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The Patagonian glaciations developed from the latest Miocene (c. 6 Ma) in multiple events of varied duration and
intensity. Most of the present glacial landscape is the result of the glacial modelling during the Pleistocene, since
the Great Patagonian Glaciation (GPG; c. 1 Ma). The Patagonian Andes were covered by a continuous mountain
ice sheet, from 37°S to Cape Horn (56°S), in at least five major glaciations over more than 15 cold events over the
last million years. Before GPG, the glaciers were restricted to isolated ice caps along the mountain ranges. The
present drainage network was developed after the Last Glacial Maximum [LGM; c. 25 calibrated kiloyears before
present (cal. ka BP)], particularly those cases with drainage reversal, when the glaciers began to melt as a result
of global climatic changes. The environmental impact of glaciations extended not only all over Patagonia, but to
the Pampas as well. © 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 103,
316-335.
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Las glaciaciones patagonicas se desarrollaron desde el final del Mioceno (ca. 6 Ma) en multiples eventos, de
variada duraciéon e intensidad. La mayoria del paisaje andino actual es el resultado del modelado glaciario
durante el Pleistoceno, desde la Gran Glaciaciéon Patagénica (GGP; ca. 1 Ma). Los Andes Patagénicos fueron
cubiertos por un manto de hielo de montana continuo, desde 37°S hasta el Cabo de Hornos (56°S) a lo largo
de por lo menos 5 glaciaciones mayores durante més de 15 eventos frios en el tltimo millén de afos. Antes de
la GGP, los glaciares estaban restringidos a casquetes glaciarios aislados a lo largo de las cadenas montafiosas.
El sistema de redes de drenaje actual, en especial en lo que hace a la inversién del drenaje, se desarrollé luego
del Ultimo Méximo Glacial (UMG; ca. 25 cal. ka A.P.), cuando los glaciares comenzaron a retirarse debido a
cambios climaticos globales. El impacto ambiental de las glaciaciones se extendi6, no sélo a toda la Patagonia,
sino también a la regién pampeana.

PALABRAS CLAVE: Cenozoico Tardio — Cuaternario — Glaciaciones — Patagonia — Sud America.

INTRODUCTION ancient glaciations is widespread in both the moun-
tains and the lowlands along the present Atlantic
coast near the Magellan Straits and Bahia Inutil
(Fig. 1, number 25). Till deposits interbedded with
basalt flows indicate the occurrence of glaciation
already at the end of the Miocene (c. 6-5 Ma;
*Corresponding author. E-mail: jrabassa@gmail.com Rabassa, 2008).

Continental and alpine-type glaciations of varied ages
and extent are both very well represented in Patago-
nia and Tierra del Fuego. Morphological evidence of
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There are still many questions concerning the age
of the glaciations and their geographical extension.
The landforms of the older glaciations, even those of
the Great Patagonian Glaciation (GPG; Mercer, 1976;
c. 1 Ma), are very well preserved, as a result of the
persistent arid conditions in the Patagonian table-
lands during the entire Pleistocene. A detailed over-
view of the physical geography of Patagonia is given
by Coronato et al. (2008a) and recent reviews of Pat-
agonian glaciations have been presented by Rabassa
(2008), Rabassa et al. (2008) and Coronato & Rabassa
(2011).

The first observations of glacial boulders found
scattered over the landscape were made by Charles
Darwin (1842) in the Rio Santa Cruz valley (Fig. 1,
number 20). Almost a century later, Carl Caldenius
(1932) mapped four major glacial boundaries east of
the Patagonian Andes (Fig. 2) from 41°S to Cape Horn
(see Fig. 2), at the southernmost tip of South America
(56°S). Caldenius mistakenly considered the glacial
stages as retreat phases of the last glaciation and
named them ‘Initioglacial’, ‘Daniglacial’, ‘Gotiglacial’
and ‘Finiglacial’, following the Scandinavian model.
He also described ‘Post-Finiglacial’ moraines, which
were assigned a post-Last Glacial Maximum (LGM)
age (Coronato, Martinez & Rabassa, 2004a; Coronato,
Meglioli & Rabassa, 2004b; Rabassa, 2008).

Pliocene and pre-Pliocene glacial deposits have
been investigated by Mercer (1976), Wenzens (1999,
2000, 2006) and Rabassa, Coronato & Salemme
(2005), among others, whereas the relationship of the
Pleistocene glaciations with the Pampean biostrati-
graphical stages was discussed by Rabassa et al.
(2005) and Rabassa & Coronato (2009). Holocene gla-
ciations, including the Little Ice Age, have been
studied by Glasser et al. (2004, 2008), Wenzens (2005)
and Kilian et al. (2007), among others.

This article is an updated review of Patagonian
glaciations following Coronato et al. (2004a, b), Coro-
nato & Rabassa (2007a, b, 2011), Rabassa (2008) and
Martinez et al. (2011). The Patagonian glacial bound-
aries are depicted following Caldenius (1932; Fig. 2)
and later authors, but were redrawn using digital
terrain models [Shuttle Radar Topography Mission
(SRTM) 90m; freely available on http:/srtm/
csi.cgiar.org] and based on new field information. This
study contributes to the understanding of the palaeo-
Patagonian ice fields as a unique source of ice from
which many outlet glaciers flowed to the east and
west, although each behaved slightly differently
depending on the local conditions, giving rise to dif-
fering capabilities of landscape sculpturing.

The GPG (Mercer, 1976) was dated in Lago Buenos
Aires (Fig. 1, number 11; e.g. Singer, Ackert &
Guillou, 2004a) and the Rio Gallegos valley (Fig. 1,
number 21; Meglioli, 1992; Ton-That et al., 1999).

This glacial event may be clearly identified in the
field, and thus considered to be a key reference to
following glaciations. The Pre-GPG and Post-GPG
boundaries, as well as the LGM and its readvance
phases during overall glacial retreat (LGM-late
glacial), are depicted.

The eastern limits of the mountain ice sheet formed
in northern Patagonia (between 39°30’S and 46°S)
during each of the Patagonian Pleistocene glaciations
have been drawn as an update of Coronato et al.
(2004a, b). These contributions were adapted using
new evidence from the analysis of digital terrain
models (SRTM 90 m) and recent higher definition
satellite imagery. For the spatial and chronological
ordering of the glacial limits, the boundaries of the
GPG (Mercer, 1976; ‘Initioglacial’ of Caldenius, 1932)
have been used as main reference. This glaciation
occurred at around 1 Ma, in the early Pleistocene
(Meglioli, 1992; Ton-That et al., 1999; Singer et al.,
2004a; Rabassa, 2008). Following Coronato et al.
(2004a, b), ancient (mostly Pliocene and earliest Pleis-
tocene) glaciations, preserved in between basalt lava
flows, have been named Pre-GPG, whereas the Middle
Pleistocene Glaciations have been termed Post-GPG I,
IT and IIT and, finally, the LGM in the late Pleistocene.
Likewise, previous glaciostratigraphical schemes,
defined for the Lago Nahuel Huapi area (41°S; Fig. 1,
number 2) and for the Esquel valley (43°S; Fig. 1,
number 5; Flint & Fidalgo, 1964, 1969) have provided
a highly reliable mapping of the GPG moraines and
other glacial drifts.

The occurrence of a regional drainage-deepening
event of tectonic nature known as the ‘canyon-cutting
event’ (Rabassa & Clapperton, 1990), close to the
early Pleistocene-middle Pleistocene boundary,
allowed the preservation of older glaciation sediments
and landforms over the divides.

At least five major glaciations have been identified
for the Pleistocene, some including more than one
glacial episode. Not all five glacial events are clearly
represented in each glacial valley sequence. As
a result of their younger age and better preser-
vation, the last glaciation moraines provide greater
certainties concerning the local glaciostratigraphical
scheme and the subsequent regional correlation.

NORTHERN PATAGONIA

Along the northernmost portion of the Patagonian
Andes, in northern Neuquén Province, glaciation took
place only from isolated mountain ice caps (including
high volcanoes rising above the regional snowline),
independently developed from the Patagonian Ice
Sheet, which extended from 37°S to the southernmost
end of the continent. All sequences presented here
correspond to the northern portion of the Patagonian
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Figure 1. List of localities cited in the text. As a result of the extension of the area and the scale used, it was sometimes
necessary to merge several closer localities under one single number. 1, Rio Malleo; 2, Lago Nahuel Huapi; 3, Rio Limay;
4, Epuyén and Cholila valleys; 5, Esquel, El Maitén, Laguna Stunica and Rio Corintos; 6, Rio Chubut and Rio Tecka; 7,
Rio Huemul valley (43°30"S, 71°10°W), Rio Corcovado valley (43°45’S, 71°20'W), Lago General Vintter (43°55’S, 71°25"W)
and Rio Corcovado and Rio Putrachoique valleys; 8, Rio Pico (44°10’S, 71°20'W) and Rio Apeleg (44°30°S, 71°20'W) valleys;
9, La Plata and Fontana lakes (45°S, 71°10'W), El Coyte (45°15°S, 71°15"W) and Rio Mayo (45°30"S, 71°15'W); 10, Lago
Blanco (45°55’S, 71°15’'W); 11, Lago Buenos Aires—General Carrera (46°16-46°56’S, 71°09'-72°50'W); 12, Pueyrredon-
Posadas lakes (47°08"-47°30’S, 71°47-72°33'W); 13, Belgrano and Burmeister lakes (47°47'—47°57’'S, 72°04’-72°18'W); 14,
Mt. San Lorenzo and Sangra Mountains; 15, San Martin-Tar lakes (48°55'-49°15’S, 71°54'-72°31'W); 16, Lago Cardiel,
17, Lago Viedma (49°24-49°54’S, 70°46’-72°50'W) and Rio Guanaco; 18, Lago Argentino (50°09'-50°28'S, 70°53'—
72°08'W), Cerro del Fraile and Punta Banderas; 19, Rio Coyle (50°49’-51°16’S, 70°56'-72°36"W); 20, Rio Santa Cruz; 21,
Rio Gallegos and Tres de Enero site (51°49’S, 69°24'W); 22, Balmaceda and Pinto lakes and Seno Ultima Esperanza
(Chile); 23, Seno Skyrring (52°08-52°48’S, 71°07'-72°40'W) (Chile); 24, Seno Otway (52°03'-53°12’S, 70°11-71°54'W)
(Chile); 25, Bahia Inutil (Chile); 26, Bahia San Sebastian; 27, Isla Dawson and Whiteside Channel (Chile); 28, Rio Grande
and Punta Sinai; 29, Lago Fagnano, Tolhuin and Lago Chepelnut; 30, San Pablo, Fuego and Ewan valleys; 31, Beagle
Channel and Estancia Harberton; 32, Ushuaia and Carbajal valley; 33, Isla Navarino (Chile); 34, Peninsula Mitre; 35,

Musters and Colhue Huapi lakes; 36, Carrilaufquen Chica and Grande lakes.

il

<

Ice Sheet, a 3000-km-long ice field, the largest ice
field in the Southern Hemisphere outside Antarctica.
Coordinates roughly indicate the central position of
the studied area.

THE Rio MALLEO VALLEY
(39°37°30”S, 71°17'W; FIG. 1, NUMBER 5)

This sequence was described by Rabassa et al. (1987,
1990) and Rabassa (2008). The Rio Malleo valley
shows different glacial drift units irregularly distrib-
uted along the valley. They have been ordered chro-
nologically using geomorphological, palynological and
palaeomagnetic criteria (for further details, see
Rabassa, 2008).

HEADS OF THE Ri0 LIMAY AND LAGO NAHUEL
HuAPI (41°8’S, 71°8’W; FIG. 1, NUMBERS 2 AND 3)

A general overview of this glacial sequence is given in
Rabassa (2008). The glacial stratigraphy defined for
this region correlates with the glacial sequence of the
Chilean Lake district (41°S; Porter, 1981). Rabassa &
Evenson (1996) suggested that the Pichileufu Drift
(the GPG Drift), the oldest unit, includes the products
of at least three different glacial advances, perhaps
corresponding to several glaciations, all preceding the
fluvial canyon-cutting event. The El Coéndor Drift
could be subdivided into two glaciogenic units, prob-
ably corresponding to the Post-GPG II and Post-GPG
III glaciations (of pre-late Pleistocene age). These
glaciations also occur at higher elevations than those
of the LGM drift, a result of tectonic uplift and/or
fluvial incision occurring between each glacial event,
thus demonstrating their relatively old ages. The last
glaciation is represented by the Nahuel Huapi Drift,
with stadials I and II [probably two close advances

during the Marine Isotope Stage (MIS) 2]. Late-
glacial readvances have not been confirmed yet in this
region by absolute chronologies.

THE PRE-ANDEAN VALLEY OF EL MAITEN
(42°10’S, 71°10°'W; Fi1G. 1, NUMBER 5)

The establishment of a stratigraphical correlation for
this area is difficult, as no absolute dates are avail-
able (for references, see Rabassa, 2008). The pre-
Andean valley of El Maitén (Fig. 1, number 5) was
occupied by several Pleistocene glaciations. Two ice
lobes, the Epuyén and the Cholila valley lobes (Fig. 1,
number 4; Fig. 3) flowed from the east and southeast,
respectively. However, it is possible that, during
the oldest glaciations, ice may have flowed from the
northwest. Smaller transverse valleys allowed the
oldest ice sheet (GPG) to reach its maximum extent at
70°40'W. Immediately towards the west, the Post-
GPG 1 deposits are found occurring as entrenched
sedimentary bodies at lower topographical levels.
These younger hills today act as water divides, sepa-
rating Pacific from Atlantic Ocean draining basins.
The best-preserved moraines of the area are found
between Lago Epuyén and Rio Chubut (Fig. 1,
numbers 4 and 6). They probably correspond to the
Post-GPG II, Post-GPG III and the last glaciation
advances.

VALLEY OF ESQUEL AND Rio CORINTOS
(43°S—71°W; F1G. 1, NUMBER 5)

These sequences are based on Martinez (2002) and
the references cited therein. The present 16 de
Octubre valley was the pathway regularly followed by
successive ice advances from the southwest occupying
the mountain passes of Esquel and Stnica. The east-

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 103, 316-335
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Figure 2. General glaciation map of Patagonia and Tierra del Fuego based on Caldenius (1932).
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Figure 3. Middle Pleistocene and Last Glacial Maximum (LGM) moraines and related glaciofluvial deposits in the
Epuyén valley, northern Patagonia (after Martinez et al., 2011).

ernmost moraines, which today occur as highly
degraded landforms, reached their maximum extent
at 70°49'W, in the Rio Tecka valley (Fig. 1, number 6).
These deposits do not correspond to the GPG moun-
tain ice sheet. Instead, the ice sheet of that age is
represented by other moraines further west, above
1000 m a.s.l. These moraines have been identified
east of the Esquel Airport and along the mountain-
sides east and north of Laguna Sunica (Fig. 1,
number 5). Thus, the innermost and topographically
highest moraine systems should be correlated with
the GPG, and the easternmost moraines, deeply
entrenched in the valleys, probably correspond to the
Post-GPG I advance. The Post-GPG II moraine is very
well preserved closing the northernmost Esquel
valley. The Post-GPG III moraines (penultimate gla-
ciation) are represented by three belts that enclose
Laguna Stdnica, and by the moraines located west of
Esquel Airport. Southwest of Laguna Stunica, a
moraine, 2km in length, and the remnants of a
second, more distal moraine are found corresponding
to the last glaciation. The Esquel valley is blocked on

the east by an elongated moraine arc of the same age,
today highly degraded by glaciofluvial and glaciola-
custrine erosion. Between these last glaciation
moraines and those beyond, there are important ter-
raced glaciofluvial deposits reaching the Rio Tecka
valley. This stream and the Rio Chubut (Fig. 1,
number 6) acted as glaciofluvial drainage spillways
towards the Atlantic Ocean, during at least the last
three major glaciations. The moraines of the penulti-
mate and the last glaciation dammed meltwaters
during ice recession. These lakes were interconnected
and occupied a large part of the Cordilleran environ-
ment until they ultimately drained towards the
Pacific Ocean when the water level overtopped the
surface of the ice bodies located towards the west.

THE Rio HUEMUL VALLEY
(43°30’S, 71°10'W; FIG. 1, NUMBER 7)
This sequence was studied by Lapido, Beltramone &
Haller (1989), Haller etal. (2003) and Martinez
(2002), who investigated the glacial stratigraphy east
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of the town of Corcovado and west of the Rio Tecka
valley. They defined three glacial events for this area:
(1) ‘Caquel Drift’, isolated deposits along the moun-
tain slopes above 1000 m a.s.l.; (2) ‘Tecka Drift’, rep-
resented by two or more terminal moraines, located in
the eastern margin of the Rio Tecka; and (3) ‘Mallin
Grande Drift’, equivalent to the last glaciation, rep-
resented by two, well-preserved, moraine arcs with
their corresponding glaciofluvial plains extending
eastwards, and adjacent glaciolacustrine deposits
towards the west. Recent studies have suggested a
GPG age for the ‘Caquel Drift’.

THE Rio CORCOVADO VALLEY (43°45’S, 71°20'W)
AND LAGO GENERAL VINTTER (43°55’S, 71°25'W)
(F1G. 1, NUMBER 7)

Lago General Vintter drains towards the Pacific Ocean
through Rio Corcovado. In Argentina, this stream
wanders aimlessly between moraine arcs, before
turning west at 43°30’S. A frontal moraine dams the
lake and, together with a second moraine immediately
to the east, represents the last glaciation (Haller, 1979;
Martinez, 2002; Haller et al., 2003; Martinez et al.,
2011). Two very well-preserved moraine arcs, equiva-
lent to these units, have been deposited by a glacier
advancing from the north along the Rio Corcovado
valley. Eastwards, highly eroded glacial deposits, cor-
responding to the older systems, are found. The two
westernmost ones occur between the Rio Corcovado
and the Rio Putrachoique valleys (Fig. 1, number 7).
They probably represent the Post-GPG III, Post-GPG
II and Post-GPG I events, respectively.

THE Rio PICO VALLEY
(44°10’S, 71°20'W; FIG. 1, NUMBER 8)

Four end moraine groups were distinguished at the Rio
Pico valley by Beraza & Vilas (1989). All units showed
normal polarity magnetization and correspond to
the Brunhes Palaeomagnetic Chron (younger than
0.78 Ma). The different drifts, termed I (outer), II, III
and IV (inner), are thus middle and/or late Pleistocene
in age. Lapido (2000) identified five drift units, two
undifferentiated tills and several terraced glaciofluvial
deposits. The inner ‘Las Mulas Drift’ is equivalent to
the LGM and is represented by dissected marginal and
frontal moraines and glaciofluvial deposits. The “Tre-
menhau Drift’ is a more external moraine arc, tenta-
tively equivalent to the penultimate glaciation or
Post-GPG III event. The ‘Cherque Drift’ occurs in an
external position and comprises a complex glaciogenic
unit that probably includes deposits of several glacia-
tions. This unit may correlate with the antepenulti-
mate glaciation or Post-GPG II event. ‘Drift I’ (Beraza
& Vilas, 1989) includes another, even more external

group of moraines, in a higher position, which are
tentatively correlated with the Post-GPG I event.
Finally, the ‘Baguales Drift’, of uncertain Pliocene—
Pleistocene age, is represented by both moraine and
glaciofluvial deposits that close the valley at higher
elevations (1300-1000 m a.s.l.). This drift is tenta-
tively correlated with the GPG, but it probably
includes older deposits as well. Figure 4 shows the
external limits of glaciations in the Rio Pico valley.

THE Ri0 APELEG VALLEY (44°30’S, 71°20'W; FIG. 1,
NUMBER 8) AND THE LA PLATA AND FONTANA
LAKES (45°S, 71°10’'W; FIG. 1, NUMBER 9)

These sequences were studied by Ramos (1981),
Ploszkiewicz (1987) and Lapido (2000). The moraines
crossing this valley were deposited by a glacial lobe
derived from the Rio Frias valley when the ice divide
was located further west. Most of the moraines cor-
responding to the Pleistocene glacial fronts are today
found in Chile. It is still not possible to define a
glaciostratigraphical scheme. The ‘Rio Moro Till’ in
the La Plata and Fontana lakes is represented by
basal moraines to the north and south of the lakes, at
over 1000 m a.s.l. (Ramos, 1981). These moraines
were deposited by a mountain ice sheet whose frontal
position was further east in the Post-GPG III or older
advance limits. The last glacial advance confined the
lakes between moraine deposits. Ramos (1981)
showed that the last glaciation would be represented
by the ‘Fontana Till’, deposited at Lago Fontana and
on its southern margins. Figure 4 indicates the exter-
nal limits of glaciations in the Rio Apeleg valley.

THE EL COYTE (45°15’S, 71°15"W), HEADS OF THE
Rio MAYO (45°30’S, 71°15'W) AND LAGO BLANCO
(45°55’S, 71°15’'W) REGIONS (FIG. 1, NUMBERS 9
AND 10)

Three drift units indicating glacial stillstand posi-
tions occur in the westernmost portion of these
valleys. These units may be correlated with the last
glaciation (‘La Elvira Drift’), with the penultimate
glaciation or Post-GPG III event (‘Rio Mayo Drift’)
and with the pre-penultimate glaciation or Post-GPG
II episode (‘Ricardo Rojas Drift’) (Beltramone, 1991;
Dal Molin & Gonzalez Diaz, 2002). In addition, two
outermost, more eroded and less continuous glacial
fronts have been identified, which usually emerge
above the glaciofluvial deposits of the glaciations
already mentioned. These probably correspond to the
Post-GPG I and GPG events, respectively.

THE SOUTHERN PATAGONIAN
PALAEO-ICE LOBES

In southern Patagonia, the piedmont areas were
extensively glaciated by giant outlet glaciers coming

© 2011 The Linnean Society of London, Biological Journal of the Linnean Society, 2011, 103, 316-335
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Rio Pico Valley
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Figure 4. Glacial limits in the Pico and Apeleg valleys, northern Patagonia (after Martinez et al., 2011). GPG, Great
Patagonian Glaciation; LGM, Last Glacial Maximum. Lines in between the GPG and LGM boundaries show the extent
of three different glacial advances that occurred in the middle Pleistocene.

from the Patagonian Ice Sheet. South of Rio Gallegos
(Fig. 1, number 21), the ice extended even to the
present Atlantic submarine shelf during GPG and
other Middle Pleistocene Glaciations.

THE LAGO BUENOS AIRES—GENERAL CARRERA
(ARGENTINA-CHILE) LOBE (46°16—46°56’S,
71°09'-72°50'W; FIG. 1, NUMBER 11, FIG. 5)

Since Ton-That et al. (1999), in which the maximum
age for GPG was indicated at 1.15 Ma, further
research has been undertaken in the area. It has
mainly been devoted to the establishment of the chro-
nology of the glacial advances previously mapped by
Caldenius (1932), Malagnino (1995) and others.
Singer etal. (2004a) and Kaplan etal. (2004)
described 19 moraine suites that relate to the frontal
position of a piedmont lobe flowing from the palaeo-
Northern Patagonian Ice Field (or Hielo Patagénico
Norte; Fig. 1) between 1.2 Ma and 16 ka BP. The
occurrences of lava flows interbedded with till or
stratigraphically related to moraines have provided
absolute ages for the glacial limits, based on *°Ar/*°Ar
(incremental heating technique) dating on basalts.
Later, Kaplan et al. (2005) determined the age of two
glacial advances using cosmogenic isotope measure-
ments. These advances occurred during MIS 6 and
within the period between MIS 18 and 8-10. The
present chronostratigraphy of glacial deposits in the
area includes the following moraines: Telken VII
(1.016-1.168 Ma), Telken I-VI (0.76-1.016 Ma),

Deseado I-III (?-760 ka), Moreno I-III (350?-109 ka),
Fénix I-IV (16-25 ka; LGM) and Menucos [< 15.8
radiocarbon kiloyears before present (1*C ka BP)].
Turner et al. (2005) demonstrated a rapid glacier
retreat at 15-16 calibrated kiloyears ago (cal. ka),
followed by stability and a complete deglaciation
phase at c. 12.8 cal. ka. Later, Douglass et al. (2006)
refined the LGM and late-glacial chronology by means
of cosmogenic isotope dating techniques. They found
six glacial advances between 22.7 and 14.4 ka in
phase with the Antarctic Cold Reversal (ACR) signal.

A Pre-GPG limit is presented here based on Mala-
gnino (1995), who defined the ‘Chipanque moraines’
on the basis of geomorphology and stratigraphy, but
without absolute ages, although he postulated a
range of between 7 and 4.6 Ma or 3.5 and > 2.3 Ma.

THE PUEYRREDON—POSADAS LAKES LOBE
(47°08'—47°30’S, 71°47-72°33'W; F1G. 1,
NUMBER 12; FiG. 5)

Hein et al. (2009) recently reported the detailed
mapping of four glacial boundaries following those of
Caldenius (1932), named ‘Gorra de Poivre’ (Initiogla-
cial), ‘Canadén Caracoles’ (Daniglacial), ‘Hatcher’
(Gotiglacial) and ‘Rio Blanco’ (Finiglacial). The glacial
chronology is mainly referred to the glacial model of
Lago Buenos Aires proposed by Singer et al. (2004a)
and Kaplan et al. (2004, 2005). More refined evidence
was presented here for the Middle Pleistocene Gla-
ciations. Thus, the Gotiglacial advance has been
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Middle Pleistocene (<260>150 ka)

Last Glacial Maximum (ca. 25 ka)

Middle Pleistocene (<760>315 ka)

Late Glacial (16-11 ka)

Figure 5. Pliocene to late-glacial glaciation limits of southern Patagonia and Tierra del Fuego. White lines indicate the
extent of glacial advances in each indicated period of time. A, Pre-Great Patagonian Glaciation evidence; B, Great
Patagonian Glaciation (GPG); C, Post-GPG I; D, Post-GPG II; E, Post-GPG III; F, Last Glacial Maximum; G, late glacial;
in all cases, according to Coronato et al. (2004a) and Coronato & Rabassa (2011).

referred to c. 260 ka (i.e. MIS 8). The age of the Rio
Blanco glaciation was determined at c. 27-25 ka,
which is similar to that of Lago Buenos Aires LGM
moraines (Singer et al., 2004a).

THE BELGRANO AND BURMEISTER LAKE LOBES
(47°47'—47°57'S, 72°04'-72°18'W; FIG. 1,
NUMBER 13; FIG. 5)

Wenzens (2003) suggested that these lakes were part
of the same glacial outlet flowing from Mt. San
Lorenzo (3700 m a.s.l.; Fig. 1, number 14) and joining

the palaeo-ice lobe of the Rio Chico, which flowed
from the Sangra Mountains (Fig. 1, number 14). The
LGM moraines have been identified several kilome-
tres east of the present heads of the lakes (Wenzens,
2005). Moraines closing the lakes were referred to
late-glacial readvances.

THE SAN MARTIN-TAR LAKES LOBE (48°55'—49°15’S,
71°54’-72°31'W; FIG. 1, NUMBER 15; FIG. 5)

Four glacial limits have previously been recognized
in this area (Coronato et al., 2004a). Later, LGM
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moraines were defined surrounding Lago Tar and the
southern coast of Lago San Martin (Wenzens, 2003,
2005). Radiocarbon dating on basal organic matter in
a drainage channel between two moraine arcs indi-
cated that the oldest late-glacial advance occurred
before 13.1 ka BP and the youngest occurred prior to
9.3ka BP (Wenzens, 1999). Late-glacial moraines
have been mapped enclosing the two branches of Lago
San Martin and both shores of the central lake
branch. They were interpreted as representing a third
late-glacial readvance at c.10.5-9.5 C ka BP
(Wenzens, 2003). Further east, in the tableland
region, several moraine arcs and spillway evidence
have been mapped. These moraines are located on the
tablelands. They have been interpreted as indicating
glaciations of Miocene age (Wenzens, 2006), herein
mapped as Pre-GPG events, and undetermined age
moraines for those of middle topographic position.
Moreover, northern Lago Cardiel (Fig. 1, number 16)
ancient glacial limits and spillways were recognized
by Wenzens (2006) as evidence of the eastern frontal
position of very ancient (middle Miocene) piedmont
glaciers. However, there is no general agreement
about such a great eastwards expansion of the ice at
such an early age.

THE LAGO VIEDMA LOBE AREA (49°24’-49°54’S,
70°46’-72°50'W; FIG. 1, NUMBER 17; FIG. 5)

A set of moraine arcs surrounding the head of the
lake and the Rio Guanaco valley (Fig. 1, number 17)
was recognized by Wenzens (1999) as marking the ice
position during the LGM. An extensive drumlin and
megaflute field occurs between the LGM moraines
and the lake heads (Rabassa et al., in press).

Late-glacial ice limits have been identified along
the coasts of Lago Viedma, the Céndor and Guanaco
valleys. Wenzens (1999, 2005) proposed that these
glaciers advanced three times between 14 and 10 *C
ka BP, the younger probably partially equivalent to
the Younger Dryas (YD) stadial (12.9-11.7 cal. ka).
Pre-GPG glacial evidence has been pointed out in
Coronato et al. (2004a). East of the LGM limit, Pre-
GPG relict moraines have been recognized by
Wenzens (2000).

THE LAGO ARGENTINO LOBE (50°09'-50°28’S,
70°53-72°08'W; FIG. 1, NUMBER 18; FIG. 5)

Several terminal moraines have been mapped by dif-
ferent authors, indicating the occurrence of at least
nine separate glacial advances since the late Pliocene
to the late glacial (Coronato et al., 2004a; Rabassa,
2008). Singer et al. (2004b) studied the Cerro del
Fraile (Fig. 1, number 18) sequence, where eight till
units interbedded with lava flows are exposed. Pied-

mont glaciations of the tableland region occurred in
the period 2.1-1.0 Ma (early Pleistocene), herein con-
sidered as Pre-GPG events. In the Cachorro creek
glacial valley, a sequence of four frontal moraine
suites was mapped by Lovecchio, Strelin & Astini
(2008) and assigned to the Punta Banderas (Fig. 1,
number 18) sequence on the basis of geomorphological
characteristics.

THE Rio COYLE VALLEY LOBE (50°49'-51°16’S,
70°56’-72°36'W; FIG. 1, NUMBER 19; FIG. 5)

Five glacial limits were recognized on the basis of
geomorphology along the upstream valley (Coronato
et al., 2004a). Pre-GPG moraines were assumed to be
equivalent to those at Lago Argentino (Strelin et al.,
1999), and both ancient moraine systems are located
on the tablelands at ¢. 400 m a.s.l.

THE Ri0 GALLEGOS VALLEY LOBE (51°27'-52°03’S,
70°37-72°26'W; FIG. 1, NUMBER 21; FIG. 5)

The upper stream of the Rio Gallegos valley flowed
along the late and middle Pleistocene moraines, but
the younger moraine arcs are located in the Bal-
maceda and Pinto lakes (Chile), close to the Ultima
Esperanza sound (Fig.1, number 22). The older
glacial landscape has been mapped here by several
authors (Coronato et al., 2004a). Meglioli (1992), Ton-
That etal. (1999) and Singer etal. (2004a) con-
strained the age of the GPG event, with a maximum
age of 1.16 Ma (Singer et al., 2004a) for this glacia-
tion. Early Pleistocene drumlins, megaflutes and
drumlinoid forms have been described (Ercolano
et al., (2004) in the ancient Rio Gallegos valley result-
ing from one of the GPG advances. The dry climate
of the region since the early Pleistocene has contri-
buted to the excellent preservation of these glacial
landforms.

Cosmogenic isotope measurements on boulders on
top of the GPG moraines were performed by Kaplan
et al. (2007). They found discrepancies between the
cosmogenic ages of 106-124 ka and the well-dated
tills interbedded with lava flows. As this also occurred
in northern Tierra del Fuego moraines, these authors
postulated that cosmogenic nuclide dating cannot be
used as a reliable chronometer of glacial deposits
older than the LGM in these areas (Kaplan et al.,
2005; Douglass et al., 2006). They suggested that
Quaternary geomorphological processes operated dif-
ferently towards the south, mainly because of the
wetter climate and proximity of the sea during inter-
glacial times (Kaplan et al., 2007). Two Post-GPG
glacial limits have been mapped in the region,
although no detailed chronological constraint is yet
available for these deposits. According to E. Sagredo,
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GPG

Post GPG |
Post GPG Il

Post GPG I

Atlantic Ocean

Figure 6. Map of greater detail, compared with Figure 5, of the glacial limits of Tierra del Fuego and the Magellan
Straits area from Coronato & Rabassa (2011). GPG, Great Patagonian Glaciation; LGM, Last Glacial Maximum;

LG, late glacial.

P. Moreno, R. Villa-Martinez & M. Kaplan, (pers.
comm.; Institute of Ecology and Biodiversity, Depart-
ment of Ecological Sciences, University of Chile, San-
tiago de Chile), a piedmont ice lobe covered the head
of this valley during the LGM, after which the Bal-
maceda and Pinto lakes were formed. On the basis of
geomorphology, stratigraphy and radiocarbon dating,
these authors proposed that the LGM termination
began shortly before 17.5 cal. ka BP, in phase with the
Lago Buenos Aires sequence (Kaplan et al., 2004) and
the Magellan Straits area (Figs 1, 5 and 6; McCulloch
et al., 2005a, b). Deglaciation was interrupted by a
stabilization phase, which ended at 16.3 cal. ka BP, as
the Lago Buenos Aires area (Douglass et al., 2006)
and the intermediate Lago Pinto complex were
formed. A final advance was dated between 14.6 and
12.8 cal. ka BP in the Ultima Esperanza sound area,
attributed to the ACR.

THE SENO SKYRRING LOBE (52°08'-52°48'S,
71°07-72°40'W; FIG. 1, NUMBER 23; FIG. 5)

Four glacial advances have been recognized along this
palaeo-ice lobe (Meglioli, 1992). The GPG was not
recognized as a moraine system, but till remnants
were observed in the higher hills. Three Middle Pleis-
tocene Glaciations have also been identified. By con-
trast, Kilian et al. (2007) proposed a late-glacial/
Holocene ice retreat. A non-dated LGM limit is
coincident with the moraine arcs mapped as Post-

GPG II and III by Meglioli (1992), but the moraine
limit closing the present sound is coincident with
Meglioli’s LGM position. From this limit, the begin-
ning of the ice retreat was identified between 18.3
and 17.5 cal. ka. Then, a more rapid glacier retreat
occurred until around 15-14 cal. ka. A much slower
retreat then took place from 14 to 11 cal. ka during
both the ACR and the YD stadials. Late Holocene
glacial advances have also been recognized from 1220
to 1910 AD. These authors postulate a differential
behaviour, the Andean palaeo-mountain ice sheet
being distinctly more climate sensitive here than in
the Southern Patagonian Ice Field.

THE SENO OTWAY LOBE (52°03'-53°12’'S,
70°11’-71°54’'W; F1G. 1, NUMBER 24; FIG. 5)

The glacial limits of this palaeo-ice lobe follow those
of Caldenius (1932) and Meglioli (1992) for the Middle
Pleistocene Glaciations. The Quaternary chronos-
tratigraphy of the Southern Patagonian glaciations is
presented in Tables 1 and 2. Table 1 comprises all
glaciations since the pre-Great Patagonian Glaciation
advances to the pre-Last Glaciation. Table 2 describes
the Last Glaciation in detail. They are termed as
Post-GPG I, II and III (Coronato et al., 2004a). Kilian
et al. (2007) recognized the same moraine limits
as those occurring in the northern Skyring sound.
The glaciological behaviour of the palaeo-glacier that
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Table 1. Quaternary chronostratigraphy of the main east-flowing palaeo-glacier lobes from 46°S to 54°S
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11): Lisiecki and Reimao (2004),(2): (3): Singer et al (2004); (4): Kaplan et al 2005; (5): Malagnino, 1995; (6): Hein et al, 2009; (7): Wenzens, 2006 and previous papers; (8) Scheliman (1998);
(9): Singer et al., 2004b;(10): Meglioli, 1992; (11): Singer et al. (2004a); 12: Walther et al., 2007

The ages are based on uncalibrated radiocarbon dates and on cosmogenic isotope measurements providing minimum
exposure ages on boulders. The broken lines and question marks indicate chronological uncertainties. GPG, Great
Patagonian Glaciation. From Coronato & Rabassa (2011).

Table 2. Comparison of the chronostratigraphy of southern Patagonian glaciation during Marine Isotope Stage (MIS) 2
(Last Glacial Maximum, LGM) of the major palaeo-glacier lobes from 46°S to 54°S

Lake Buenos | Lakes Lake Viedma | Lake Argentino| Magellan Straits Lake Fagnano| Caldenius
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(1): Douglass et al. (2005, 2006); (2):Hein et al., (2009, in press); (3): Wenzens (1999, 2003); (4): Schellman (1998), Strelin and Malagnino (2000); Strelin et al., 2008;
Ackert et al. (2005); (5):McCulloch et al., (2005a); (6): Coronato et al., (2006, 2008a), Waldmann et al (In press).

The ages are based on uncalibrated radiocarbon dates and on cosmogenic isotope measurements providing minimum
exposure ages on boulders. The broken lines and question marks indicate chronological uncertainties. GPG, Great
Patagonian Glaciation. From Coronato & Rabassa (2011).
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occupied this sound was interpreted to be the same as
that of the Skyring and Magellan palaeo-glaciers.

THE MAGELLAN STRAITS LOBE
(51°46"-53°34’S, 69°12’-70°32'W; FIGs 1, 5, 6)

The glacial history of the Magellan palaeo-glacier has
been described and mapped from the GPG, followed
by three Middle Pleistocene Glaciations (Post-GPG
I-III; Coronato et al., 2004a), the LGM and three
late-glacial advances (Clapperton et al., 1995; McCul-
loch et al., 2005a). Bockheim et al. (2009) have pro-
posed that the GPG was, in fact, a multiple glacial
advance. Sand-wedge casts developed on two till units
in the Tres de Enero site (51°49’S, 69°24'W; Fig. 1,
number 21), previously considered to be of Initiogla-
cial age (Meglioli, 1992), reveal that these deposits
would have been formed during different stadials or
even in two different glaciations. The tundra environ-
ment allowed the development of sand wedges on the
lower basal till unit; after erosive processes severed
their upper portions, a new glacial advance deposited
the upper basal till unit in which a new set of sand
wedges was also formed. This indicates that at least
three to four very cold climatic periods occurred close
to the present Atlantic Ocean coast by 1 Ma ago or
earlier, two in the form of true glacial advances and
two as the development of harsh tundra environ-
ments. Till, erratic boulders and glaciofluvial deposits
have been recognized 20 km offshore on the present
Atlantic Ocean continental shelf and the present east-
ernmost outlet of the Magellan Straits by oceano-
graphic and seismic studies (see Rabassa, 2008).
Pleistocene till and outwash deposits forming sub-
merged tablelands gently sloping to the east have also
been recognized. In addition, a southeast-trending
submerged glacial valley, 125 km in length, has been
identified as the ancient outwash channel, perhaps
belonging to different glaciations. Thus, sometime in
the Pleistocene, the Magellan palaeo-glacier was part
of an extensive piedmont glacier that covered south-
ernmost Patagonia and northern Tierra del Fuego
(Fig. 1). During recessional phases, the main outwash
channel terminated close to the southern Bahia San
Sebastian (Fig. 1, number 26) palaeo-glacier. On the
western side of the Magellan Straits, new detailed
mapping focused on the LGM and late-glacial land-
forms and palaeo-glacier limits has been published by
Bentley et al. (2005) and McCulloch et al. (2005a, b).
Four glacial limits correspond to the LGM and its
recession phases, but the outermost limit was
referred to the last Middle Pleistocene Glaciation or
Post-GPG III (Coronato et al., 2004a).

The LGM limits are coincident with those mapped
by previous authors, but the chronology has been
constrained. McCulloch et al. (2005a, b) proposed that

the LGM limit occurred after 31.2 cal. ka BP and
culminated at 25.2-23.1 cal. ka BP, but was followed
by a less extensive advance before 22.4-20.3 cal. ka
BP. A considerably less extensive stage culminated
before 17.7-17.6 cal. ka BP. Subsequently, a rapid and
widespread glacial retreat occurred. The last advance
dammed glacial lakes and spanned 15.5-11.7 cal. ka
BP, coinciding with the ACR. At the end of this phase,
the lake drained catastrophically to the Pacific Ocean
but, between the LGM limit and the previous one
(Post-GPG IIT limit), a valley was formed. The
present marine environment was fully installed
during early Holocene times: c. 8.2-7.4 C ka BP.

THE FUEGIAN PALAEO-ICE LOBES

Isla Grande de Tierra del Fuego (Figs 1, 6) is the
main island of the Fuegian archipelago. Its separa-
tion from continental South America was a result of
marine flooding of deep glacial troughs during the
Holocene. Quaternary glaciations affected this island
along the Magellan Straits, the Bahia Inutil-Bahia
San Sebastian depression (Fig. 1, numbers 25 and
26), the Lago Fagnano (Fig. 1, number 29), the Car-
bajal valley (Fig. 1, number 32), the Beagle Channel
(Fig. 1, number 31) and small tributary or hanging
valleys. Five main glaciations have been mapped in
the northern area, but only the last two have been
recognized so far in the mountainous southern area.
Gaps of information still exist north and south of the
Rio Grande region (Fig. 1, number 28) and along the
eastern Atlantic coast.

THE BAHIA INUTIL-BAHIA SAN SEBASTIAN LOBE
(FI1G. 1, NUMBERS 25 AND 26; FIG. 6)

The classic glacial model was developed for this area
by Caldenius (1932; Fig. 2), and later refined by Meg-
lioli (1992). Submerged till, glaciofluvial deposits and
erratic boulders have been recognized by seismic
investigations and coring (Bahia San Sebastian; see
Rabassa, 2008). This glacial evidence has been inter-
preted as the result of a huge piedmont glacier cov-
ering the area during the early Pleistocene. The
easternmost till position was found 30 km offshore,
whereas boulders occurred at 90 km. Preliminary
studies of palaeomagnetism on well-exposed basal till
along Punta Sinai cliffs (Fig. 1, number 28) were
performed by Walther et al. (2007), who proposed a
normal, Brunhes-age polarity for this till, thus pro-
viding the first chronological data for the Post-GPG I
moraines (Coronato et al., 2004b) in Tierra del Fuego,
younger than 760 ka. On the basis of the stratigraphi-
cal position of paraglacial fans and raised marine
beaches, Bujalesky, Coronato & Isla (2001) postulated
that the Sierras de San Sebastidn and Lagunas Secas
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glacial limits (Meglioli, 1992) should correspond to
MIS 10 and 6, respectively.

An extensive erratic boulder field has been inter-
preted as rock avalanche supraglacial debris pro-
duced along the southern margin of the palaeo-glacier
when it flowed nearby Cordillera Darwin, where
this allochthonous lithology outcrops. Cosmogenic
isotope dating of boulders of the Post-GPG I and
Post-GPG II moraines indicates that these glacial
erratics have had a much shorter exposure period
than the assumed age of the landforms in which they
are found (Kaplan et al., 2007; Evenson et al., 2009).
Intensive weathering and complex geomorphological
processes throughout the Pleistocene have been pro-
posed to explain this discrepancy (Kaplan et al.,
2007).

McCulloch et al. (2005a, b) studied the Bahia Inutil
region, proposing the same glacial model as developed
for the Magellan Straits during the LGM and late-
glacial times. As the palaeo-glaciers covering these
areas belong to the same outlet glacier, the glaciologi-
cal behaviour is assumed to be under the same con-
ditions. The first set of late-glacial moraines is
marked by stillstand ice positions which built up
three distinct boundaries (Bentley et al., 2005). The
glacial lobe had retreated here into the Whiteside
Channel (Fig. 1, number 27) sometime before c. 17.5—
16.6 cal. ka BP (McCulloch et al., 2005a). A minimum
age for a proglacial lake in the following stage, pro-
vided by a basal peat bog date in Isla Dawson (Fig. 1,
number 27), refers to 10.3-10 “C ka BP, but the lake
phase is thought to have persisted until 7.2 *C ka BP.
These glacial stages demonstrate that the glacial
behaviour was again controlled by the ACR before the
complete retreat of the ice.

THE LAGO FAGNANO LOBE (54°09-54°39’S,
66°49'-68°43'W; F1G. 1, NUMBER 29; FIG. 6)

Lago Fagnano is located along a transform plate
boundary in central Tierra del Fuego. It was one of
the main glacial axes along which ice flowed east-
wards from the Darwin Cordillera mountain ice sheet
(Figs 1, 6). The LGM and pre-LGM boundaries have
been recognized in this region by previous authors
(Coronato et al., 2004b). The LGM-late-glacial frontal
positions have been identified along Lago Fagnano
and San Pablo, Fuego and Ewan valleys (Fig. 1,
number 30) by Coronato, Roig & Mir (2002), Coronato
etal. (2008a, b, 2009) and Waldmann et al. (2010).
The Post-GPG III limit is only present in the Rio
Fuego valley. Recent surveys have demonstrated that
the Fagnano glacial outlet was fed by almost 50
alpine-type glaciers flowing from the northern and
southern mountain ranges. Close to the ablation zone,
it was joined laterally by alpine glaciers flowing from

the southern mountains (Coronato et al., 2009). The
most conspicuous moraines are developed at the head
of the lakes: the Tolhuin moraines (Fig. 1, number
29). These features did not develop at the maximum
extent of the LGM, but during the first readvance, as
in the Bahia Indutil lobe (McCulloch et al., 2005a). An
ancient proglacial lake was also reported in this area
by Coronato et al. (2002). Beyond this proglacial envi-
ronment, an outwash plain with kettles and lateral
moraines encloses the valley. Frontal moraines are
not well developed, perhaps because of a very low
gradient of the ice at its terminus (Coronato et al.,
2009). The late-glacial advances have been found in
Lago Fagnano by seismic and coring activities. Wald-
mann et al. (2010) have recognized a series of five
elongated crested topographic highs by seismic
stratigraphy, and interpreted them as either a
sequence of lateral moraines or as medial moraines
formed by the junction of the Fagnano palaeo-glacier
flowing from the west with other glaciers advancing
from the southern mountains. A standstill position
forming a proglacial lake, in which calving took place
during the recession, was interpreted by Waldmann
et al. (2008) from seismic stratigraphy. Towards the
west, the terminal moraines and semicircular crested
structures have been recognized by seismic studies
and interpreted as the last glacial readvances
or standstills before complete ice disintegration.
Although the chronological evidence is sparse, the
advancing phases of the Lago Fagnano palaeo-glacier
were compared with the glacial stages in the Bahia
Inutil lobe and also attributed to the ACR influence
(Waldmann et al., 2010).

A glacial lobe flowed from the Fagnano palaeo-
glacier towards the north and northeast, over the
Fuego and Ewan valleys. Along the Rio Fuego valley,
four moraine arcs have been distinguished. A ther-
moluminescence age of 25.7 ka was obtained in the
latero-frontal LGM moraine in the Rio Fuego valley
(Coronato et al., 2008c). The moraine was correlated
with the Bahia Inutil lobe (McCulloch et al., 2005a).

Three moraine arcs have been recognized in the Rio
Ewan valley; the outermost two were interpreted as
belonging to the LGM and the inner, surrounding
Lago Chepelmut (Fig. 1, number 30), as a post-LGM
moraine (Coronato et al., 2008b). A basal date of 9.2
14C ka BP in the second moraine arc (Coronato et al.,
2008b) reveals that ice was very far from the area
already during the early Holocene.

THE BEAGLE CHANNEL LOBE (54°50’S,
66°29'—68°33'W; F1G. 1, NUMBER 31; FIG. 6)
The LGM and pre-LGM boundaries (Post-GPG 111,

Coronato et al., 2004b) have been found along this
valley. Antonione (2006) surveyed the Carbajal-
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Harberton drumlin field in the Estancia Harberton
area (Fig. 1, numbers 31 and 32) and distinguished
drumlin types on the basis of their sedimentary com-
position as rock drumlins, basal till-cored drumlins
and glaciofluvial and glaciolacustrine sedimentary-
core drumlins. This author postulated that the
drumlin field emplacement was conditioned by the
joining of the palaeo-Beagle glacier with the tributary
Carbajal glacier in the widest section of the tectonic
trough (Antonione, 2006). Recently, Rabassa et al.
(2008) identified the location of marine deposits at
Isla Navarino (Fig. 1, number 33) on the southern
coast of the Beagle Channel (Chile). Tree trunks and
marine shells have been dated to 41.7 *C ka BP and
> 46.1 C ka BP. The dates clearly indicate that the
marine environment in which they were deposited did
not belong to the Holocene, thus suggesting a last
interglacial age.

ENVIRONMENTAL CHANGES IN SOUTHERN
SOUTH AMERICA DURING THE
GLACIATIONS

The Patagonian glacial sequence provides a reason-
able framework for understanding the environmental
evolution of southernmost South America from the
latest Miocene to the Pleistocene—Holocene boundary.
Clapperton (1993), Heusser (2003), Rabassa et al.
(2005) and Rabassa (2008) discussed the climatic and
environmental changes in southern South America
that followed the establishment and development of
the late Cenozoic Patagonian glaciations. Firstly,
global sea level changes partially exposed the Argen-
tine submarine shelf, enhancing continental climatic
conditions. Significant eustatic movements took place,
with sea level decreasing by up to 100-140 m during
full glacial episodes. The climatic continentality of the
surrounding areas increased, with rising extreme
temperatures, decreasing precipitation and a lack of
sea-moderating effect as the coastline moved east-
wards. This process occurred in both Pampa and
Patagonia (Fig. 1), with almost a doubling in size of
the continental areas and subsequent strong conti-
nentalization (Cavallotto, Violante & Hernandez-
Molina, 2011; Ponce et al., 2011).

Sea surface temperatures were decreased by up to
4 °C in tropical areas during MIS 2, with a greater
decrease towards the poles. This decrease in the mean
sea surface temperature affected evaporation and the
mobility of marine currents, with a consequent
decrease in mean annual temperature in all continen-
tal areas. In northern Patagonia, temperatures would
have been at least 5—6 °C lower than at present, and
perhaps even lower further south (Clapperton, 1993).
These conditions increased the influence of the

Malvinas-Falkland current, which today reaches up
to southern Brazil. Most probably, this current
reached a much more northerly position during the
glacial winters, and stayed there for longer portions of
the year (Cavallotto et al., 2011). As a consequence of
the coastline mobility, the positions of the littoral
marine currents, both the Brazil and Malvinas-
Falkland currents, were affected. During the glacial
epochs, their meeting front was displaced north-
wards, modifying the Pampean winter storm pattern,
and probably diminishing the oceanic influence and
increasing the water deficit during these periods.
Moreover, the sea level decrease provoked a strong
decrease in marine depth between the Patagonian
coast and the Malvinas-Falkland archipelago (Fig. 1),
forcing an eastward displacement of the Malvinas-
Falkland current, with a further increase in continen-
tal climate intensity along the present littoral zones.

The climatic conditions during glacial episodes had
an influence on the displacement of the oceanic anti-
cyclonic centres in both the Pacific and Atlantic
Oceans. The South Pacific anticyclonic centre was
displaced northwards during the glacial periods,
increasing the effect of the ‘Pampero’, cold dry winds
which dominate the weather and aeolian sedimenta-
tion in the Pampas of eastern Argentina and Uruguay
(Fig. 1, inset). The northward movement of this anti-
cyclonic area determined that those regions previ-
ously free of the cold and dry ‘westerlies’ became
affected by these winds. The increasing aeolian action
led to the development of intensive deflation pro-
cesses, with the genesis of hydro-aeolian depressions,
salt lakes and endorheic basins, and also the dune
field formation in northern Patagonia and western
Buenos Aires Province (Fig. 1). This aeolian activity
was also responsible for loess accumulation in the
Pampean region and Uruguay, where the Pampean
vegetation, although thinner than in interglacial
times, was capable of retaining the fine sand—coarse
silt fractions (Rabassa et al., 2005). Deflation was
strongly dominant during all glacial events, with the
formation of aeolian features in areas that are wetter
today. Climatic changes forced changes in plant cover,
with large latitudinal displacements of the major
ecosystems during glaciations. Tundra, which is
restricted today in Patagonia to mountain summits
above the tree line, developed all over southern Pat-
agonia, and perhaps up to 42-44°S. Tundra conditions
included permanent or transient frozen ground, at
least around the ice margins, although its eastward
expansion could have been larger. Tundra palaeoen-
vironments, inferred from palynological records of
fossil peat at Lago Fagnano, were characterized by
the absolute lack of arboreal (Nothofagus spp.) pollen.
In late-glacial times, as the glaciers receded, this
tundra environment was probably rapidly replaced by
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a park vegetation, with isolated Nothofagus spp.
forest patches in a grassy steppe environment. These
conditions are particularly evident in the Harberton
peat-bog pollen profile (Heusser, 1989), where the
recession of the ‘Beagle Glacier’ from its outermost
LGM positions allowed the partial recovery of the
Fuegian forest as early as 14.8 C ka BP. At that
moment, and for several hundred years, the forest
started its slow but steady recovery, advancing from
(still) theoretical refugia located on the present sub-
marine shelf, or perhaps around Isla de los Estados
(Fig. 1), as suggested by the pollen record (Ponce
et al., 2011). However, at least twice, around 13 and
11 C ka BP, the arboreal pollen content practically
disappeared from the record, indicating the return to
colder conditions, which perhaps forced a recession of
the Fuegian forest towards its Pleistocene refugia.
Towards 10.2 *C ka BP, the forest restarted its expan-
sion, reaching present-day conditions in the first
millenium of the Holocene, although the present
conformation of the forest was achieved only towards
c. 8 1C ka BP. These cold late-glacial episodes may be
comparable in terms of both chronology and intensity
with their Northern Hemisphere equivalents, the
‘Oldest/Older Dryas’ and ‘Younger Dryas’ events.
Alternatively, a strong influence of the ACR episode
has been proposed (Sugden et al., 2005). Neverthe-
less, the pollen record undoubtedly indicates that the
second event was more intense and extreme than the
previous one, but its environmental consequences on
the forest are still unknown.

The Patagonian forest became isolated from other
South American forest formations perhaps in the
middle Miocene. On the Chilean side, as the ice
reached the Pacific Ocean waters south of 44°S (south
of Chiloé Island, Fig. 1), the forest was probably com-
pletely suppressed, perhaps with isolated refugia on
small, remote islands or uncovered coastal peaks. On
the eastern slopes, the forest was concealed in
between the glacier front and/or the 0°C annual
isotherm and the shrubby steppe environments and
300-mm annual isohyeth, which would have bounded
its eastern expansion. These ecosystems were
severely damaged and the forest was disrupted into
fragmented populations, in remote and restricted
refugia, from 36°S southwards (Sérsic et al., 2011). In
Tierra del Fuego, the forest was probably displaced
towards the present submarine shelf, north of Penin-
sula Mitre (Fig. 1, number 34) and Isla de los Estados
(Ponce et al., 2011).

The Pampean grassy prairies were spatially
reduced and pushed north and northeast during
glacial events. Thus, the Patagonian steppe expanded
northwards into the Pampean domain and, perhaps,
even into Uruguay and northeastern Argentina, thus
becoming an important factor in loess accumulation.

The Patagonian equivalents of the Pampean prairies,
which had developed since the early-middle Miocene,
disappeared as well, being replaced by the north-
wards and eastwards expanding Monte and Steppe
ecosystems (Rabassa et al., 2005).

These ecosystem changes were closely followed by a
significant terrestrial faunal replacement, with the
northward expansion of Patagonian faunas during
colder events, reaching up to southern Brazil. Like-
wise, the Brazilian faunas invaded the Pampas and
even northernmost Patagonia during interglacial
periods. This has been shown for the late Pleistocene
Pampean vertebrate fossil record (Tonni & Cione,
1995), probably during each major climatic cycle.

The Pleistocene—Holocene transition, the timing of
the human occupation of Patagonia, was an epoch of
high environmental instability. There was a varied
environmental mosaic which, together with locations
closer to the sea and under its influence, would have
offered appropriate, although perhaps different,
routes for human peopling. In those times, environ-
ments, and thus faunal resources, would have been
equivalent in both Pampa and Patagonia. These
faunas are characteristic of grassland environments
or, at least, grassy steppes of cold, dry to semi-arid
climates (Cione & Tonni, 1999). The changes leading
to definitive Holocene environments took place only
after 9 C ka BP, towards a shrubby steppe, with the
final disappearance of the Pleistocene faunas.

When the Holocene environments had finally been
established, the glaciers were reduced to their present
conditions, thus allowing for full occupation of most of
the Patagonian lands, including the Andean piedmont
and the Magellan Straits. Faunas changed from those
of drier environments to others corresponding to
higher relative moisture. The Brazilian faunas occu-
pied the Pampas during the late Holocene, and the
Patagonian faunas have been similar to the extant
ones throughout the Holocene (Tonni & Cione, 1995).

FINAL REMARKS

During recent years, glacial geology and palaeocli-
matic changes have been intensively investigated on
the eastern flank of the Andes and in Tierra del
Fuego. Much attention has been focused on the Pleis-
tocene glaciations. The timing of glacier advances
around the LGM and readvance phases during the
late glacial has been improved as a result of the
application of a combination of dating methods. In
addition to improved geochronology, the geomorpho-
logical knowledge has been expanded, mainly by the
application of digital terrain models as mapping tools.
The latter offer much improved precision for regional
mapping. Seismic, coring and stratigraphical analy-
ses in sediments performed in glacial lakes and fjords
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are also contributing to the understanding of the
late-glacial climate and glacier readvances of the
main palaeo-glacier lobes. Different glaciological
behaviour in the Patagonian Pleistocene ice sheets
has been recognized through palaeo-ice modelling,
and the northern and southern Patagonian (the Hielo
Patagénico Norte and Hielo Patagénico Sur; Fig. 1)
and the Cordillera Darwin (Fig. 1) ice fields have been
described as the main sources of palaeo-glaciers. The
timing and how and where they separated from each
other are the focus of current research.

The colder stages, from MIS 32 to 2, are almost all
represented by glacial morphology or palaeoenviron-
mental records; only MIS 4 (c. 80-50 ka BP) is less
well understood or represented. No full evidence of
this colder period has been found so far in most of the
Patagonian glacial valleys. The scientific question
most actively debated today is whether the ACR
forced the main late-glacial cooling in southern Pat-
agonia, whereas the YD event affected the northern
Patagonian Andes instead. In addition, the shifting of
the westerlies during the Pleistocene, as the key
process for humidity—snow delivery and the increase
in glacial accumulation areas, is one of the targets of
the present palaeoenvironmental studies in the
region.

The impact of glaciers was highly significant in the
drainage network pattern and the location of the
Cordilleran lakes. The basins of all present Andean
lakes were formed by glacial action and covered by ice
during the LGM. These basins may have already been
developed during the middle Pleistocene glaciations,
after the canyon-cutting event. These lakes were
finally formed when the climate changed at the end of
the LGM, as the ice receded. At least between 16 and
11 cal. ka BP, these lakes were in contact with the
glaciers. The Cardiel (Fig.1, number 16), Musters
and Colhue Huapi (Fig. 1, number 35) and Car-
rilaufquen Chica and Grande (Fig. 1, number 36)
lakes were instead never covered by glacier ice or in
ice contact. Finally, as a consequence of the glacier
retreat and the occurrence of thick frontal deposits,
some of the lakes reversed their drainage towards the
Pacific Ocean, but in most cases not before the YD
event.
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