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We present a new record from the Última Esperanza region (51°25’-52°25'S), southwestern Patagonia, to
unravel the timing and structure of glacial fluctuations during the Last Glacial Termination (T1). This sector of
southern South America represents the only windward-facing continental landmass in the Southern
Hemisphere that intersects the core of the Southern Westerly Wind belt.
Geomorphic, stratigraphic and geochronological evidence indicate the following stages during and since the
Last Glacial Maximum (LGM): (i) deposition of prominent moraine complexes during at least two advances
dated between ~39 and N17.5 ka; (ii) development of an ice-dammed proglacial lake (glacial lake Puerto
Consuelo) accompanying ice recession; (iii) active deposition of moraine complexes at intermediate positions
followed by recession at≥15.2 ka; (iv) lake level drop and subsequent stabilization between 15.2-12.8 ka; (v)
a glacial readvance in glacial lake Puerto Consuelo between 14.8-12.8 ka; (vi) ice recession, stabilization, and
lake level lowering between 12.8-10.3 ka; and (vii) glacial withdrawal and disappearance of glacial lake
Puerto Consuelo prior to 10.3 ka. By comparing our results with the chronologies from neighboring regions
we explore whether there was a consistent temporal/geographic pattern of glacial fluctuations during the
LGM and T1, and examine their implications at regional, hemispheric, and global scales. The correspondence
of these variations with key paleoclimate events recorded in the Southern and the Northern Hemispheres
suggest a common forcing that, most likely, propagated through the atmosphere. Regional heterogeneities at
millennial timescales probably reflect the influence of processes related to deep ocean circulation, and
changes in the position/intensity of the Antarctic Polar Front and Southern Westerly Winds.
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1. Introduction

Determining the timing and direction of paleoclimate changes in
the southern mid-latitudes is a prerequisite for understanding the
mechanisms involved in the generation and propagation of abrupt
climate changes at hemispheric and global scales (Lowell et al., 1995;
Andersen et al., 1999; Denton et al., 1999a). Of particular interest is
the sequence of paleoclimate events through glacial terminations,
which feature abrupt transitions from glacial maximum to interglacial
climate, rapid withdrawal of excess continental ice, reorganizations of
the coupled ocean-atmosphere system, a sustained deglacial sea-level
rise, and large increases in atmospheric greenhouse gases.

Paleoclimate records from Antarctic and Greenland ice cores
spanning the Last Glacial Termination (=Termination 1=T1, ~18-
10 ka, ka=103 cal yr BP) reveal important contrasts between the polar
hemispheres in terms of timing, rates, and direction of millennial-scale
changes. These differences led to the bipolar or thermal see-saw
paradigm which postulates that alternations in the production of deep
water masses and associated heat release from the Southern Ocean and
Nordic Seas, caused synchronous climate changes in their corresponding
hemispheres, but inoppositedirections (antiphase condition) (Broecker,
1998; Stocker, 1998). Recent studies in the southern mid-latitudes,
however, emphasize the importance of glacial chronologies and have
proposed an in-phase behavior of aspects of T1, such as general glacial
recession between the Northern and Southern Hemispheres (Denton et
al., 1999a, 2006; Schaefer et al., 2006).

Detailed geochronological studies on glacial deposits and land-
forms spanning the Last Glacial Maximum (LGM: ~24-18 ka, Mix et
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al., 2001) and/or T1 throughout Southern South America (39°-54°S)
have been carried out in the Chilean Lake District (Denton et al.,
1999a), Lago Buenos Aires/General Carrera (Kaplan et al., 2004;
Turner et al., 2005; Douglass et al., 2006), Lago Argentino (Strelin and
Malagnino, 2000), Torres del Paine (Marden and Clapperton, 1995;
Moreno et al., 2009), Estrecho de Magallanes and Tierra del Fuego
(Bentley et al., 2005; McCulloch et al., 2005b; Kaplan et al., 2008b). A
recent synthesis and analysis of the Late Quaternary glacial geochro-
nology of Patagonia by Kaplan et al. (2008a) concluded that glacial
events during Marine Isotope Stage 2 (MIS2) were broadly in-phase
with other areas around the globe. This analysis also revealed some
differences in glacial histories along N-S and W-E transects at
millennial timescales during T1, which could result from genuine
spatial and temporal climate variability or geologic uncertainties
(geomorphological, stratigraphic and dating methods).

Here we present the first systematic study on the geomorphology,
stratigraphy, and geochronology of the Última Esperanza region of
Southwestern Patagonia (Fig. 1), based largely on Sagredo (2007) and
Cárdenas (2006) . Little or noworkhas beendone in this region since the
early pioneering studies of Quensel (1910) and Caldenius (1932). A
notable exception is a study by Meglioli (1992), who analyzed a broad
swath of Southwestern Patagonia from Puerto Natales to Tierra del
Fuego. In the Última Esperanza-Río Gallegos area, Meglioli (1992)
Fig. 1. Landsat 4/5 TM GeoCover 1990 (1988 - 1992) mosaic of the Última Esperanza and
rectangle), the modern extent of the South Patagonian Icefield (SPI) and the narrow Canal
located in the center of the study area. Rectangles with dashes lines show the location and
Southern Patagonia.
identified geomorphic units that he interpreted as representative of at
least four glacial maximum positions. Most of the detailed mapping,
stratigraphy and chronology reported in that study, however, focused
southeast of Última Esperanza, where lava flows interfingerwith glacial
deposits. More recently, Glasser et al. (2008) carried out a large-scale
remote sensing survey of glacial deposits in the Andean region of
Southern South America between 38°S and 56°S. The Última Esperanza
region, however, was not included among the areas analyzed in detail.
Hence, the area between Lago Toro and Seno Skyring (Fig. 1) constitutes
a major gap in glacial geologic studies between the most thoroughly
studied areas in Southern South America: the Chilean Lake District in
Northwestern Patagonia (Denton et al., 1999a) and the Estrecho de
Magallanes-Tierra del Fuego sector in Southwestern Patagonia (Sugden
et al., 2005) (Fig. 1, inset). Literally, no glacial stratigraphic/geochrono-
logic information has been reported from the Última Esperanza area.
Our aim is to determine the temporal and spatial structure of glacial
fluctuationsof theÚltimaEsperanza ice lobeduring theLGMandT1, and
decipher whether deglaciation in this region proceeded in a steady,
unidirectional trend or whether it was punctuated by stillstands and/or
readvances. These data will then be compared with relevant paleocli-
matic records at regional, hemispheric or global scale to advance our
understanding of the interhemispheric phasing of climate change
during the LGM and T1.
Torres del Paine sectors highlighting the location of the study area (biggest dashed
Santa María-Paso Kirke waterway. For reference purposes, the city of Puerto Natales is
extent of Figs. 2–4 and 8. Inset map indicates the location of Última Esperanza within
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2. Regional setting

South America is the only land mass in the Southern Hemisphere
that extends continuously from the equator to 55°S, thus enabling
comparisons of its paleoclimate evolution along a transect from
tropical to subantarctic environments. Andean glaciers expanded,
coalesced and formed a continuous cover over western Patagonia
during the last glaciation (38°-55°S). The western margin of the
Patagonian Ice Sheet was restricted to the Andes and adjacent
lowlands between 38°-43°S during the LGM. South of that latitude the
ice sheet overrode the emerged topography and reached the Pacific
coast (Holling and Schilling, 1981). The eastern margin, on the other
hand, was restricted to the mountainous areas north of 43°S; south of
that latitude, outlet glaciers reached the Patagonian plains depositing
extensive outwash plains, and when the topography permitted,
developing proglacial lakes.

The Patagonian Ice Sheet extended 1700 km along a north-south
axis during the LGM, intersecting the Southern Westerly Wind belt in
its entirety. It is thus possible that geographic heterogeneities in
temperature fields and Westerly Winds intensities had a differential
influence on glacial mass balance and, consequently, the timing, rate,
and magnitude of ice margin fluctuations between northern and
southern Patagonia. Recent studies based on Ocean-Atmospheric
General Circulation Model simulations and terrestrial paleoclimate
data suggested that a climatic divide developed in Central Patagonia
during the LGM and T1. In the former case, this contrast would be
related to a northward shift of the Southern Westerly Winds during
the LGM (Rojas et al., 2009) and, in the latter, to the modulating effect
of the Polar Front which could have altered the magnitude of
millennial-scale temperature changes during T1 in areas located
north and south of it (Moreno et al., 2009).

This study focuses on the Última Esperanza area of Southwestern
Patagonia (51°25’-52°15'S, 71°42’-72°42'S), Chile, located on the lee
side of the Andes and ~50 km SE of the South Patagonian Ice Field
(Fig. 1). The Andes Cordillera in this sector reachesmaximumelevations
of ~1500 m.a.s.l. and contains deeply dissected glacial valleys, narrow
channels and fjords. GolfoAlmiranteMontt, a gulf adjacent to theÚltima
Esperanza area is connected to the Pacific Ocean through Canal Santa
María and Paso Kirke, a pair of interconnected narrow (1000 m wide)
and shallow (65 m deep) gorges located south of Cordillera Riesco.

Low-lying terrain, typically b250 m in elevation, develops east of
Seno (=Sound) Última Esperanza and Golfo Almirante Montt and
continues into the extra-Andean region of Santa Cruz, Argentina. Early
geomorphologic studies by Quensel (1910), Caldenius (1932) and
Meglioli (1992) reported glacial features from this region and suggested
that outlet glaciers from the Patagonian Ice Sheet coalesced and formed
a glacier piedmont lobe sometime during the Late Pleistocene, and
flowed eastward into Argentina through an intricate network of fjords
and channels. We set out to improve our understanding of the glacial
history of the Última Esperanza area and conducted the first detailed
study of the geomorphology, stratigraphy, and geochronology of
deposits this glacial lobe left behind during the LGM and T1, one
hundred years after Quensel´s pioneer study.

3. Materials and methods

We carried out glacial geologic mapping of areas formerly
occupied by the Última Esperanza glacier lobe using aerial pictures
(1:70 000), satellite imagery (LANDSAT ETM 7 and ASTER) and digital
elevation model (SRTM) analysis, which were ground-truthed during
five field seasons. All the elevations were recorded using a handheld
GPS, for which we estimate errors in the order of ±10 m. Whenever
possible and pertinent we conducted detailed analysis of key
stratigraphic sections to identify processes and depositional environ-
ments, and obtained sediment cores from lakes and bogs located on
morphostratigraphically meaningful sites (8 sites). In the latter cases
we developed a site stratigraphy based on at least two overlapping
sediment cores, which we retrieved using a 5-cm-diameter Wright
piston corer (Wright et al., 1984). The sediment cores were wrapped
in plastic film and stored immediately at 4 °C in the Palaeoecology
Laboratory of the Universidad de Chile. Correlation among cores
within and between sites was aided by X-radiographs, loss-on-
ignition analysis, and tephrostratigraphy. Identification and correla-
tion of tephras in our sediment cores with known eruptions of specific
source volcanoes in the region (Stern, 2008) were based on their
location, age, petrology and trace-element chemistry determined
by ICP-MS analysis. We then obtained AMS radiocarbon dates on
1 cm-thick samples collected from the lowermost organic levels, and
higher up in the stratigraphy for testing the accuracy of the basal dates
and for providing a chronology for subsequent lithologic changes. All
radiocarbon dates were converted to calendar years BP using CALIB
5.01 (Stuiver and Reimer, 1993).

In addition, we obtained direct age limits for specific landforms
using 10Be surface exposure measurements. Sampling and laboratory
protocols followed those described in Moreno et al. (2009) and
Schaefer et al. (2009). We paid special attention to select boulders
exhibiting minimal evidence of erosion. Two samples (PN-04-08 and
PN-04-11) were processed at the University of Edinburgh and two
(HUG2 and HUG3) at Lamont-Doherty Earth Observatory. 10Be/Be
isotope ratios weremeasured at ETH AMS facility (PN samples), or the
Lawrence Livermore National Laboratory (HUG samples). Analytical
results and ages are presented in Tables 4 and 5, and the latter are
based on the methods and terms summarized in Balco et al. (2008,
2009). Ages are presented in Table 5 with both the recent production
rate obtained by Putnam et al. (2010) and the ‘average’ rate
summarized in Balco et al. (2008). We used the methods incorporated
in the CRONUS-Earth online exposure age calculator version 2.2, with
version 2.2.1 of the constants file (Balco et al., 2008, half life used is
1.39 Ma, http://hess.ess.washington.edu/math/docs/al_be_v22/
al_be_docs.html), except we followed those changes described in
Putnam et al. (2010), including the geomagnetic characterization of
Lifton et al. (2008). Because the production rate in Putnam et al.
(2010) is the only one that exists for the Southern Hemisphere, and is
at a similar middle latitude location as this study, in this paper we
discuss ages based on this rate. The Putnam et al. (2010) rate is
significantly different than most rates obtained in the Northern
Hemisphere, but not all (Balco et al., 2009). Ages are also presented
with the scaling scheme of Lal (1991)/Stone (2000), although for
these low elevations and latitudes, different scaling schemes agree
within 5% (Table 5). Use of different production rates and scaling
schemes does not affect the main conclusions of this paper. All ages
were calculated assuming zero erosion. Individual exposure ages are
shown and discussed with analytical errors only.

4. Results

Geomorphic and stratigraphic evidence indicates that extensive
areas of Última Esperanza and neighboring sectors were covered by a
piedmont glacier lobe, which resulted from the coalescence of at least
seven outlet glaciers from an expanded Patagonian Ice Sheet during
the LGM. In the following sections we describe and discuss the results
of glacial geologic mapping, descriptions of key stratigraphic sections,
sediment core stratigraphies and associated geochronology. Coring
sites, stratigraphic sections and main landforms and landmarks are
plotted in Fig. 2 and identified on the text using site numbers (Table 1)
to aid in understanding their spatial distribution and morphostrati-
graphic relationships.

4.1. Glacial geomorphology

We distinguish two extensive, semi-concentric moraine com-
plexes in the eastern sector of the Última Esperanza area (Figs. 2, 3).
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Fig. 2. Landsat 4/5 TMGeoCover 1990 (1988 - 1992) mosaic of the Última Esperanza area. Triangles indicate the position of the stratigraphic sections and coring sites discussed in the
text. Site numbers follow Table 1. Terminal positions of the glacial lobe interpreted from marginal deposits.
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The outermost complex forms a well-preserved, semi-continuous
~100-km long arc comprising individual moraine ridges associated
with hummocky terrain. This complex, previously named the “Río
Table 1
Stratigraphic sections (SS) and Coring sites (CS) discused in the text.

Site # Site Latitude Longitude Elevation
(m.a.s.l.)

Type

1 Dorotea Crossroad -51.69266 -72.39255 185 SS
2 Dorotea Pits -51.67259 -72.47589 135 SS
3 Dumestre -51.73339 -72.44471 125 SS
4 Pantano A. Varas -51.75894 -72.81122 25 SS
5 Campus Universidad

de Magallanes
-51.71131 -72.50822 8 SS

6 Pantano Laurita -51.67876 -72.2741 241 CS
7 Lago Arauco -51.96632 -72.04338 180 CS
8 Lago Dorotea -51.53362 -72.48286 260 CS
9 Vega Benitez -51.55817 -72.58283 215 CS
10 Lago Pintito -52.04448 -72.38083 172 CS
11 Pantano Dumestre -51.80531 -72.43558 77 CS
12 Eberhardt -51.57785 -72.66841 68 CS
Turbio moraines” by Caldenius (1932), is composed by ridges with
heights ranging between 10-15 m that extend continuously for up to
~10 km. The elevation of this moraine system ranges between
~370 m.a.s.l. in the Lago Pinto area and descends to 150 m.a.s.l. at
its distal, easternmost end. An extensive outwash plain originates
from the Río Turbio moraines and slopes eastward. We recognize a
separate moraine complex, which runs along ~80 km, up to ~6 km
upstream and quasi-parallel and concentric (in the eastern sector) to
the Río Turbio moraines. Early studies identified this unit as the “Lago
Balmaceda moraines” (Caldenius, 1932) and “Seno Almirante Montt
drift” (Meglioli, 1992), respectively. Given that this landform has been
called locally Cordón Arauco (“Arauco belt”), we decided to name this
system as the “Arauco moraine complex”. The elevation of this system
ranges between ~270 m.a.s.l. in the Lago Pinto area, and 170 m.a.s.l. at
its distal end. Unlike the Río Turbio system, the Arauco moraines are
highly eroded by wave action, exhibiting steep ice contact slopes (in
some places N35°). The distal slopes of the Araucomoraines grade into
an outwash plain (average elevation of ~200 m.a.s.l.) in the Casas
Viejas sector, which is topographically constrained at its distal end by
the ice-contact slopes of the Río Turbio moraines. This outwash

image of Fig.�2


Fig. 3. Landsat 4/5 TM GeoCover 1990 (1988 - 1992) mosaic showing main glacial landforms identified in the southern half of the study area.

96 E.A. Sagredo et al. / Geomorphology 125 (2011) 92–108
decreases in elevation from north to south and from west to east.
Glaciofluvial deposits of this unit seem to be burying an isolated ~30-
m tall moraine ridge located in an intermediate position between both
complexes (Fig. 3). East of Casas Viejas and distal to the Arauco
moraines, the surface deposits of this plain consist of horizontally
bedded silts and clays of lacustrine origin. East of Casas Viejas and
distal to the Arauco moraines, the outwash plain grades into
horizontally bedded silts and clays of lacustrine origin.

The Río Turbio and Arauco moraine complexes are laterally
continuous along most of their expanse, except where they interact
with high bedrock promontories in the Sierra Dorotea and Cerro Negro
areas (Fig. 2). In the former sectors the Última Esperanza glacier lobe
expanded laterally and formed a broad piedmont. We found a few
remnants of glacial drift plastered on the western slopes of Sierra
Dorotea, but correlation of these deposits with the moraine complexes
described above is uncertain and speculative. In the south-eastern
sector of the study area both complexes are dissected by a prominent
meltwater channel (the “Frontera meltwater channel”, Fig. 3) that
drained the Última Esperanza basin toward Río Gallegos, on the Atlantic
coast. The base of the channel contains conspicuous scarps and terraces
at 150, 135 and 125 m.a.s.l., which indicate at least three phases of
erosion at different elevations over the interval when the channel was
active. Also, the Río Turbio complex is dissected by ameltwater channel,
oriented west-east, in the Casas Viejas area (the Laurita metwater
channel, Fig. 3), which drained the Última Esperanza basin toward Río
Turbio sometime between the deposition of the two extensive moraine
complexes. The Laurita meltwater channel also dissects a lineated
terrain located to the east.
In contrast to the area described above, where the landscape is
dominated by depositional processes, the northern sector of Última
Esperanza shows predominance of narrow valleys, glacially scoured
bedrock promontories, large U-shaped valleys and cirques. In this
setting, Cerro Benítez (Fig. 4) represents one of the highest landmarks
in the landscape. Ice molding is evident in its two summits (western:
550 m.a.s.l. eastern: 390 m.a.s.l.) and along a small intervening valley,
suggesting that the Última Esperanza lobe overrode this high relief
area sometime during or prior to the local LGM.

We identify two conspicuous moraine sets north of Cerro Benítez
(Fig. 4). The first, the Tres Pasos moraine, includes a narrow and
elongated arch (~185 m.a.s.l.) interrupted in its central portion by an
ice contact slope eroded onto the foothills of the Sierra Dorotea
mountains. Based on the geometry and orientation of the landforms
we infer that this moraine was deposited by a southeast-flowing ice
sublobe that originated from the Lago Toro area. The second set is the
Dos Lagunas moraines, which include a prominent arcuate moraine
3.3 km long, 100 m high and 2 km wide, oriented west-east at the
mouth of a N-S oriented perched valley at an elevation of ~270 m.a.s.l.
The distal (north) slope of this moraine grades into a wave-cut terrace
of fluvioglacial deposits, probably an ancient delta. The large,
distinctive Dos Lagunas moraine represents a former ice margin
position, which can be traced south through a series of discontinuous
moraines with large boulders and hummocky topography atop a
bedrock plateau (~295 m.a.s.l.) adjacent to Lago Dorotea (Fig. 4).
These moraines grade downstream into an outwash plain that slopes
northward through a narrow gorge at the foot of the Sierra Dorotea
mountains.

image of Fig.�3


Fig. 4. NASA World Wind oblique image showing the showing main glacial landforms identified in the northern sector of the study area. Coring and cosmogenic sampling sites are
included for reference.
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West of the Dos Lagunas moraines lies Lago Sofía, along a west-
east oriented U-shaped valley enclosed by Cerro Benítez and Cerro
Señoret at its southern and northern shores, respectively (Fig. 4). This
sub-lobe was fed by northward flowing ice that surrounded and/or
overrode Cerro Benitez, depositing the Dos Lagunas moraines at its
maximum extent.

We found two small, west-east oriented moraines on the northern
slopes of Cerro Benítez, upstream from the Dos Lagunas moraines
(Fig. 4). The upper one is located at the northern edge of a hanging
intermontane valley situated between the two summits of Cerro
Benítez. The second moraine is located on the southeastern sector of
Valle Sofía, just above a prominent terrace (~150 m.a.s.l.), which will
be discussed below.

We identify a prominent moraine complex (28 km long, 3 km wide
and up to 100 m high) that forms a continuous arc and establishes the
northern and eastern limits of Lago Pinto (~49 m.a.s.l.), in the southern
part of the study area (Fig. 2, 3). This complex, located upstream of the
Arauco moraines, was deposited by a northward-flowing glacier (the
Pinto lobe) that acted as a tributary of the Última Esperanza lobe during
the LGM. The Lago Pinto complex exhibits a flattened top surface at
150 m.a.s.l. with several boulders (N2 m in diameter) scattered on its
surface, apparently exhumed bywave action.Well-preserved ridges are
found in areas of the southeasternmost sector of the moraine complex
where it approaches the Araucomoraines, and are 15-20 m higher than
the surrounding topography.

Less prominent, discontinuous moraines of up to 20 m height are
found below 30 m.a.s.l. in the mainland and Península Antonio Varas,
attesting to a much smaller, topographically constrained glacial lobe
during the final stages of glaciation in the study area (Figs. 2, 3). We
refer to this system as the Antonio Varas moraine complex. We
identify at least two morainal ridges in Península Antonio Varas that
define arcs along a west-east direction and connect with similar
features in the mainland. The innermost of these ridges can be traced
to the east through a sequence of small islands (probably moraine
remnants) in the Golfo Almirante Montt, and projected into the
mainland, where we identify another small and sharp moraine (at
Bahía [Bay] Dumestre) and a prominent ice margin sculpted on a
bedrock promontory.

The ice marginal features described above are associated with
traces of glaciolacustrine environments, including well-sorted beach
deposits, pebbly mud with dropstones mantling surfaces located
below 150 m.a.s.l., and wave-cut bedrock outcrops. These features can
be grouped according to their elevation:

(i) The first group includes at least three distinctive terraces
located at ~150, 135 and 125 m.a.s.l, which are expressed
across the entire study area (Figs. 3−5A). In the southern and
eastern areas these terraces were sculpted on the ice contact
slope of the Arauco moraines, which exhibit very high angle
proximal slopes (N35°), due the erosive action of the lake. In
Estancia la Frontera and Estancia El Valle we found elongated
ridges at 150 and 135 m.a.s.l., made up of blade/oblate gravels
on top of these terraces. We interpreted these features as beach
deposits (Fig. 3). To the north, the terraces follow the Sierra
Dorotea foothills for more than 20 km, all the way through the
Dos Lagunas moraines. The width of these landforms varies
from ~2.5 km in the southern portion to ~200 m in the north. In
Valle Sofía we observe terraces at the foot of Cerro Benítez and

image of Fig.�4


Fig. 5. Different levels of terraces identified in Última Esperanza. A. Terrace sculpted at 150 m.a.s.l. in Valle Sofía. Photograph taken from Cerro Benítez. B. Terraces sculpted at 30 and
8 m.a.s.l north of Puerto Natales.
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Cerro Señoret which appear to have been sculpted on a former
kame terrace deposited by the Lago Sofía sublobe (Figs. 4, 5A).
We found several wavecut cliffs on bedrock outcrops located
above the surface of this terrace. Multiple GPS measurements
along the surface of these terraces revealed a constant elevation
of 150 m.a.s.l. The terrace plastered onto Cerro Benítez grades
into a perched delta located in the eastern edge of the massif
(Fig. 4). The topset beds of this landform have an elevation of
150 m.a.s.l. This delta, located ~50 m above the valley floor, is
plastered along the south slope of Cerro Benitez and shows
limited continuity (b800 m length) along the southern foot-
hills, suggesting that a meltwater channel originating from a
nearby icemargin reached the proglacial lake through a narrow
gap between the glacier and the bedrock massif.

(ii) The second group corresponds to a series of widespread
terraces throughout the study area at elevations ranging
between 25 and 30 m.a.s.l (Fig. 5B). These terraces were
incised on previously deposited till sheets and/or glaciolacus-
trine sedimentary packages, and are particularly well pre-
served in the mainland region between Bahía Dumestre and
Península Jamón (Fig. 3), exhibiting constant elevation
throughout the entire area.

(iii) Finally, we recognize a third group of terraces next the modern
coastline at elevations ranging between 5 and 8 m.a.s.l. (Figs. 3
and 5B). This geomorphic feature, previously identified by
Caldenius (1932) and Meglioli (1992), is fresh and ubiquitous
over the study area.

4.2. Stratigraphic Sections

4.2.1. Dorotea Crossroads (site 1, 185 m.a.s.l., Fig. 6)
This section is located on hummocky terrain within the Arauco

moraines ~10 kmNE of Puerto Natales along route 9, about 50 mwest
of the intersection with route 250. The base of this section comprises a
~1.5 m-thick unit of clast-supported stratified gravels and cross-
bedded sand lenses. A package of clays and silts of up to 1.5 m thick
overlie this unit, with discontinuous sand layers. The latter unit
exhibits different degrees of deformation ranging from intact to
heavily deformed, blended, faulted and/or rotated soft sediments. The
sandy unit is locally interrupted by clastic dikes originating from the
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Fig. 6. Sketch of the Dorotea Crossroads stratigraphic section. Thick lines delimitate the main units: stratified gravels and sands, deformed and faulted silt and clays, and the sheared
diamicton.
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upper sedimentary unit. Overlying the glacial mud we identify a silty/
sandy diamicton (thickness varies from 50 m to 2.5 m thick) with
abundant striated cobbles and boulders up to 1 m in diameter.
Deformation structures and shear planes in this unit, in conjunction
with deformation and glaciotectonic features found in the underlying
unit, suggest that the diamicton corresponds to a lodgement till. We
interpret this entire sedimentary sequence as a readvance of the
Última Esperanza lobe in a proglacial lake during the “Arauco phase”.

4.2.2. Dorotea Pits (site 2, 135 m.a.s.l.)
A series of gravel pits dug into the terraces located at the foot of

Sierra Dorotea mountains (6 km north of Puerto Natales, along route
9) reveal up to 8 m-thick sections of sands and gravels. The sequence
is horizontally and vertically very heterogeneous, in places the beds
are stratified, in others are massive, and some exhibit cross-bedding.
Abundant sand lenses interrupt the sequence, exhibiting different
deformation structures, cross-bedding, and ripple marks. In several
sectors the deposits dip eastward (N30°), with a secondary dipping
pattern to the north and south. Overlying this sequence we identify a
discontinuous unit of matrix-supported diamicton (between ~50-
2.5 m thick), the contact of which we could not access due to
instability of the deposits. The diamicton exhibits sparse striated
boulders up to 1 m in diameter. We interpret the lower sequence as a
sub-aqueous fan deposited by the Última Esperanza lobe into a
progracial lake, following recession from the Arauco moraines. The
available evidence suggests that the upper diamicton represents a till
unit, avalanched from an adjacent ice margin when the ice-proximal
sub-aqueous fan was deposited.

4.2.3. Dumestre (site 3, 125 m.a.s.l.)
This stratigraphic section is located 3 km SE of Puerto Natales. Here

we distinguish two main units: the lower unit comprises cross-
bedded sand lenses and ripplemarks, along with stratified sand and
gravel layers which dip to the northeast at angles N10°. A diamicton
overlies these deposits, with pebbles, cobbles and boulders embedded
in a very fine matrix (silts and clays). The contact between these units
varies from gradational to abrupt, suggesting localized unconformi-
ties. We interpret the section as an ice-proximal sub-aqueous fan
capped by a flow till or concentrated ice-rafted debris deposited in a
proglacial lake environment.

4.2.4. Antonio Varas (site 4, 25 m.a.s.l.)
This recently exposed section located on Península Antonio Varas

shows basal clays and silts having pebbles and cobbles, overlain by
30 cm of coarse detritus gytjja with wood pieces, overlain in turn by
2 m of peat. We interpret the basal unit as pebbly mud deposited in
proglacial lake environment, followed by proglacial lake regression
and onset of organic sedimentation in a shallow pond, followed in
turn by lake regression and sub-aerial deposition of peat in a bog. This
section is located just below a 30 m-high terrace sculpted on
glaciolacustrine deposits by wave action in an ice-dammed lake.

4.2.5. Campus Universidad de Magallanes (site 5, 8 m.a.s.l., Fig. 7)
This outcrop is located at the entrance to the Puerto Natales

campus of Universidad de Magallanes along Route 9, ~1 km north of
Puerto Natales, and ~1.5 km distal (north) to the outermost ridge of
the Antonio Varasmoraine complex. Here we found a 5 m-high, 15 m-
wide stratigraphic section that shows a sheared fine matrix diamicton
overlying a sequence of stratified gravels, laminated sands (with
ripple marks, faults, and deformation and dehydration structures),
and massive gravels with sand lenses, rip-up clasts from the
laminated sand unit, and discontinuous sand and clay layers. The
northern portion of this section is laterally truncated by upthrusted
diamicton from which clastic dikes penetrate and intersect the
underlying layers. The upper part of the sequence is truncated by a
glaciolacustrine terrace (30 m.a.s.l.), resulting in the concentration of
cobbles and boulders at the top of the section. We interpret the
diamicton in the stratigraphic sequence is a basal till, deposited as the
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Fig. 7. Sketch of the Campus Universidad deMagallanes stratigraphic section showing a basal till deposited over proglacial lake beds as the result of a glacial advance in a subaqueous
environment.
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glacier snout advanced over proglacial lake beds in a sub-aqueous
environment.
4.3. Geochronology

4.3.1. Radiocarbon dates
We obtained sediment cores from lakes and bogs located in key

morphostratigraphic positions related to the landforms described
above. In the following section we provide a brief description and
interpretation of the stratigraphy and chronology for each site
(Table 2 and Fig. 8). To facilitate the description and discussion we
provide the median probability of the calibrated age for each date.
Radiocarbon dates and detailed information on the 2 sigma intercepts
Table 2
AMS radiocarbon and calibrated ages from Esperanza area. All radiocarbon dates were conv

Site Site # Latitude Longitude Laboratory
code

Core Code

Pantano Laurita 6 -51.67876 -72.2741 CAMS 128972 PS0601BT1
Pantano Laurita 6 -51.67876 -72.2741 CAMS 128973 PS0601BT2
Pantano Laurita 6 -51.67876 -72.2741 CAMS 128971 PS0601AT1
Lago Arauco 7 -51.96632 -72.04338 CAMS 128976 PS0602AT1
Lago Arauco 7 -51.96632 -72.04338 CAMS 128975 PS0602AT1
Lago Arauco 7 -51.96632 -72.04338 CAMS 128974 PS0602AT1
Lago Dorotea 8 -51.53362 -72.48286 CAMS 107054 PS0402FT3
Lago Dorotea 8 -51.53362 -72.48286 CAMS 107053 PS0402FT3
Lago Dorotea 8 -51.53362 -72.48286 CAMS 107055 PS0402FT4
Lago Dorotea 8 -51.53362 -72.48286 CAMS 114975 PS0402GT4
Lago Dorotea 8 -51.53362 -72.48286 CAMS 107092 PS0402FT4
Vega Benitez 9 -51.55817 -72.58283 CAMS 98918 PS0302AT4
Vega Benitez 9 -51.55817 -72.58283 CAMS 98917 PS0302AT7
Vega Benitez 9 -51.55817 -72.58283 CAMS 98916 PS0302AT9
Vega Benitez 9 -51.55817 -72.58283 CAMS 115804 PS0403AT2
Vega Benitez 9 -51.55817 -72.58283 CAMS 107093 PS0403AT3
Lago Pintito 10 -52.04448 -72.38083 CAMS 128981 PS0606CT3
Lago Pintito 10 -52.04448 -72.38083 CAMS 128980 PS0606CT3
Pantano Dumestre 11 -51.80531 -72.43558 CAMS 129005 PS0607AT4
Pantano Dumestre 11 -51.80531 -72.43558 CAMS 129006 PS0607BT3
Pantano Dumestre 11 -51.80531 -72.43558 CAMS 125918 PS0607AT4
Eberhardt 12 -51.57785 -72.66841 CAMS 107052 PS0401ET1
Eberhardt 12 -51.57785 -72.66841 CAMS 98831 PS0301AT7
Eberhardt 12 -51.57785 -72.66841 CAMS 107008 PS0301AT7
Pantano A. Varas 4 -51.75894 -72.81122 CAMS 98832 -
of each age is listed in Table 2. ICP-MS analysis of the tephras
described in this section is shown on Table 3.

Pantano Laurita (site 6, 241 m.a.s.l.). This site is located on a
meltwater channel that drained the Casas Viejas sector of the Última
Esperanza lobe at the time the Río Turbio moraines were deposited.
Extremely stiff clays prevented us from retrieving the entire
sedimentary sequence, hence these results should be considered as
a partial site stratigraphy. Two overlapping sediment cores show basal
clays with granules and pebbles, overlain by a clay unit with plant
macrofossils that grades upward into clayey silt, and then organic lake
sediment (gytjja). Two radiocarbon ages obtained from the lower-
most organic levels within the clays yielded AMS ages of 10.8 and
10.7 ka. Higher in the stratigraphy we obtained a date of 2.8 ka. The
lowermost dates provide minimum ages of 10.8 ka for ice withdrawal
erted to calendar years BP using CALIB 5.01(Stuiver and Reimer, 1993).

Core Depth
(cm)

Material δ13C value
(o/oo)

14C yr BP Cal yr BP
(median)

2δ range
(cal yr BP)

88-89 Wood -26 2720±35 2816 2755–2916
137-138 Bulk -26 9495±35 10670 10604–11069
125-126 Bulk -26 9570±40 10781 10736–11100
630-631 Wood -26 12500±60 14617 14230–14962
691-692 Wood -26 13245±50 15695 15352–16072
697-698 Wood -26 13330±70 15821 15435–16233
1772-1773 Bulk -25 12460±90 14532 14149–14952
1781-1782 Bulk -25 12670±45 14958 14706–15180
1812-1813 Bulk -25 13000±60 15352 15073–15691
1855-1856 Bulk -25 14105±45 16814 16404–17163
1870-1871 Bulk -25 14170±45 16901 16490–17288
367-368 Bulk -25 9130±35 10231 10225–10399
706-707 Bulk -25 12325±40 14218 14052–14594
873-875 Bulk -25 12490±40 14604 14249–14982
917-918 Bulk -26 12580±35 14823 14486–15095
968-970 Bulk -25 14520±140 17494 16902–18001
505-506 Wood -26 13610±50 16201 15841–16610
508-509 Wood -26 13670±50 16279 15933–16686
416-417 Wood -26 12875±45 15201 14972–15473
382-383 Wood -26 12895±45 15225 14990–15503
418-419 Wood -25 12910±25 15240 15014–15505
662-663 Seeds -25 10695±40 12769 12680–12828
674-675 Bulk -27 13690±45 16305 15964–16703
728-729 Bulk -25 13745±50 16373 16022–16762
- Wood -27 9210±40 10319 10252–10495
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Fig. 8. Glacial chronologies of the Última Esperanza piedmont lobe. Triangles show the location of calibrated radiocarbon dates (Calib 5.01) from pertinent lakes and bogs, and 10Be
surface-exposure ages from boulders.
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from the Río Turbio moraines and cessation of meltwater discharge
through this channel. However, these ages do not provide close
minimum limits for the deglacial chronology of the Río Turbio
moraines, as explained below.

Lago Arauco (site 7, 180 m.a.s.l.). This closed-basin lake is located
in an intermorainal depression adjacent to route 9 in the southern
Table 3
Trace-element compositions (in parts-per-million) of tephra from cores Última Esperanza,

Site Site # Sample code Thickness (cm)

Lago Arauco 7 PS0602ET1 629-630 cm 10
Lago Dorotea 8 PS0402ET3 1770-1780 cm 37
Lago Dorotea 8 PS0402ET3 1780-1790 cm 37
Lago Dorotea 8 PS0402ET3 1790-1795 cm 37
Lago Dorotea 8 PS0402ET4 1796-1804 cm 37
Vega Benitez 9 PS3020AT4 365-366 cm 1
Vega Benitez 9 PS0302AT7 691-710 cm 24
Vega Benitez 9 PS0302AT9 907-912 cm N40
Lago Pintito 10 PS0606AT2 353-356 cm 8
Pantano Dumestre 11 PS0607BT3 366-369 cm 7
Sitio Eberhard 12 PS3010AT4 382-383 cm 1
Sitio Eberhard 12 PS0301AT6 550-567 cm 17
area of the Araucomoraine complex.We developed a site stratigraphy
based on seven complete overlapping piston cores from different
sectors of the lake and obtained a series of radiocarbon dates from the
lowermost organic layers and higher up in the stratigraphy. Basal
dates obtained from the contact with the basal gravels yielded AMS
ages of 15.8-15.7 ka, which underlie a tephra derived from Volcán
Magallanes, Chile.

Rb Sr Ba Y Nb La Source Tephra

24 650 292 9 11 16.6 Reclus R1
29 485 366 10 9 19.4 Reclus R1
30 520 353 10 9 17.3 Reclus R1
29 508 362 11 10 17.9 Reclus R1
25 589 360 9 11 16.1 Reclus R1
19 652 433 10 9 22.5 Reclus b9130 14C yr BP
21 639 304 11 11 17.8 Reclus R1
24 609 467 14 10 21.5 Reclus R1
24 548 340 10 8 15.8 Reclus Unknown
21 597 317 10 13 16.6 Reclus R1
25 633 384 11 9 18.4 Reclus b9130 14C yr BP
21 679 429 11 11 18.0 Reclus R1
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Table 4
Geographical and analytical data for the samples 10Be dated. The PN ratios are normalized to the in-house standard S555 (Kubik and Christl, 2010) and the HUG ratios are normalized
to the 07KNSTD standard. Shown are 1σ analytical AMS uncertainties. Density=2.65 gm/cm3. For the neglible shielding calculation, we followed Dunne et al. (1999) with m=2.3.
Shown are 1σ analytical AMS uncertainties. Density=2.65 gm/cm3. For the neglible shielding calculation, we followed Dunne et al. (1999) with m=2.3. For PN samples, an average
procedural laboratory blank of 9Be carrier was used (University of Edinburgh Cosmogenic Lab; 10Be/9Be=1.90E-14). For HUG samples, two procedural blanks (10Be/9Be=(2.782-16
and 5.298-16)) consisting of 0.2 ml of 9Be carrier was processed identically to the samples. All rocks are Granitoids.

Sample Boulder height (cm) Lat. (°S) Long. ( °W) Elev (m a.s.l.) Thickness (cm) Shielding 10Be(1E4 atoms gm-1)

PN-04-08 70-99 -51.5378 -72.4879 291 1.3 0.999 24.52±2.46
PN-04-11 76-89 -51.5545 -72.4838 290 1.0 0.999 38.87±3.95
HUG-05-02 170 -51.5013 -72.4950 280 2.2 0.9989 20.16±0.53
HUG-05-03 93-140 -51.4997 -72.4993 277 0.9 0.9995 21.13±0.77
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Reclús (R1) with a near-maximum AMS age of 14.6 ka. These results
provide minimum ages of 15.8 ka for glacial recession and abandon-
ment the Arauco moraines.

Lago Dorotea (site 8, 260 m.a.s.l. Fig. 4). This lake is located on a
bedrock plateau in the Dos Lagunas sector and includes two basins
separated by a shallow sill with water depths b1 m during the coring
campaign. Geomorphic evidence suggests that this site was connected
to a meltwater channel that originated from the glacier margin when
the ice was resting on the hillslope of Sierra Dorotea Mountains. We
retrieved seven complete piston cores from different sectors of the
small basin and obtained radiocarbon dates of the lowermost organic
layers from two different cores in direct contact with the basal sands/
gravels, which yielded identical AMS ages of 16.9 ka. We found two
geochemically undistinguishable tephras: the lowermost of which is
constrained by a maximum AMS age of 15.4 ka, and the uppermost is
bracketed byminimum ages of 14.5 and 15 ka. These two tephras (i.e.,
a dublet) represent closely spaced eruptions corresponding to the
Reclús R1 event, We interpret these results as indicative of local ice-
free conditions and cessation of meltwater input into Lago Dorotea by
16.9 ka.

Vega Benítez (site 9, 215 m.a.s.l., Fig. 4): This bog occupies a bedrock
depression in an intermontanevalleybetween the twosummits ofCerro
Benitez, ~8 km upstream from the Dos Lagunas moraine complex. We
developed a site stratigraphy based on six overlapping cores which
show continuous deposition of silt/clay, carbonates, organic lacustrine
mud (gyttja) and peat since ice retreated from this position. The
lowermost organic layer in direct contactwith the basal clays yielded an
AMS age of 17.5 ka. Higher up in the stratigraphy we found three
tephras from Volcán Reclús the most prominent of which is the R1
duplet, definedbyanear-maximumage of 14.8 ka, a near-minimumage
of 14.2 ka, and an additional age on a sample stratigraphically in
between, of 14.6 ka (for more detail see Section 4.3.3). The uppermost
Reclús tephra is found at 365 cm depth (318 cm higher in the
stratigraphy), and is constrained by a near-maximum age of 10.2 ka.
The chronology from Vega Benitez suggests that enough thinning/
recession of the Última Esperanza glacier lobe occurred to this elevated
portion of Cerro Benitez just prior to 17.5 ka. We consider this estimate
as a near-minimum age for local ice-free conditions in this elevated
portion of Cerro Benitez.
Table 5
10Be ages (ka) with different scaling models and production rates. Ages calculated based on
with version 2.21 of the constants file (see text, Balco et al., 2008), which includes renorma
dependent version of Stone/Lal scaling scheme (Lal, 1991; Stone, 2000).With asterisk uses th
columns show ages calculated with the 'global' average production rate originally discussed i
et al. (2008), and the ‘De’ scaling scheme on Desilets and Zreda (2003). Following Balco et
error, including systematic uncertainties (=ext) that include scaling to the latitude and alt
(Lm*), as explained in the text. The different scaling schemes indicate that for either produ

Sample Lm* int ext Lm int ext

PN-04-08 38.0 ± 3.9 3.9 32.6 ± 3.3 4.3
PN-04-11 60.5 ± 6.2 6.4 51.7 ± 5.3 6.9
HUG-05-02 37.1 ± 1.0 1.3 31.8 ± 0.9 2.8
HUG-05-03 38.7 ± 1.4 1.7 33.1 ± 1.2 3.1
Lago Pintito (site 10, 172 m.a.s.l.). This closed basin lake is situated
on an intermorainal depression of the Pinto moraine complex. A
transect of seven complete piston cores document continuous
lacustrine deposition since ice withdrawal. Basal AMS dates from
two different cores yielded identical ages of 16.2 ka. We found three
Reclús tephras higher up in the stratigraphy, at 99, 126, and 1281 cm
above the base. These results suggest that a glacier margin abandoned
the Pinto moraines just prior to 16.3 ka, an estimate that we consider
as a close minimum age.

Pantano Dumestre (site 11, 77 m.a.s.l.). This bog develops on a
bedrock basin, ~36 km upstream from the Arauco moraines, and
~3.5 km from the modern coast line. The stratigraphy from this site is
based on two complete, overlapping piston cores, which show N400 cm
of laminated glaciolacustrine clays, overlain by 400 cm of peat and
gyttja. We obtained three AMS radiocarbon dates from the lowermost
organic layers in direct contact with the glaciolacustrine unit, which
yielded a weighed mean of 15.2 ka. Additional dates from overlying
levels demonstrate a progression toward younger ages, among which
we highlight a near-maximum age of 14.4 ka for the R1 duplet. The
results from Pantano Dumestre indicate that an ice-dammed proglacial
developed in this sector, followed by a local regressive phase and
organic sedimentation in a subaerial environment starting at 15.2 ka.

Lago and Pantano Eberhard (site 12, 68 m.a.s.l.). This site is located
near Puerto Consuelo, adjacent to an elongated bedrock promontory
that marks the eastern margin of Seno Última Esperanza, right next to
Península Jamón. Here we obtained multiple overlapping piston cores
from a small lake and its adjacent bog, both located in a closed bedrock
basin ~15 km upstream (south) from the Dos Lagunas moraines
(Cárdenas, 2006). The sedimentary infill consists of N8 m of pebbly
glaciolacustrine mud overlain by authigenic carbonates interbedded
with organic silts and, in turn, by gyttja.We found two thin tephras from
Volcán Reclús (expressed as thin laminae) embedded in the glaciola-
custrine unit, and one in the overlying gyttja. A conspicuous Ice Rafted
Detritus (IRD)-enriched zone occurs between the R1 duplet and the
contact of the glaciolacustrine and organic units. In addition to the
stratigraphy outlined above, the cores collected from the bog exhibited
two organic laminae underlying the deeper Reclús tephras within the
glaciolacustrine unit. These laminae, spaced by 50 cm, yielded identical
ages of 16.4 ka, which we interpret as minimum ages for local ice-free
methods incorporated in the CRONUS-Earth online exposure age calculator, version 2.2,
lization of Table 4 results relative to 07KNSTD (Nishiizumi et al., 2007). ‘Lm’ is the time
e production rate of Putnam et al. (2010), which is similar to Balco et al. (2009). All other
n Balco et al. (2008). ‘Du’ is based on Dunai (2001), ‘Li’ on Pigati and Lifton (2004), Lifton
al. (2008), age uncertainties include internal analytical error only (=int) and external
itude of the sites. The discussion is based on the numbers given in the first age column
ction rate, differences between models are less than 5%.

Du int ext Li int ext De int ext

34.0 ± 3.4 5.3 32.5 ± 3.3 4.6 33.9 ± 3.4 5.3
53.9 ± 5.6 8.5 51.5 ± 5.3 7.4 53.9 ± 5.5 8.5
33.2 ± 0.9 4.0 31.8 ± 0.8 3.3 33.1 ± 0.9 4.0
34.6 ± 1.3 4.3 33.0 ± 1.2 3.5 34.4 ± 1.3 4.3



Table 6
AMS radiocarbon and calibrated ages constraining the R1 tephra. All radiocarbon dates were converted to calendar years BP using CALIB 5 (Stuiver and Reimer, 1993).

Site Site # Latitude Longitude Laboratory code Core 14C yr BP ±1σ error Median probability
(cal yr BP)

2σ range
(cal yr BP)

Comment

Lago Dorotea 8 -51.53362 -72.48286 CAMS-107054 PS0402FT3 12460±90 14532 14149–14952 Close minimum age
Lago Dorotea 8 -51.53362 -72.48286 CAMS-107053 PS0402FT2 12670±45 14958 14706–15180 Close minimum age
Vega Benítez 9 -51.55817 -72.58283 CAMS-98917 PS0302AT7 12325±40 14218 14052–14594 Close minimum age
Vega Benítez 9 -51.55817 -72.58283 CAMS-98916 PS0302AT9 12490±40 14604 14249–14928 Within the tephra
Pantano Dumestre 11 -51.80531 -72.43558 CAMS-128993 PS0607AT3 12400±60 14416 14125–14824 Close maximum age
Lago Dorotea 8 -51.53362 -72.48286 CAMS-107055 PS0402FT4 13000±60 15352 15073–15691 Close maximum age
Lago Arauco 7 -51.96632 -72.04338 CAMS-128976 PS0602AT1 12620±50 14880 14607–15156 Close maximum age
Vega Dumestre 11 -51.80531 -72.43558 CAMS-115804 PS0403AT2 12580±35 14823 14486–15095 Close maximum age

Pooled minimum ages 12480±46 14586 14260–14900
Pooled maximum ages 12627±48 14902 14680–15115
All dates pooled 12552±33 14782 14473–15035
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conditions and development of an ice-dammed proglacial lake. The
transition from glaciolacustrine to organic sedimentation is constrained
by several AMS dates, the lowermost of which yielded an age of 12.8 ka,
thus providing a near-minimum age for regression of the ice-dammed
proglacial lake that covered the site.

Pantano Antonio Varas (site 4, 25 m.a.s.l.). This site is located in
PenínsulaAntonioVaras, ~28 kmupstreamfromtheAraucomoraines.A
wood piece obtained within the gyttja layer, ~5 cm above the contact
with the glaciolacustrine unit, yielded an age of 10.3 ka. We interpret
this result as a minimum age for local ice-free conditions, formation of
the ~30 m elevation terrace, and local regression of the ice-dammed
proglacial lake.

4.3.2. Exposure age dates
We obtained four 10Be ages (Tables 4, 5; Figs. 4, 8) on erratic

boulders to obtain direct age limits on the outer parts of the Dos
Lagunas moraine complex. Two boulders were collected on top of
the most prominent moraine crest of the complex and yielded ages
of 37.1±1.0 and 38.7±1.4 ka (HUG-05-02 and HUG-05-03, respec-
tively). The other two ages come from samples near Lago Dorotea.
Sample PN-04-08 (38.0±3.9) is from a diffuse or hummocky
moraine crest on the northwest side of the main section of Lago
Dorothea, also adjacent to the smaller part of the lake. PN-04-11
(60.5±6.2 ka) is also on a diffuse hummocky crest, but adjacent to
the southeast side of Lago Dorothea. Although only two ages are
presented, the two PN samples are from different moraines and their
ages are consistent with the morphostratigraphic order of the crests,
given that the younger boulder is on the side of the lake in the
inferred direction of ice recession. Interestingly, three ages overlap
at 1σ around 37 to 39 ka. The fourth age is distinctly older. Although
additional data are warranted before firm conclusions can be
established, these four ages suggest that the most extensive local
LGM advance occurred before 30 ka. These results are minimum age
estimates for recession of the Última Esperanza lobe from a position
that preceded the final LGM advance recorded in the Dos Lagunas
moraine complex. The geochronology of the most recent events is
constrained with radiocarbon dates and will be discussed in the
following section.

4.3.3. Chronology of the R1 tephra
The stratigraphy and radiocarbon chronology from the rapid

sediment-accumulating lakes and bogs discussed above allow
calculation of a precise age for the R1 tephra in the Última Esperanza
area. We emphasize that all radiocarbon dates in this study were
obtained from 1 cm-thick sections along the sediment cores in an
effort to obtain the nearest possible maximum and minimum ages
from samples in direct contact with the R1 tephras (Table 6). We
calculated error-weighted means of the maximum (n=4) and
minimum (n=3) ages by separate, and compared those estimates
with a pooled mean that includes all ages. In one case (Vega Benitez,
site 9) we obtained a radiocarbon date (CAMS-98916) from an organic
lamina that separates the two discrete R1 layers. Our results indicate
median probability ages of 14.9 ka (near-maximum age) and 14.6 ka
(near-minimum age). When we incorporate all available dates in the
calculation, we obtain a median probability age of 14.8 ka for the
weighted mean of all 8 dates, which is identical within 1σ error
intercepts of date CAMS-98916 (median probability=14.6 ka, 2σ
range: 14.2-14.9 ka), located in between the two R1 tephras. Because
the intercepts of the calculated minimum and maximum ages overlap
at 2σ range between them and with the age of date CAMS-98916, we
take the weighted mean of all ages (median probability: 14.8 ka, 2σ
range: 14.5-15 ka) as our most precise estimate for the age of the R1
tephra in Patagonia.

5. Discussion

5.1. Synthesis

Outlet glaciers from the Patagonian Ice Sheet coalesced and
formed the Última Esperanza piedmont lobe during the local LGM.
This glacier lobe flowed, in general, eastward out of the channels,
fjords, and mountain ranges and drained toward the Atlantic Ocean.
Ice margin deposits in the easternmost sector of the study indicate at
least two major glacial advances between ~40 and 17 ka, during the
local LGM (Figs. 2, 3): the outermost and oldest is marked by the Río
Turbio moraines and associated outwash plains. Subsequently, the
piedmont lobe deposited the Arauco moraines and associated
outwash plains, in some places these ice-marginal features were
deposited in a proglacial lake environment. Isolated moraine crests,
partially buried by outwash plain originated from the Arauco
moraines in the Casas Viejas area, may represent a standstill or
readvance after the formation of the Río Turbio moraines. The Última
Esperanza lobe then thinned and abandoned the Arauco moraines
forming a proglacial lake, which in its early stages attained elevations
ranging between 150-125 m.a.s.l. and drained eastward through the
Frontera meltwater channels (Fig. 3). During this stage the Lago Pinto
ice lobe, which was a tributary of the Última Esperanza lobe during
the local LGM, stabilized and formed a medial/frontal moraine
complex (Fig. 3) whose surfaces at ~150 m.a.s.l. were partially eroded
by wave action. Thinning and recession from this standstill led to
shrinking and lowering of the ice-dammed proglacial, punctuated by
inferred glacial stabilization/readvances, followed by final ice reces-
sion and drainage to the Pacific Ocean.

The chronology of the Dos Lagunas moraines is defined by three
10Be cosmogenic ages of ~37 - 39 ka, and basal radiocarbon dates from
Lago Dorotea (site 8) and Vega Benítez (site 9), which yielded close
minimum-limiting ages of 16.9 and 17.5 ka, respectively. A fourth
cosmogenic age, 60.5±6.2, ka, from the same moraine complex may
represent: i) an outlier (e.g., reworked boulder) or ii) an older deposit
preserved just outside the 37-39 ka limit. We consider the
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radiocarbon age of 17.5 ka as a near-minimum age for recession of the
Última Esperanza lobe from its local LGM position in the Dos Lagunas
sector. Taken at face value, the radiocarbon and cosmogenic dates
suggest that the Última Esperanza lobe either remained in the Dos
Lagunas margin between ~39-17.5 ka, or these moraines represent a
palimpsest feature built during consecutive local LGM advances. If
correct, this interpretation raises the possibility that the Río Turbio
moraines were deposited during the first building stage of the Dos
Lagunas moraine (~37-39 ka). In either case, the radiocarbon dates
from the lowermost organic levels in sediment cores from the Laurita
site (site 6), located beyond the Río Turbio moraines, yielded
anomalously young results (~12 ka). Another minimum-limiting age
comes from a bog near Río Rubens, a site located on a meltwater
channel that originates from the Río Turbio moraines, about 10 km
southeast of Arauco moraines. Here, Huber (2001) reported several
radiocarbon dates along a peat core, the lowermost of which yielded
an age of 18.7 ka (15 470±340 14C yr BP). This date constitutes a
minimum age (not necessarily a near-minimum age) for ice recession
from the Río Turbio moraines, consistent with the chronology
presented above.

The Última Esperanza lobe abandoned the Río Turbio moraines,
receded to an unknown position, and then readvanced to the Arauco
margin in the eastern sector of the study area. Subsequent recession
from this position occurred shortly before 17.5 ka, marking the
beginning of T1. This age estimate relies on the basal radiocarbon age
from Vega Benitez (site 9), which we interpret as a near-minimum
age for ice recession from the final local LGM advance. The slightly
younger minimum age from nearby Lago Dorotea (site 8) could
represent a delay in the onset of organic sedimentation or a lack of
datable material prior to ~16.9 ka. This delay could have resulted from
meltwater channeled from the ice margin of a receding Lago Sofía
sublobe, or extremely dry conditions that impeded lacustrine
sedimentation in the Lago Dorotea basin. We attempted to refine
the chronology of the Arauco moraines using lake sediment cores
from Lago Arauco (site 7). Here we obtained basal ages of ~15.7 ka for
the onset of organic sedimentation, in direct contact with basal sands
and gravels. The same approach applied to Lago Pintito (site 10),
~25 km upstream along the glacier flowline, yielded a basal age of
16.2 ka suggesting that the basal dates from the downstream Lago
Arauco do not represent near-minimum ages for local ice recession.
The ages for the beginning of the deglaciation are supported by near-
basal ages from the Eberhard site (site 12, ~15 km upstream from the
LGM moraines), which show ice-free conditions at 70 m.a.s.l. before
16.4 ka.

The presence of an ice-contact perched delta at 150 m.a.s.l. in the
eastern sector of Cerro Benitez (Fig.4) marks the early stages of
deglaciation and development of a proglacial lake. The elevation of
this delta matches the highest terraces found throughout the study
area, namely: the Lago Sofía valley, the Sierra Dorotea foothills, the
Arauco area, and the Lago Pinto moraines. Considering the available
stratigraphic and chronologic control for this glaciolacustrine phase in
the Eberhard site (12), and its proximity to Puerto Consuelo, we
decided to name this ice-dammed lake phase as glacial lake Puerto
Consuelo. Distinctive wave-cut cliff outcrops, scarps, and beach
deposits are also found at 135 and 125 m.a.s.l. Even though these
features are not ubiquitous or spatially continuous throughout the
entire study area, we interpret our findings as evidence for the
occurrence of high lake level stands in this region at 150, 135 and
125 m.a.s.l. Supporting evidence for this interpretation comes from La
Frontera meltwater channel (Fig. 3), where we found three distinct
erosion phases at the same elevations that developed during the time
when the meltwater/spillway channel was active; thus suggesting
that changes in the elevation of this eastern spillway outlet affected
the initial stages in the lowering of glacial lake Puerto Consuelo. If
correct, this interpretation suggests that the Última Esperanza area
experienced a uniform pattern of isostatic uplift during the initial
stages of deglaciation. An alternative interpretation is provided by
Stern et al. (in press) who proposes that the amount of uplift above
the crest of the Andes in the 2000 years after the LGM would have
been N78 m, and this factor would have caused the difference in
elevation between the terraces at 150 and 125 m.a.sl. in the Última
Esperanza region. The development of terraces, deltas, and wave-cut
cliffs following the abandonment of the final local LGM position
suggests a stillstand/stabilization of the Última Esperanza ice lobe
once T1 initiated. The available field evidence suggests that this
stabilization stage ended by 16.2 ka when the Lago Pinto tributary
glacier abandoned the Lago Pinto moraines, thus suggesting that the
elevation of glacial lake Puerto Consuelo and terrace formation phase
were closely tied to a standstill in glacial retreat sometime between
16.9-16.2 ka. It is interesting to note that our minimum ages for
abandonment of the highest levels of glacial lake Puerto Consuelo are
indistinguishable from the oldest radiocarbon date retrieved from
megafaunal remains (16.1 ka, Long and Martin, 1974) found in Cueva
del Milodón, in Cerro Benítez, which was isolated from the mainland
by a narrow waterway at a time when the proglacial lake stood above
120 m.a.s.l. In addition, these data are consistent with stratigraphic
evidence from Pantano Dumestre (80 m.a.s.l., site 11), which show
that the Puerto Consuelo lake level dropped below 80 m.a.s.l. prior to
15.2 ka (see below).

We identify a series of moraines at low elevations (b30 m.a.s.l.) in
the Golfo Almirante Montt area (Fig. 3), indicative of a glacial
readvance in a proglacial lake environment late in the deglaciation
process. We tentatively correlate these landforms with the glacial
overriding phase recorded in the Campus Universidad de Magallanes
stratigraphic section (site 5, Fig. 7) and enhanced ice-rafting in glacial
lake Puerto Consuelo recorded in sediment cores from the Eberhard
site (site 12, 20 kmto thenorth of AntonioVarasmoraine). Because the
IRD zone in the Eberhard site is bracketed between the R1 tephra and a
drop in elevation of the glacial lake Puerto Consuelo at 12.8 ka,we infer
that the glacial readvance must have taken place during this interval.
Our radiocarbon chronology allows us to pinpoint the age of the R1
tephra at 14.8 ka, which is statistically indistinguishable from that
obtained in previous studies by Stern (2008) and McCulloch et al.
(2005b). Both reported ages of 14.9 ka (12,685±260 and 12,693±
192 14C yr BP, respectively). Prior estimates, however, combine an
important number of conventional radiocarbon dates not necessarily
obtained in close stratigraphic association with the tephras, from a
variety of sites having different depositional environments and
varying sediment accumulation rates.

Details on the lake regressive trend following the glacial
stabilization phase can be deduced from stratigraphic data from
the Pantano Dumestre (site 11, ~80 m.a.s.l.), Eberhard (site 12,
~70 m.a.s.l.), and Península Antonio Varas (site 4, 30 m.a.s.l.) sites
(Fig. 9). The available stratigraphies reveal that glaciolacustrine
sedimentation shifted to organic lacustrine sedimentation at 15.2 ka
in the Dumestre site, at 12.8 ka in the Eberhard site, and at 10.3 ka in
the Península Antonio Varas section. The latter site rests on a terrace
having an altitude of 30 m.a.s.l., a feature that is also found in the
mainland region between Península Jamón and Dumestre (Fig. 3).
This terrace could represent a glacial stabilization stage following
glacial recession, thinning and a concomitant drop in glacial lake
Puerto Consuelo from the inferred ~75 m.a.s.l. shoreline at 12.8 ka.
One problem with this interpretation is that our mapping did not
reveal terraces or obvious erosional features at that elevation
(~75 m.a.s.l.), even though the Dumestre and Eberhard sites indicate
that glacial lake Puerto Consuelo must have remained at that level
between 15.2-12.8 ka. Stern et al. (in press) proposed that the
absence of the ~75 m.a.s.l. shoreline is indicative of a glacial lake
drainage event after 15.2 ka toward Paso Kirke, and a subsequent
resealing of the ice-dam resulting from glacial readvance. If this
interpretation is correct, we would expect a regressive/transgressive
sequence in the stratigraphy from the Eberhard site. The sediment



Fig. 9. Main glacial events of the Última Esperanza ice lobe in the context of
paleoclimatic records. A) δ18O record from NGRIP ice core, Greenland (Andersen et al.,
2004). B) Ice-rafted detritus (N250 microns) in core MD95-2039 off Portugal
(Schönfeld et al., 2003). C) CO2 record from the EPICA Dome C ice core on the East
Antarctic plateau (after Anderson et al., 2009). D) δ18O record from EDML ice core,
Antarctica (Barbante et al., 2006). E) Puerto Consuelo lake levels (m.a.s.l.). Numbers
identify the sites providing the chronological control. Grey boxes show the timing of the
main glacial events underwent by the Última Esperanza ice lobe. The description of
these events is given in the bottom of the figure. Vertical dashed line indicates our
chronology for the age of the R1 tephra (2δ range).
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cores from this site, however, reveal continuous deposition of pebbly
glaciolacustrine mud during this key interval.

The lowermost terrace has an elevation of 5-8 m.a.s.l. and is a
ubiquitous geomorphic feature throughout the study area (Fig. 3). We
tentatively assign this terrace to the mid-Holocene marine transgres-
sion,which has been bracketed between 8.6-4.3 ka (7950 and 3970 14C
yr BP, Porter et al., 1984) in the south Patagonia region. Considering the
absence of intermediate lake level stands between 8 and 30 m.a.s.l., we
propose that drainage glacial lake Puerto Consuelo to the Pacific Ocean
occurred once the Última Esperanza lobe or its tributaries abandoned
the canal Santa María and Paso Kirke area just before 10.3 ka.

In summary, geomorphic and stratigraphic evidence indicate a series
of stages during and following the local LGM; these include (Fig. 9):
(i) deposition of prominent moraine complexes during at least two
advances dated between ~40 and N17.5 ka; (ii) development of an ice-
dammed proglacial lake (glacial lake Puerto Consuelo) accompanying
ice recession; (iii) active deposition of moraine complexes at interme-
diate positions followed by recession at N16.2 ka; (iv) lake level drop
sometime between 16.2-15.2 ka and subsequent stabilization between
15.2-12.8 ka; (v) a glacial event within the proglacial lake sometime
between14.8-12.8 ka (geomorphic observations are consistentwith the
icemargin being located at the Península Antonio Varasmoraine during
this readvance; chronological investigations on these geomorphic
features will allow testing this tentative age assignment); (vi) ice
recession, followed by stabilization and subsequent lowering of glacial
lake Puerto Consuelo between12.8-10.3 ka; and (vii) glacialwithdrawal
and disappearance of the proglacial lake prior to 10.3 ka.

5.2. Correlation with regional, hemispheric and global
palaeoclimatic records

The Last Glacial Termination (=T1) in the Última Esperanza area
started shortly before ~17.5 ka,when the piedmont lobe abandoned the
Arauco and Dos Lagunasmoraines. The timing for this event is identical,
within dating uncertainties, with the recession of Andean ice lobes from
their local LGMposition in theChileanLakeDistrict (41°S) (Dentonet al.,
1999b), Lago Buenos Aires (46.5°S) (Kaplan et al., 2008b), Estrecho de
Magallanes andBahía Inútil (53°S) (McCullochet al., 2005b). Similar age
estimates (i.e., by ~17 ka) have been reported using cosmogenic
nuclides in the southern Alps of New Zealand (44°S) (Schaefer et al.,
2006). The emerging pattern thus suggests that mid-latitude glaciers in
the Southern Hemisphere responded to the warming pulse at the
beginning of T1 reflected in ice core data from interior Antarctica
(Jouzel, 2001; Stenni et al., 2003) and paleoecological records from the
southern mid-latitudes (Moreno et al., 1999; Moreno and León, 2003;
Massaferro et al., 2009). Glacier ice in the Northern Hemisphere also
experienced rapid recession by 17 ka or soon after (Denton et al., 2006;
Clark et al., 2009). The rapid response of the southern mid-latitude
glacial and vegetation system during T1 coincides with the main phase
of increase of sea level, following the LGMminimum (Shackleton, 1987;
Yokoyama et al., 2000), the onset of Heinrich 1 in the North Atlantic
basin (Bard et al., 2000), and a nearly total, quasi-instantaneous
shutdown of Atlantic Meridional Overturning Circulation (AMOC)
(McManus et al., 2004).

A possibility exists that the delay in organic lacustrine sedimen-
tation following abandonment of the Última Esperanza lobe from the
Dos Lagunas and Arauco moraines was caused by extremely dry
conditions during the local LGM. This possibility lends support to the
Ocean Atmospheric General Circulation Model-derived scenario of
northward-shifted Southern Westerly Winds and negative precipita-
tion anomalies in the southern Patagonian region at 21 ka (Rojas et al.,
2009). We note that organic sedimentation in Lago Dorotea, L. Arauco,
and the Laurita (sites 8, 7 and 6, respectively) commenced during or
after the period of glacial stabilization following the onset of T1, an
event that could represent a regional increase in precipitation brought
about by a southward shift of the Southern Westerly Winds during
deglaciation (Moreno et al., 1999; McCulloch et al., 2000), that could
have counteracted (in part) the negative mass balance of the
Patagonian Ice sheet following T1. Additional paleoclimate records
from sites located beyond the final local LGM limit in southern
Patagonia will be necessary to test this idea.

Deglaciation of the Última Esperanza area was punctuated by a
stabilization phase, during which the Lago Pinto moraines were
deposited and glacial lake Puerto Consuelo attained a highstand of
150 m.a.s.l. Basal radiocarbon dates from Lago Pintito provide
minimum ages for the end of this stabilization phase at 16.2 ka.
Within uncertainties, the onset of ice recession at Lago Buenos
Aires may have been about the same time or only slightly later
(Douglass et al., 2006), especially when the cosmogenic ages are
recalculated with the Southern Hemisphere production rate of
Putnam et al. (2010). The standstill in the deglaciation process of

image of Fig.�9
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the Última Esperanza area occurred between the first and the second
warming pulses at the beginning of T1, as suggested by the pollen and
chironomid records from the Huelmo site (Moreno and León, 2003) in
Northwestern Patagonia, and correlates with the first half of the
Mystery Interval (17.5-14.5 ka: Denton et al., 2006; Broecker and
Barker, 2007).

Once the Última Esperanza lobe abandoned the stabilized phase, it
retreated to an unknown position, and then readvanced in a proglacial
lake environment probably between 14.8-12.8 ka. The timing of this
readvance matches similar events reported in Torres del Paine
National Park (51°S; 14.6-12.8 ka) (Fogwill and Kubik, 2005; Moreno
et al., 2009), Estrecho de Magallanes (53°S; 15.5-11.8 ka) (McCulloch
and Bentley, 1998; McCulloch et al., 2005a; McCulloch et al., 2005b)
and Lago Argentino (50°S; 15.3 ka) (Strelin and Malagnino, 2000).
This glacial readvance is contemporaneous with a decline in air
temperatures recorded in Antarctic ice cores during the Antarctic Cold
Reversal (14.1-12.5 ka) (Jouzel, 2001), a cooling trend recorded in
Greenland ice cores during the GI-1 interstadial (Björk et al., 1998),
and the precursor cooling event detected in paleoecological studies
from Northwestern Patagonia (Moreno et al., 2001; Moreno and León,
2003; Massaferro et al., 2009).

Paleoenvironmental changes between14-10 kahavebeen identified
in several sites throughout SouthernPatagonia andTierra del Fuego. The
timing, structure and frequency of the pre-Holocene events within this
time frame are divergent between studies, and have been interpreted as
shifts toward: (i) drier conditions with intense fire activity (Harberton
bog ~54°S) (Markgraf, 1993), (ii) wetter (Puerto del Hambre site)
(McCulloch et al., 2000), (iii) drier (Puerto del Hambre and Estancia
Esmeralda sites, ~53°30´S)(McCulloch and Davies, 2001) (McCulloch
and Davies, 2001), (iv) drier and warmer (Lago Potrok Aike, ~51°30'S)
(Haberzettl et al., 2007), and (v) cooler and wetter than present
(Puerto del Hambre site) (Heusser et al., 2000) and Vega Ñandú 51°S
(Villa-Martínez and Moreno, 2007). The broad, often contradictory,
spectrum of interpretations highlights the need for additional high
resolution, well-dated studies and more accurate paleoclimate recon-
structions, as well as a better appreciation of the spatial heterogeneities
of the current and paleo landscapes.

Glacial recession and lowering of glacial lake Puerto Consuelo
occurred prior to 12.8 ka, and was followed by another stillstand and
formation of a lake terrace at 30 m.a.s.l. before 10.3 ka. This final
stabilization stage overlaps with a period of relatively warmer
conditions in the Torres del Paine (Moreno et al., 2009) in
Southwestern Patagonia during the European Younger Dryas chron-
ozone, and the second half of the Huelmo Mascardi Cold Reversal in
Northwestern Patagonia (41°S) (Hajdas et al., 2003; Moreno and
León, 2003; Massaferro et al., 2009).

5.3. Global Implications

Based on the evidence discussed above we conclude that the
Última Esperanza glacial lobe underwent a series of fluctuations
similar to those described in previous studies throughout Patagonia,
New Zealand's South Island and Antarctic ice cores, namely: onset of
T1 at 17.5 ka, a stepwise pattern of deglacial warming through
discrete events, and renewed glacial activity between 14.8-12.8 ka.
The timing and direction of these changes are out-of-phase with
Greenland ice core records along with several paleoclimate records
from Europe and the North Atlantic Ocean.

Denton et al. (2006) proposed that the gravitational collapse of an
unstable Laurentide Ice Sheetduring theH1event, at thebeginningof T1
(17.5 ka), curtailed the AMOC and locked the North Atlantic region in
extreme glacial conditions until the Bölling-age (14.7 ka) resumption of
AMOC (McManus et al., 2004). According to the bipolar-seesaw
paradigm, the antiphase nature of paleoclimate changes found in ice
core records from Antarctica and Greenland resulted from alternations
in the production of deep water masses and associated heat releases in
the Southern Ocean and Nordic Seas. Glacial geological records from
the mid-latitudes of the Southern and Northern hemispheres,
however, indicate synchronous chronologies for the end of the
LGM, suggesting a common cause and an atmosphericmechanism for
the propagation of the climate signal that triggered such recession.
The paradox rises when trying to reconcile the prevalence of extreme
glacial conditions and recession of ice sheets, ice caps, and mountain
glaciers in the Northern Hemisphere, at times when Southern
Hemisphere glaciers and associated paleoclimate records show
sustained recession and warming, and atmospheric CO2 records
from Antarctic ice cores show a steady increase during T1 (Fig. 9).
Denton et al. (2006) named this period the Mystery Interval alluding
to the mutually contradictory nature of paleoclimate records during
the early portion of T1 (17.5-14.5 ka).

Our results from Última Esperanza confirm the southern mid-
latitude pattern of glacial recession during the Mystery Interval,
adding two interesting aspects to the Patagonian signal: (i) early
recession from the final local LGM position was relatively modest, and
(ii) this recession was punctuated by a stabilization phase during the
first half of the Mystery Interval. These conclusions contrast with the
rapid deglaciation chronologies fromNorthwestern Patagonia and the
Strait of Magellan-Bahía Inútil area highlight the possible role of
calving in those deep glacial basins. Furthermore, southward-shifted
westerlies at the beginning of T1 (Moreno et al., 1999; McCulloch et
al., 2000) could have compensated the negative mass-balance of
Andean glaciers, thus accounting for the glacial stabilization period
during the first half of the Mystery Interval.

If supported by additional chronological data, the glacial readvance
we tentatively dated between 14.8-12.8 ka would further confirm a
common, coherent mid- to high-latitude mode of paleoclimate
variability in the Southern Hemisphere during T1. We note that a
recent study in Torres del Paine (Moreno et al., 2009), located
~100 km north of Última Esperanza, found evidence for a readvance of
outlet glacier lobes from an expanded South Patagonian Icefield
during the Antarctic Cold Reversal, followed by minor recession and
persistence of ice in the lowlands during Younger Dryas time. We
propose that a cool phase started in both hemispheres at ~14.8 ka, and
it lasted until the beginning of the Holocene. In the case of Greenland
ice cores this initial pulse was followed by an accentuation during YD
time, whereas Antarctic ice cores and Southwestern Patagonian
records feature an attenuation of that signal between 12.9-11.7 ka.

Based on our data and interpretations we conclude that the
behavior of the Última Esperanza glacier lobe during T1 was driven by
a global climate signal that propagated across the equator via
atmospheric processes. We note spatial variability of paleoclimate
signals at millennial timescales was dominated by regional processes,
namely: changes in the intensity of the AMOC, in the Northern
Hemisphere, and changes in the position and/or intensity of the
Antarctic Polar Front and westerly winds in the Southern Hemisphere
(Lowell et al., 1995; Denton et al., 1999a; Kaplan et al., 2008a; Moreno
et al., 2009; Rojas et al., 2009).
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