiocarbon age is reported as calibrated years BP (before 1950).
This results in age discrepancy of 66 years, which is within analytical uncertainties
and does not change any interpretations.

Figure 6.4: Geomorphological map showing the Holocene moraine sequence in the
foreground of the Lacteo glacier. Sample locations and exposure ages are also shown.
Shaded relief base map was made using the SRTM DEM (30m).
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6.3.2 Glacier reconstruction

DEM

An Advanced Spaceborne Thermal Emission and Reflection Radiometer Global
Digital Elevation Model (ASTER GDEM) Version 3 distributed by the NASA
Land Processes Distributed Active Archive Center was used for glacier recon-
struction. ASTER GDEM V3 has a spatial resolution of 30 m (1 arc sec) and
vertical accuracy of 12.7 m for mountainous areas (Tachikawa et al., 2011). The
DEM was georeferenced to the Universal Transverse Mercator (UTM) WGS 1984
Zone 18S projection.

Glacier geometry

The geometry of the Lacteo glacier and the ELAs were reconstructed for the M1
terminal positions. The glacier geometry was reconstructed using the Glare Arc
GIS package (Pellitero et al., 2016), briefly described below. All the calculations
were done at 30 m interval considering the spatial resolution of the DEM.

The Glare package (Pellitero et al., 2016) implements iterative numerical
approach of Benn and Hulton (2010) to derive an ice surface profile along the
central flow-line. The model assumes perfect plasticity rheology, not accounting
for basal sliding, and is based on the equation of Schilling and Hollin (1981):

hi+1 = hi +
τav
Fiρg

∆x

Hi

(6.1)

where, h is ice surface elevation, τav is basal shear stress (in Pa), F is a shape
factor, ρ is ice density (900 kg m−3), g is the acceleration due to gravity (9.81
ms−2), ∆x is step length (metres), H is ice thickness, and i refers to the iteration
step number.

The equation 6.1, however, does not have a solution at the snout of the glacier,
and was modified by Van der Veen. In his approach the basal shear stress and
ice thickness are calculated at a mid-point of a step (i+ 1/2), giving:

h2i+1 − hi+1(bi + bi+1) + hi(bi+1 −Hi)−
2∆xτav
Fg

(6.2)

where b is the bed elevation and the overbar shows that the stress is an average
for the interval (Pellitero et al., 2016). The generated ice thickness flow-line data
points are then interpolated to compute a 3D glacier surface.

Bed topography There are no empirical measurements of ice thickness for
the modern Lacteo glacier. Bed topography under the extant glacier was thus
calculated along the central flow-line from modern ice elevation data using an
inversion of Benn and Hulton (2010) approach as implemented in the Glare
toolbox (Pellitero et al., 2016). Modern ice elevation data were extracted from
the ASTER DEM. The extant (present day) glacier outline was obtained from
the GLIMS database and modified to match the glacier extent captured by the
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DEM (Fig. 6.5). The proglacial lake at the time of the data capture for the
DEM is is < 500 m in length (Fig. 6.5). Since its depth is unknown, it was not
removed from the DEM. The reconstruction presented here should be regarded
as a first-order approximation given uncertainties related to the bed topography
under the extant glacier and proglacial lake bathymetry.

Central flow-lines and tributaries
Central flow-lines were mapped from terminal moraine positions to the

headwall, parallel to, and at a mid-point between lateral glacier margins/valley
sides (Fig. 6.5). Geomorphological evidence indicating possible tributaries is not
clear. It is assumed that the glacier received contribution from three cirques to
the north, and tributary flow-lines are digitised to reconstruct ice profiles here.

Figure 6.5: Map showing the central flow-line used in the glacier reconstruction
and the extent of the Lacteo glacier and the proglacial lake as captured by the ASTER
DEM, which was used as the basis for the glacier reconstruction. This glacier outline
was used to calculate bed topography under the extant glacier using the inversion
method of Benn and Hulton (2010).

Basal shear stress
Basal shear stress (τav) is a key parameter in Equation 6.1, which affects

the reconstructed glacier thickness. τav normally lies between 50 and 150 kPa
for valley glaciers (Paterson, 1994), but would vary between individual glaciers
because of ice viscosity, basal water pressure, basal sliding and subglacial sediment
deformation (Cuffy and Paterson, 2010). A constant τav value is used along the
central flow-line because it has be shown to adequately reproduce ice thickness
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values (Li et al., 2012). Ice thickness was initially calculated with the default
basal shear stress of 100 kPa and then adjusted to fit the geomorphological
evidence on the vertical ice extent. For the M1 terminal position, τav of 70
kPa was found to best fit the lateral moraines. Although, the perfect plasticity
model assumes internal deformation only, for wet-based glaciers, basal sliding may
contribute to motion and affect basal shear stress. Choosing τav value to fit the
geomorphological evidence, rather than a reference value (e.g. Rea and Evans,
2007), should go some way to account for basal sliding (James et al., 2019).

Shape factor

The effect of lateral drag on ice flow in topographically constrained glaciers
is accounted for by incorporating a shape factor (F ) into the perfect plasticity
model (Schilling and Hollin, 1981; Benn and Hulton, 2010). In the Glare model
(Pellitero et al., 2016), this is defined as:

F = A/Hp (6.3)

where, A is the cross-sectional area, H is the ice thickness and p is the length
of the cross section ice-bed contact. The shape factor is calculated automatically
at chosen valley cross-sections, representative of different parts of the valley, and
propagated up-glacier.

ELA calculation

ELA is the altitude on a glacier where annual accumulation and annual ablation
equal zero. Several methods for estimating past ELA have been developed. Here,
two methods are used, the median glacier elevation (Hmed) and the accumulation-
area ratio method (AAR). Both have been commonly used for calculating the
ELA, including in Patagonia (e.g. Carrivick et al., 2016; Sagredo et al., 2016,
2018). The AAR assumes the accumulation area occupies a fixed proportion
of a total area of a glacier in a steady state. Unlike the more complex Area-
Altitude Balance Ratio method (AABR), the AAR method does not account for
hypsometry or mass balance gradients (Osmaston, 1975; Furbish and Andrews,
1984). The AABR method is, however, unsuitable for debris covered glaciers and
glaciers, which may receive snow avalanche input (Benn and Lehmkuhl, 2000).
The Lacteo glacier may have been fed by avalanches or wind-blown snow and
for this reason, the AABR method is not used here. Modern ELA at 1800 m
asl, estimated by Falaschi et al. (2013) is used as a baseline for comparing the
reconstructed ELAs. The ELA is calculated based on the reconstructed 3D glacier
surface using an ArcGIS package written by Pellitero et al. (2015). A systematic
error of ±30 m is considered given the spatial resolution of the DEM.
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Table 6.2: Exposure ages

Lm LSDn St
Sample Age Inter Exter Age Inter Exter Age Inter Exter

Years Years Years

RV1610 2654 215 306 2639 214 303 2531 205 292
RV1611 2869 157 283 2850 156 280 2734 150 270
RV1612 2797 196 301 2776 194 298 2667 187 287
RV1613 3066 160 298 3050 159 295 2932 153 285

Stats: Mean= 2846 std= 171 Int = 373 Int+PR= 440

Scaling schemes: Lm - the time-dependent version of Lal (1991) and Stone (2000)
LSDn - time-dependent scheme of Lifton et al. (2014)
St - time-independent version of Lal (1991) and Stone (2000).
Ages are reported with 1 internal and external uncertainties, the latter includes
production rate and scaling uncertainties. Ages assume zero erosion and no
correction for shielding by snow and/or vegetation. Elevation flag is std.
Grey shading indicates ages reported here.
Std - 1σ standard deviation, Int - propagated internal uncertainty, Int + PR -
propagated internal uncertainty + production rate uncertainty.

6.4 Results and discussion

6.4.1 10Be chronology

The 10Be ages for the M1 moraine are presented in Table 6.2 and probability
distributions (’camelplots’) are shown in Fig. 6.6. The 10Be ages are internally
consistent and yield a mean age of 2.8 ± 0.2 (1 σ std) ka. Post-depositional
processes such as exhumation of boulders from the moraine matrix may complicate
interpretation of landform ages. In a high mountain setting with a short sediment
transport distance, inheritance is also likely to affect the exposure ages. The
angular shape of boulders on the moraine may indicate supraglacial transport,
and the possibility of a rockfall-derived material cannot be excluded. However,
inheritance would be unique to each sample as it is very unlikely that all the
sampled boulders would have been deposited with a pre-exposed surface up. The
internal consistency of the ages indicates neither inheritance nor exhumation
affected the ages. The mean moraine age of 2.8 ± 0.2 ka is thus considered a
close minimum age for the deposition.

6.4.2 Glacier reconstruction and ELAs

The model reproduces the glacier surface profile at 2.8 ka well by applying basal
shear stress of 70 kPa (Fig. 6.7), which was used for the ELA calculations. The
AAR ratios between 0.55 and 0.65 are commonly used for mid-latitude glaciers
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Figure 6.6: Probability distributions of the exposure ages from the M1 moraine
deposited by the Lacteo glacier. Black circle shows the mean and error bar shows 1σ
standard deviation.

(Porter, 1975; Sagredo et al., 2016; Kaplan et al., 2010; Putnam et al., 2012),
and these yield an ELA in range of 1529 - 1479 m (Table 6.3). The Hmed
method gives an ELA of 1579 m. The actual ELA may have been higher than
the reconstructed ELAs for two reasons: 1) Input of snow from avalanching or
wind-blown would affect the mass balance gradients. The Lacteo glacier may
have received part of its accumulation from collapsed cornices developed on the
headwall cliff of San Lorenzo. 2) Surface debris cover would also affect mass
balance gradient. Thick debris cover would insulate the glacier surface and may
expand the ablation area relative to the accumulation area, i.e. lower the AAR
ratios, inhibiting glacier retreat (Clark et al., 1994; Benn and Lehmkuhl, 2000;
Mills et al., 2012). Mills et al. (2012) proposed lowering the AAR values to 0.45
for valley glaciers with surface debris. Kulkarni (1992) suggested AAR of 0.44
for debris-covered glaciers in the Himalayas based on mass balance records. The
angularity of boulders on the M1 moraine indicate that the Lacteo glacier may
have had some supraglacial debris at this time. Applying the AAR of 0.45 would
give slightly higher ELA of 1579 m. Potential presence of surface debris poses
a challenge for palaeo-glacier reconstructions. The AAR values would likely be
glacier-specific and would depend on the extent and thickness of surface debris
cover and the local topography. To account for potential effects of external snow
input and surface debris, a conservative ELA in a range of 1579 (AAR 0.45) - 1529
(AAR 0.55) m is proposed. This would imply a change of 221 - 271 m relative to
present day. Using an adiabatic lapse rate of 0.6 ◦C/ 100 m (e.g. Sagredo et al.,
2018; Kaplan et al., 2013; Wolff et al., 2013) and no change in precipitation, this
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Figure 6.7: Modelled ice surface profile for the Lacteo glacier at the M1 terminal po-
sition. The modelled glacier surface profile matches the geomorphological constraints
well with imposed basal shear stress of 70 kPa.

Table 6.3: Palaeo-ELAs (m asl) for the M1 (2.8 ka) terminal position of the Lacteo
glacier calculated using different AARs and the median glacier elevation method.

AAR 0.4 0.45 0.5 0.55 0.6 0.65
ELA (m asl) 1629 1579 1579 1529 1529 1479

Hmed (m asl) 1579

would imply a temperature lowering of ∼ 1.3 - 1.6 ◦C. Using a ’wet’ lapse rate of
0.55 ◦C/100 m (cf. Putnam et al., 2012), gives a cooling of 1.2 - 1.5 ◦C.

6.4.3 Regional comparison

The 10Be ages demonstrate that Lacteo glacier advanced/stabilised at 2.8 ±
0.2. The neighbouring San Lorenzo glacier likely advanced at a similar time as
suggested by the morphostratigraphically equivalent moraine in the San Lorenzo
valley. Both glaciers likely responded to the same climatic signal but further
dating in the San Lorenzo valley is needed to confirm this. The next well-defined
moraine in the Lacteo valley (M4) was abandoned by the Lacteo glacier prior
to 1937 as shown by a historical photograph (Agostini, 1937 in Garibotti and
Villalba, 2017). This advance likely correlates to the late 19th century advances
identified around the NPI (e.g. Winchester and Harrison, 1996; Harrison and
Winchester, 2000; Winchester et al., 2001; Harrison et al., 2007; Glasser et al.,
2002, 2004). Historical aerial photographs from 1958 show the Lacteo and Lorenzo
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Figure 6.8: Reconstructed ice surface of the Lacteo glacier at 2.8 ka (basal shear
stress of 70 kPa) and the ELA estimated using the AAR method with 0.5 and 0.65
ratios. Shaded relief base map was made using the SRTM DEM (30m).

glaciers with land-terminating margins retreating from the youngest moraines in
the respective valleys (Garibotti and Villalba, 2017).

There are limited data on glacier activity in central Patagonia during the
late Holocene, prior to the 19th century. Glacier advances between 3 and 2.2
ka were inferred from an offshore terrigenous sediment record recovered off the
Chilean coast at 46◦ S (Siani et al., 2010) (Fig. 6.9). The Leones glacier (the
NPI) deposited a terminal moraine before 2.5 ka as shown by OSL ages (Harrison
et al., 2008). 10Be ages from the same moraine are considerably younger (1.2 - 0.7
ka) and the authors suggest that the glacier may have occupied the same position
for a longer time (Harrison et al., 2008). These advances may correlate with the
advance of the Lacteo glacier at 2.8 ka. On the eastern side of the SPI, late
Holocene advances occurred slightly later, from 2.3 - 2.0 ka (Kaplan et al., 2016)
(Fig. 6.9). Glacier activity here has been linked to the persistence of the negative
SAM (Moreno et al., 2014; Kaplan et al., 2016; Moreno et al., 2018; Reynhout
et al., 2019). Based on a non-arboreal pollen record from southern Patagonia,
Moreno et al. (2018) reconstructed phases of prolonged cold & wet and warm &
dry events, which they attributed to the SAM (Fig. 6.9). The cold & wet phase
between 2.7 and 0.2 ka, associated with the negative SAM (Moreno et al., 2018),
coincided with expansion of the SPI glaciers (Kaplan et al., 2016; Reynhout et al.,
2019). The advance of the Lacteo glacier occurred prior to this cold & wet phase
(Moreno et al., 2018) and preceded by about 500 years the late Holocene advances
of the SPI (Kaplan et al., 2016) (Fig. 6.9). In the Cordillera Darwin, the Marinelli
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glacier also advanced earlier (3.8 - 2.4 ka, Hall et al., 2019), towards the end of
a dry & warm phase observed in the non-arboreal pollen record (Moreno et al.,
2018). Larger advances though, occurred after 1.3 ka (Hall et al., 2019). It is
unclear if these differences are related to local climates, glacier specific factors
(e.g. hypsometry, glacial dynamics) or preservation of moraines.

Cold and/or wet conditions between ∼ 3.5 and 2.5 ka were detected in a
number of proxy records in southernmost (Kilian and Lamy, 2012; van Geel
et al., 2000; Chambers et al., 2007) and northwestern Patagonia (Bertrand et al.,
2008; Lamy et al., 2001). A high-resolution iron content record from the Chilean
continental shelf (41◦ S), interpreted to reflect rainfall variability linked to the
latitudinal position of the SWW, indicates a humid peak between 3.4 and 2.5 ka
(Lamy et al., 2001). More widely, a climatic cooling at this time was documented
in proxy records around the world, in particular in the North Atlantic (e.g.
Van Geel et al., 1996; Bakke et al., 2010; Nesje et al., 2001; Renssen et al., 2006;
Bond et al., 2001). A climatic perturbation during this time interval has been
linked to reduced solar activity (e.g. van Geel et al., 2000; Bond et al., 2001;
Chambers et al., 2007; Bertrand et al., 2008; Solomina et al., 2015), with two
pronounced drops observed in the total solar irradiance record (Wu et al., 2018)
(Fig. 6.9). Varma et al. (2011) demonstrated a significant correlation between
the iron content record from Chile (Lamy et al., 2001) and solar activity over the
last 3 ka. Through transient climate simulations they demonstrated a northwards
displacement of the SWW at times of reduced solar activity (Varma et al., 2011).
Coupled climate model demonstrated a global cooling at 2.7 ka in response to solar
forcing, amplified by oceanic feedback in the North Atlantic (Renssen et al., 2006).
Lara et al. (2020) also noted a persistent influence of total solar irradiance on the
centennial temperature variability over the last ∼ 5.7 ka reconstructed using a
composite tree-ring record from northern Patagonia. Variations in solar activity
are generally considered to have played a role in the Holocene climate variability.
However, disentangling forcing mechanisms is often problematic as is the case for
the solar and volcanic forcings during the LIA (PAGES 2k Consortium, 2013).
The advance of the Lacteo glacier at 2.8 ka may be a response to reduced solar
activity and/or changes to the position/intensity of the SWW induced by solar
irradiance.

The advance/still-stand of the Lacteo glacier at 2.8 ka required an estimated
ELA lowering of 221 - 271 m relative to the present. This implies a potential
cooling of ∼ 1.3 - 1.6 ◦C relative to present day, assuming an adiabatic lapse
rate of 0.6 ◦C/ 100 m and no change in precipitation. Few other ELA estimates
or quantitative temperature reconstructions for this time period exist to allow
for comparison. Sagredo et al. (2016) estimated an ELA lowering of 130 -
170 m relative the present (the AAR of 0.55 - 0.66) to match a limit of the
Tranquilo glacier on the northern flank of San Lorenzo assumed to date to
the last millennium. This would require temperature lowering of 0.7 - 1.0 ◦C
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Figure 6.9: Comparison of the exposure ages from the Lacteo valley with other
proxy records. A) Kernel probability density diagrams for exposure ages from the
Lacteo glacier (this study), Tranquilo glacier (Sagredo et al., 2016) and Colonia glacier
(Nimick et al., 2016). Each thin curve represents a Gaussian probability distribution of
an individual exposure age, while the thick curves represent summed probabilities for
a moraine. B) Reconstructed total solar irradiance (Wu et al., 2018) C) The timing of
glacier advances inferred from the terrigenous sediment record off the Chilean coast at
46◦ S (Siani et al., 2010). D) Non-arboreal pollen taxa record from southern Patagonia
(Moreno et al., 2018) and a regime shift analysis showing alternating warm/dry (light
pink) and cold/wet events (light blue), linked to the SAM. E) Summed probability
distribution of the exposure ages from outlet glaciers of the Southern Patagonian
Icefield (Kaplan et al., 2016; Reynhout et al., 2019). F) Summer insolation intensity
at 50◦ S (Berger and Loutre, 1991), and atmospheric CO2 concentrations from the
Dome C Antarctic ice core (Monnin et al., 2001).
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relative to the present assuming the same adiabatic lapse rate and no precipitation
change (Sagredo et al., 2016). A tree-ring based temperature reconstruction from
northern Chilean Patagonia (41◦ S - 42◦ S) showed temperatures∼ 0.5 - 1 ◦C lower
than present between ∼ 3 - 2.7 ka (Lara et al., 2020). The estimated temperature
lowering of ∼ 1.3 - 1.6 ◦C based on the ELA reconstruction presented here is
plausible. However, these are maximum values given no change in precipitation
was taken into account.

Additional insight into the earlier Holocene glacial history of the Lacteo glacier
is afforded by a radiocarbon-dated tree stump from the distal edge of the M1
moraine (Mercer, 1968). Although the 10Be ages showed that the M1 moraine is
younger than the maximum bracketing 14C age (5.2 ± 0.2 ka, Mercer, 1968), the
latter may date an earlier advance. The radiocarbon-dated tree may have been
killed by an advancing glacier, implying likely expansion of the Lacteo glacier
at ∼ 5.2 ka. About 0.5 km down-valley from the M1 moraine, there is a ridge
composed of diamicton, perched on a cliff edge, which may have been deposited
during this earlier advance/still-stand. This is similar in timing to the advances
of the Tranquillo glacier on the northern side of San Lorenzo at 5.7 ± 0.1 ka
(Sagredo et al., 2016) and the Colonia glacier at 5.0 ± 0.2 ka (the NPI) (Nimick
et al., 2016) (Fig. 6.9). Outlet glaciers of the SPI reached their maximum
Holocene extent between 6.1 and 4.5 ka after recession in the early Holocene
(Strelin et al., 2014, 2011; Kaplan et al., 2016). Further, Mercer (1968) described
multiple rooted tree stumps in the section at the distal edge of the M1 moraine.
This suggests that the trees were growing in situ, and the Lacteo glacier likely
withdrew behind this moraine prior to 5.2 ka to allow colonization by trees. This
is plausible given the warm and dry conditions in the early Holocene (∼ 10.5 - 7.5
ka) documented throughout Patagonia (e.g. Haberle and Bennett, 2004; Montade
et al., 2013; Massaferro and Brooks, 2002; de Porras et al., 2012, 2014; Markgraf
et al., 2007). Glacier recession in the early Holocene to near modern margins
was also documented for glaciers of the SPI as well as in the Cordillera Darwin
(Strelin et al., 2014, 2011; Kaplan et al., 2016; Hall et al., 2019).

The results presented in this chapter together with earlier work from the
Lacteo valley (Mercer, 1968; Garibotti and Villalba, 2017) indicate a similar
broad pattern of Holocene glacier change as observed elsewhere in Patagonia,
i.e. recession in the early Holocene followed by advances during the mid- and
late Holocene. This differs to a trend of decreasing glacier extent over the course
of the Holocene observed in New Zealand (Schaefer et al., 2009; Putnam et al.,
2012; Kaplan et al., 2013). In agreement with other studies (e.g. Kaplan et al.,
2016; Harrison et al., 2008; Hall et al., 2019), results from the Lacteo valley
also demonstrate that during the Holocene, glaciers in central Patagonia were
greater in extent prior to the last millennium or the LIA. More work is needed
to refine glacial chronologies, in particular in central and northern Patagonia,
and to determine the causes of regional differences in the exact timing of glacial
advances.
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6.5 Conclusion

The 10Be ages presented in this chapter demonstrate an advance/still-stand of
the Lacteo glacier at 2.8 ± 0.2 ka. The reconstructed ELA at this time was
between 221 - 271 m lower than the modern ELA. This implies a temperature
lowering of ∼ 1.3 - 1.6 ◦C relative to the present assuming an adiabatic lapse
rate of 0.6 ◦C/ 100 m and no change in precipitation. The San Lorenzo glacier
likely advanced/stabilised at the same time based on morphostratigraphy but
further dating is required to confirm this. These results demonstrate a greater
Holocene glacier extent prior to the last millennium, a trend observed elsewhere
in Patagonia. The advance at 2.8 ka broadly coincided with cooling observed in
a number of proxy records regionally and worldwide and reduced solar activity.
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7.1 Synthesis of findings

The aim of this thesis was to reconstruct the glacial history of the climatically
sensitive San Lorenzo ice cap and the Belgrano outlet glacier. In particular this
thesis aimed to gain insights into 1) pre-gLGM glacial history, 2) glacier response
to millennial-scale climate events during the LGIT, and 3) glacier change over the
Holocene. To do so I undertook detailed geomorphological mapping to identify
main limits (Ch 4), developed a chronology using cosmogenic surface exposure
analysis to determine the timing of glacial advances and palaeolake drainage (Ch
5 - 7), and derived ELAs for the late Holocene ice limit (Ch 7). The principal
conclusions from this work are as follows:

7.1.1 Geomorphological map

Chapter 4 presented a detailed map of the glacial geomorphology on the eastern
side of San Lorenzo and the Belgrano valley based on mapping from high-
resolution satellite imagery and DEMs, supported by field checking. The
map provides higher detail than previous mapping efforts (e.g. Glasser et al.,
2008; Wenzens, 2005) and the spatial coverage necessary for reconstructing the
fluctuations of the Belgrano glacier and its tributaries.

The new mapping reveals a complex assemblage of landforms associated
with the Klementek moraine limit, unrecognized by previous geomorphological
mapping (Wenzens, 2005), and suggests that it may be a palimpsest feature
deposited over multiple advances or by a combination of ice marginal and
subglacial processes. Sedimentological work may clarify the genesis of these
landforms and depositional processes and provide insights into ice dynamics.

Mapping of raised shorelines also clarified the relationship between palaeolakes
and the glacial limits in the Belgrano valley. Proglacial lakes formed inside the
Klementek and Menelik moraines as ice retreated and higher palaeolake levels
exist above the modern Belgrano lake inside the Belgrano moraines. The mapped
raised shorelines do not support a large palaeolake in the valley, which would have
flooded the Menelik and Belgrano moraine systems as suggested by Horta et al.
(2017).

There are areas which presented a major challenge for mapping due to difficult
access and dense vegetation, in particular the western end of Lago Belgrano and
the basins near the mountain front, as well as areas in the Belgrano valley south
of the Ŕıo Belgrano, and these would benefit from further investigation.

7.1.2 Early glaciation and the gLGM

In Chapter 5, I dated the outermost, Klementek moraine system at 75.2 ± 2.8
ka using cosmogenic nuclide exposure dating of glaciofluvial cobbles from the
associated outwash terrace. This is the first robustly dated glacial limit related
to late MIS 5 in Patagonia. The second, considerably smaller advance occurred
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at 24.8 ± 1.0 ka coeval with the gLGM dated by internally consistent moraine
boulder and outwash cobble ages from the Menelik moraine system.

The main implications of these findings are twofold. First, it indicates that
glaciation of the Patagonian Andes began early in the last glacial cycle during
MIS 5. Although the precise timing may have varied, this is similar to the onset
of mountain glaciation in the Himalayas and sectors of ice sheets in the NH.
The San Lorenzo, the surrounding massifs and high mountain valleys acted as an
ice nucleation centre, which developed into an independent ice cap. This work
thus provides a significant insight into the inception of the PIS, previously only
investigated through numerical modelling at regional scale (Sugden et al., 2002).
Second, the topography and reduced snowfall on the lee-side of the growing PIS
restricted ice extent in the Belgrano valley during later stages of the glacial cycle.

I suggested that build-up of the San Lorenzo Ice Cap and the advance of
the Belgrano glacier towards the end of MIS 5 were driven by decreases in SH
insolation as a first-order control, but this hypothesis requires further testing.
Evidence for advances during late MIS 5 from the San Mart́ın valley (Glasser
et al., 2011) and New Zealand (Sutherland et al., 2007; Shulmeister et al., 2010)
gives support to a common regional driver. The wide distribution of ages obtained
from the Klementek outwash makes comparison to other palaeorecords and the
assessment of possible triggers for glacier expansion problematic. As discussed in
Chapter 5, the Klementek moraine/outwash system may be as old as 86 ka or it
may have been deposited over 86 - 67 ka period. Obtaining additional ages or
developing an outwash profile, should suitable sites be found, may increase the
dating accuracy. The area south of the Ŕıo Belgrano, where the continuation of
the Klementek moraines and outwash terraces is found, would be a candidate for
further chronological work.

The advance at ∼ 25 ka occurred at a similar time to other glaciers in
Patagonia and New Zealand (e.g. Denton et al., 1999b; Moreno et al., 2015;
Darvill et al., 2016). Deglaciation from the 25 ka limit was characterised by
gradual retreat and thinning as suggested by numerous small moraines within the
moraine system. Initial ages suggest that the glacier margin may have remained
outside of the trough until about 16 ka, but the deglaciation chronology requires
further refinement.

7.1.3 Glacier response to millennial-scale cold reversals
and palaeolake evolution.

In Chapter 6, I constrained the timing of Late Glacial advances/stillstands
and reconstructed the evolution of palaeolake Belgrano. Cross-cutting moraine
relationship and 10Be ages reveal an extensive re-advance of the Belgrano glacier
at 13.1 ± 0.6 ka to within 8 km of its 25 ka limit. Subsequently, rapid retreat
of at least 10 km is inferred accompanied by a proglacial lake development. OSL
ages from glaciolacustrine sediments and 10Be from raised shorelines indicate that
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the ice-dammed palaeolake formed at ∼ 12.7 ka and likely persisted for several
hundred years, possibly up to a millennia. Together with a lateral moraine dated
at 12.4 ± 0.3 ka, this indicates ice margin stabilisation at the time of the NH YD.

This work clarifies the response of glaciers in central Patagonia to millennial-
scale climate events. It provides a strong evidence for a dominant Antarctic
climate signal at these latitudes and also a co-occurrence of the NH YD signal.
The San Lorenzo glaciers responded to the ACR signal near synchronously (within
dating uncertainties) as supported by studies from the northern flank of San
Lorenzo (Sagredo et al., 2018; Davies et al., 2018). Numerical simulation of
deglaciation in this sector of Patagonia (Hubbard et al., 2005) matches well the
geomorphological evidence on the extent of the San Lorenzo Ice Cap at ∼ 14 - 13
ka (Ch 6, Sagredo et al., 2018; Davies et al., 2018).

There are several aspects of the glacial and palaeolake history that would
benefit from further refinement. For example, the rate of deglaciation after the
culmination of the ACR advances/stillstands is only inferred based on the extent
of mapped palaeoshorelines and the initial ages for the formation and duration of
the palaeolake. The geomorphological mapping (Ch 3) did not reveal any younger
moraines in the Belgrano valley, and any geomorphological evidence is likely
submerged in the lake, or remains undiscovered in the less accessible and densely-
vegetated western part of the valley. The lateral moraine in the Lacteo valley
support stabilisation at 12 ka, but terminal moraines are not preserved. Based on
the 10Be ages from palaeoshorelines, I inferred that by the Late Glacial/Holocene
transition, glaciers had likely withdrawn back to the mountains to allow the lake
drainage. The drainage of the ice-dammed palaeolake Chalenko (12.4 - 11.8 ka,
Thorndycraft et al., 2019) further supports this. Glacier configuration similar to
the present by ∼ 11.5 ka was also shown by the numerical simulation by Hubbard
et al. (2005).

These findings demonstrated a rapid landscape change, which may have
implications for the human occupation of the valley. Evidence for human presence,
such as cave paintings, is found immediately outside of the ACR ice margins and
above the palaeolake Belgrano.

7.1.4 Holocene dynamics

In Chapter 6, I dated an advance/stillstand of the Lacteo glacier at 2.8 ± 0.2
ka. This required a lowering of the ELA by 221 - 271 m relative to the present.
Assuming an adiabatic lapse rate of 0.6 ◦C/ 100 m and no change in precipitation,
this translates to a temperature lowering of ∼ 1.3 - 1.6 ◦C. This is plausible as
an upper limit, given no precipitation change is taken into account, but more
ELA reconstructions and quantitative temperature records are needed to allow for
comparison. The San Lorenzo glacier likely advanced/stabilised at a similar time
as indicated by the morphostratigraphy and both glaciers thus likely responded to
the same climatic signal. In both, Lacteo and San Lorenzo valleys, younger, well-
defined moraines mark advances/stillstands (Garibotti and Villalba, 2017) that
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may correlate to the late 19th century advances identified throughout the region
(e.g. Winchester and Harrison, 1996; Harrison and Winchester, 2000; Winchester
et al., 2001; Harrison et al., 2007; Glasser et al., 2002, 2004). The Holocene
extent of these glaciers prior to 2.8 ka remains uncertain. The radiocarbon age
and section described by Mercer (1968) indicate an earlier advance at 5.2 ± 0.2
ka and a likely recession to behind the 2.8 ka moraine during the early Holocene.
During the Late Glacial at ∼ 13 ka, the Lacteo glacier terminated ∼ 20 km down
valley from the 2.8 ka moraine and the San Lorenzo glacier contributed ice to the
former Belgrano glacier (Ch 5). The results presented in this chapter together with
earlier work from the Lacteo valley (Mercer, 1968; Garibotti and Villalba, 2017)
demonstrate a trend of Holocene glacier change similar to elsewhere in Patagonia
(e.g. Strelin et al., 2014, 2011; Kaplan et al., 2016; Hall et al., 2019), i.e. retreat
in the early Holocene followed by advances/still-stands during the mid- and late
Holocene and culminating in smaller advances/still-stands during the LIA. This
differs to a trend of progressively smaller glaciers over the Holocene documented
in New Zealand (Schaefer et al., 2009; Putnam et al., 2012; Kaplan et al., 2013).
More work is needed to refine Holocene glacial chronologies in Patagonia and to
determine factors responsible for regional differences. Finally, the advance at 2.8
ka identified in this chapter broadly coincided with a cooling documented by proxy
records regionally (e.g. Kilian and Lamy, 2012; van Geel et al., 2000; Chambers
et al., 2007; Lamy et al., 2001) and worldwide (e.g. Van Geel et al., 1996; Bakke
et al., 2010; Nesje et al., 2001; Renssen et al., 2006; Bond et al., 2001) and may
have been triggered by reduced solar activity (van Geel et al., 2000; Bond et al.,
2001; Chambers et al., 2007; Bertrand et al., 2008; Solomina et al., 2015, cf.[).

7.2 Implications

7.2.1 The role of topography, catchment size and ice-
divides

One of the key implications of this work is that the topography, the shifting ice
divides and catchment size played a key role in determining the magnitude of
glacier advances between different valleys and influenced the build-up and break-
up of the PIS in this sector. This is reflected in the magnitude of advances and the
pattern of preserved limits in the Belgrano valley (75, 25 and 13 ka) compared to
the neighbouring valleys. The Belgrano glacier reached its maximum extent early
in the glacial cycle when it was fed by the independent San Lorenzo ice cap (Ch 5).
Later the individual ice fields coalesced and the San Lorenzo was incorporated into
the growing PIS. The ice-divide migrated west and accumulation was increasingly
concentrated on the west, up-wind side of the PIS (cf. Sugden et al., 2002). San
Lorenzo may have served as an independent ice dome, but it became starved of
precipitation. In addition, ice flow re-routing may have reduced the catchment
size of the Belgrano glacier. This resulted in a smaller extent of the Belgrano
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glacier at 25 ka. A similar pattern of successively smaller ice limits is found in
the Lago San Mart́ın valley (Glasser et al., 2011), which may be a result of a
similar interplay between the topography, precipitation availability, the shifting
ice divide and ice-flow re-routing. In contrast, in the large basins of LBA and LP,
the maximum limits of the last glacial cycle date to ∼ 35 - 27 ka (Hein et al.,
2009, 2010; Kaplan et al., 2004, 2005; Douglass et al., 2006). Older limits from
the last glacial cycle were either less extensive (and thus obliterated), removed by
other process (e.g. meltwater) or remain to be discovered and dated. I speculate
that these ice lobes only reached their maximum extent once they were able to
acquire a maximum catchment size.

Conversely, during deglaciation, as the PIS was breaking up and thinning,
the LBA and LP ice lobes lost large parts of their catchment area. Flowing at
low elevations and calving into deep proglacial lakes, they disintegrated and by
the ACR the margins were 100 - 120 km upstream of the LGM limits (Turner
et al., 2005; Boex et al., 2013; Thorndycraft et al., 2019; Davies et al., 2018). San
Lorenzo, emerging from the rainshadow of the PIS, was likely able to sustain an
outlet glacier in the Belgrano valley for longer. However, this hypothesis requires
further testing as there is limited data on the timing and extent of deglaciation
prior to the ACR advance/still-stand. Thus a combination of reduced rainshadow
effect relative to the gLGM, and the regional cooling during the ACR enabled the
Belgrano glacier to advance close to its 25 ka limits.

Overall, this is important for two reasons: 1) It highlights the benefit
of chronologies from multiple valleys 2) Non-climatic factors played a role in
determining the magnitude of glacial advances and should be considered carefully
before making inferences about regional climate.

7.2.2 How extensive was the mountain glaciation during
MIS 5?

In Chapter 5 I suggested that a substantially large ice cap developed over San
Lorenzo, which fed the Belgrano glacier and enabled it to advance 80 km from
the mountain divide. As discussed above, preliminary results from the Lago San
Mart́ın valley also indicate the maximum ice extent during MIS 5 (Glasser et al.,
2011). This raises a question about the extent of this early mountain glaciation.
The area between the NPI and the SPI is characterised by high, currently glaciated
massifs, including San Lorenzo and Sierra de Sangra, ∼ 100 km to the south of
San Lorenzo. It is thus conceivable that this area would have supported ice
development early in the glacial cycle, similar to San Lorenzo. The numerical
simulation of the inception of PIS (Sugden et al., 2002) does not capture the
development of an extensive ice cap over San Lorenzo and the area between the
NPI and SPI is only glaciated once ice from the NPI and SPI ice centres coalesce.
This seems to contrast with what the data presented in this thesis suggests. This
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necessitates an updated modelling of the inception of the PIS to explore the ice
dynamics and climatic forcing during the onset of glaciation.

7.3 Future research directions

• The Klementek moraine system - sedimentological work and im-
proved glacial chronology. The geomorphological mapping (Ch 3) re-
vealed a complex assemblage of landforms associated with the Klementek
moraine system. Sedimentological work could clarify the depositional pro-
cesses and provide insights into the ice dynamics. The age constraints on
the Klementek limit can also be improved by: 1) Obtaining additional ages
and/or developing an outwash profile from the Klementek moraine/outwash
system (e.g. Hein et al., 2009; Darvill et al., 2015) 2) Stratigraphic investiga-
tion coupled with OSL dating in the area inside of the Klementek moraines
on the southern side of the Ŕıo Belgrano (e.g. Smedley et al., 2016; Shul-
meister et al., 2010, 2018). 3) Dating of palaeoshorelines inboard of the
Klementek system can reveal the timing of deglaciation from this limit.
Overall this can refine the chronology and provide additional insights into
the glacial history (e.g. post-MIS 5).

• The extent of MIS 5 glaciation. Dating the limits of the Sierra de
Sangra outlet glacier, immediately south of the Lago Belgrano valley, and
further developing the chronology in the San Mart́ın valley may provide
further insights into the development of central sector of the PIS. Both of
these glaciers drained ice from the sector between the NPI and SPI. Initial
ages from the San Mart́ın valley indicate that limits here were deposited
over the last ∼ 100 ka (Glasser et al., 2011). New age constraints may help
to establish the extent of this early glaciation and strengthen interpretations
on the drivers of southern hemisphere glaciation. Together with the data
presented in this thesis, it would provide empirical constraints for numerical
simulation of the inception of the PIS.

• MIS 4 and 3 in Patagonia. The research in this thesis did not identify
any limits dating to MIS 4 or MIS 3, even though the evidence reviewed
in Chapter 2 suggest that conditions should have been favorable for ice
expansion. Palaeoclimate proxies from the Southern Hemisphere indicate
that MIS 4 was as cold as, or colder than MIS 2 (e.g. Kaiser et al., 2005;
Johnsen et al., 1972; EPICA Community Members, 2004). Therefore it
remains an open question whether the lack of evidence for MIS 4 ice
advances in Patagonia is due to a lack of discovery, preservation potential
or most glaciers were smaller than at later times. Targeting pre-gLGM
moraines for dating, in particular further north (< 46◦ S) in Patagonia,
where chronologies are sparse can help to resolve this question. For example,
in the Chilean Lake District glacial advances during MIS 4 are suspected
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but not dated (Heusser et al., 1999; Denton et al., 1999b). This may also
help to reveal if extensive mid-MIS 3 advances (48 - 45 ka, Darvill et al.,
2015; Garćıa et al., 2018) were confined to the southernmost Patagonia and
thus may relate to a more southward position of the SWW during this time
(cf. Darvill et al., 2015)?

• Numerical modelling The work presented in this thesis suggest the
development of an independent ice cap/ice dome not captured by previous
modelling experiment of the inception of the PIS (cf. Sugden et al., 2002).
Thus there is a need for new numerical modelling to explore the ice dynamics
during the build-up of the PIS and to test for climatic conditions necessary
for ice expansion early in the last glacial cycle as revealed in this thesis.
Further, chronological studies over the last decade have generated new
empirical data (e.g. Hein et al., 2010; Garćıa et al., 2018; Darvill et al.,
2015) that can be used to produce new modelled-based reconstructions of
the PIS and explore different climate forcing.

• Further geomorphological mapping and palaeolake evolution. De-
tailed geomorphological mapping in the western, vegetated part of the Bel-
grano valley could identify post-ACR ice marginal positions, clarify the
extent of the palaeolake Belgrano and identify potential cols. The evolution
of the palaeolake Belgrano can be refined by obtaining additional exposure
ages from palaeoshorelines, OSL ages from raised deltas and glaciolacutrine
sediments, better shoreline elevation data (e.g. using a combination of LiDar
and differential GPS) and accounting for isostatic rebound (cf. Thorndycraft
et al., 2019). Glaciolacustrine sediments were mapped in the Belgrano valley
(Ch 3) and these can be investigated for the potential of developing a varve
chronology as has been done in the LBA valley (Bendle et al., 2017b). This
has a potential to provide an annually-resolved chronology for deglaciation
and can be compared to other proxies to elucidate climatic controls (cf.
Bendle et al., 2017b, 2019).

• Dating of raised shorelines. I demonstrated that using cosmogenic
nuclide exposure analysis on amalgamated pebbles from palaeoshorelines
could be an effective tool for directly dating these features and the lower-
ing/drainage of palaeolakes (Ch 5). Further work is required to constrain
potential inheritance in such sediments, which can be achieved by obtaining
multiple samples from the same shoreline, ideally combined with an inde-
pendent chronometer, for example OSL. This approach can then be applied
in similar environments elsewhere.

• Holocene glacier dynamics. This thesis only scratched the surface
when it comes to understanding the Holocene glacier dynamics in the
region. Developments in cosmogenic nuclide dating technique have enabled
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increasingly younger surfaces to be dated (e.g. Kaplan et al., 2016; Reynhout
et al., 2019) and this can be combined with other approaches to develop
detailed chronologies. In addition to radiocarbon dating, measuring in situ
14C/10Be in proglacial bedrock can reveal when glaciers were smaller/larger
than today (Goehring et al., 2011). Developing more detailed glacier
chronologies would help to improve our understanding of glacier sensitivities
to different climate signals in the region.
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Sebastián, Magellan, Otway, Skyring and Ŕıo Gallegos lobes. Journal of Maps
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