
(This is a sample cover image for this issue. The actual cover is not yet available at this time.)

This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/copyright

http://www.elsevier.com/copyright


Author's personal copy

Extensive recession of Cordillera Darwin glaciers in southernmost South America
during Heinrich Stadial 1

Brenda L. Hall a,b,*, Charles T. Porter b,c, George H. Denton a,b, Thomas V. Lowell d,
Gordon R.M. Bromley a,b,e

a School of Earth and Climate Science, University of Maine, Orono, ME, USA
bClimate Change Institute, University of Maine, Orono, ME, USA
c Patagonian Research Foundation, Damariscotta, ME, USA
dDepartment of Geology, University of Cincinnati, Cincinnati, OH, USA
e Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY, USA

a r t i c l e i n f o

Article history:
Received 3 August 2012
Received in revised form
28 November 2012
Accepted 30 November 2012
Available online

Keywords:
Cordillera Darwin
Heinrich Stadial 1
Last termination
Radiocarbon dating

a b s t r a c t

The geographic expression and phasing of events during the last termination are important for
isolating mechanisms that caused Earth to emerge from the last ice age. Heinrich Stadial 1 (HS1;
14,600e18,000 yr BP) is a key because of the central role that its far-field effects had on the last
termination in the Southern Hemisphere. Here, we present new data from Cordillera Darwin that
show rapid glacier recession in southern South America during HS1. This retreat was coeval with ice
recession elsewhere in South America and New Zealand, with increased upwelling in the Southern
Ocean, with warming of SSTs offshore of Chile, and with a rise in atmospheric CO2. Together, these data
indicate a coherent and rapid response to the effects of HS1 in the middle and high latitudes of the
Southern Hemisphere.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Diverse climate proxies from many sectors of the globe afford
a key for understanding the far-field effects of Heinrich Stadial 1
(HS1; 14,600e18,000 yr BP) during the last termination. For
example, sea-surface temperature estimates show that the North
Atlantic remained cold with extensive winter sea ice (Isarin et al.,
1998; Denton et al., 2005; Naughton et al., 2009). Overturning
circulation in the North Atlantic was reduced, leading to the
greatest northward expansion of Southern Ocean deep water
during the last glaciation (McManus et al., 2004). Oxygen-isotope
records from ice cores indicate cold temperatures over Greenland,
while at the same time Asian monsoons weakened or failed (Wang
et al., 2001; Cheng et al., 2009). In contrast, southernwesterly wind
belts may have shifted poleward (Kaiser et al., 2005; Lamy et al.,
2007; Anderson et al., 2009; Moreno et al., 2009; Denton et al.,
2010), and Southern Ocean surface temperatures increased (Lamy
et al., 2007; Strelin et al., 2011). Moreover, New Zealand glaciers
began marked retreat at 18,000 yr BP (Denton et al., 2010; Putnam

et al., in press), at the same time that Antarctic atmospheric
temperatures began to increase (Lemieux-Dudon et al., 2010). It is
paradoxical that in the Southern Hemisphere this warming and ice
recession took place in the face of decreasing summer insolation
intensity induced by orbital variations (Mercer, 1978).

Understanding the far-field effects of HS1may help to isolate the
mechanisms responsible for the glacialeinterglacial transition in
the Southern Hemisphere. Here, we present data from Cordillera
Darwin (54e55� S, 69e70� W; Fig. 1) that document mountain-
glacier behavior in southernmost South America during HS1.
Cordillera Darwin lies near the Subantarctic Front and the Drake
Passage, both thought to have played an important role in ice-age
terminations (i.e., Toggweiler et al., 2006; Anderson et al., 2009;
Denton et al., 2010). The heavily glaciated range trends east-west
and lies between the northwest arm of the Beagle Channel to the
south and Seno Almirantazgo and the Straits of Magellan and
adjacent channels to the north. The central peaks exceed 2000m in
elevation and support numerous glaciers that drop steeply from
high ridge lines. The climate is strongly maritime. Precipitation
decreases from thewest, which receives several meters annually, to
the east, which is considerably drier [<1 m/yr (Lliljequist, 1970; C.
Porter, unpublished data)]. The region features a fjord landscape,
with intervening ridges showing evidence of glacial scouring.

* Corresponding author. School of Earth and Climate Science, University of Maine,
Orono, ME 04469-5790, USA.

E-mail address: brendah@maine.edu (B.L. Hall).

Contents lists available at SciVerse ScienceDirect

Quaternary Science Reviews

journal homepage: www.elsevier .com/locate/quascirev

0277-3791/$ e see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.quascirev.2012.11.026

Quaternary Science Reviews 62 (2013) 49e55



Author's personal copy

Ice extent at the Last Glacial Maximum (LGM) is poorly con-
strained in most areas adjacent to Cordillera Darwin. However, on
the north side of the mountains, moraines and erratics indicate that
ice flowing northeastward from Cordillera Darwin merged with
eastward-flowing ice in the Straits of Magellan and Bahía Inútil
(Porter, 1990; Clapperton et al., 1995; Rabassa et al., 2000; Bentley
et al., 2005; McCulloch et al., 2005b; Coronato et al., 2009). 10Be
surface exposure-ages of boulders on moraines, recalculated for
revisions in the regional production rate (Kaplan et al., 2011),
indicate that the Bahía Inútil ice lobe (Fig. 1), derived from Cordil-
lera Darwin, remained close to its proposed LGM position until
w18,400 � 1700 yr BP (error-weighted mean of five samples;
McCulloch et al., 2005b; Kaplan et al., 2008, 2011). On the south
flanks of Cordillera Darwin, glaciers are thought to have radiated
outward from the high peaks during the LGM and terminated near

the eastern end of the Beagle Channel (Caldenius, 1932; Rabassa
et al., 2000; Coronato et al., 2009). The date when the maximum
position was achieved in the Beagle Channel is unknown.

Our goal was to document the timing of glacier recession deep
into the heart of Cordillera Darwin as a way of determining ice-cap
behavior during HS1. We concentrated on obtaining radiocarbon
dates of organic material from the base of cores taken in bogs on
formerly glaciated terrain. Radiocarbon dates from the base of these
cores not only afford minimum-limiting ages for deglaciation, but
they also preclude glacier expansion over the sites subsequent to
the age of the dated horizons. After considerable probing, we ob-
tained cores from the deepest parts of each selected bog using
a square-rod piston corer. We described and sampled cores for
organic materials in the field at half-centimeter intervals. We
sieved the organic samples for macrofossils, which were cleaned in

Fig. 1. (A). Index map of southern South America, showing the Cordillera Darwin field area (box, B), possible LGM limit (black; Caldenius, 1932; Rabassa et al., 2000; Coronato et al.,
2009), and proposed ACR limit (yellow; McCulloch et al., 2005a,b). Also shown are minimum ages for the timing of ice recession in thousands of years, based on organic material in
cores (white dots), as well as on exposure-age dates of moraines at Bahía Inútil (black dots, McCulloch et al., 2005b; Kaplan et al., 2008), as recalculated by Kaplan et al. (2011). Dates
with black background are from this study; those with white background are from Boyd et al. (2008), Heusser (1989a), and Kaplan et al. (2011). White arrows show reconstructed
flow directions of Rabassa et al. (2000). (B). Digital elevation model of Cordillera Darwin, showing locations of sites cored as part of this study. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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deionized water. All but two of the dated samples were macro-
fossils. The two exceptions were highly organic gyttja. We con-
verted both our ages and those cited from the literature to calendar
years using CALIB 6.0.1 with the INTCAL09 dataset (Reimer et al.,
2009). All ages in the text are in calendar years with a 2-sigma
error. In some cases, dates may vary from those in the original
literature because of revisions in calibration data sets.

2. Results

Radiocarbon dates from cores at six sites bear on the timing
of glacier contraction into Cordillera Darwin during HS1 (Tables 1
and 2). On the north side of the mountains, the Punta Marinelli
and Punta Esperanza bogs both are located near sea level, directly
up flowline of the former Bahía Inútil ice tongue (Fig. 1). The core at
Punta Marinelli bog (MARPT-07-02; Fig. 2) is more than 11 m long
and consists of peat resting on laminated organic silt, which in turn
overlies inorganic blue-gray clay with dropstones. We encountered
a boulder at 11.06 m depth, which terminated coring. Probing
suggested that the clay continues more than half a meter below the
level reached by our core. Tephra occurs at 10.24 m depth within
the organic silt unit.

We obtained seven radiocarbon dates from the lowest meter of
the Punta Marinelli core (Table 2). The lowest samples for dating
were taken from a 2-cm interval in the top of the blue-gray clay and
yielded ages of 16,120 � 590 yr BP (OS-63929) for seeds and
16,777 � 238 yr BP (OS-64070) for sedge and moss macrofossils.
Sedge fragments collected at the contact with the overlying silt
dated to 16,386 � 485 yr BP (OS-61606). Peat collected 1 cm higher
in the core yielded a similar age (16,106 � 644 yr BP; OS-64068).
Samples taken yet another centimeter higher produced older
dates of 17,009 � 226 (OS-64095; peat macrofossils) and
17,154 � 300 (OS-61545; gyttja) yr BP that are out of stratigraphic
order. An additional date of 15,632 � 561 yr BP (OS-61550) is of
gyttja collected just above the tephra.

We also retrieved an 8.77-m long core (PE-07-01) from a bog at
Punta Esperanza at the mouth of Brooks Fjord (Fig. 1; Table 1).
Probing indicated that the bog is at least a meter deeper than the
level reached by our core, which did not penetrate the basal blue-
gray clay. Rather, the core consists of peat overlying brown organic
silt, which becomes increasingly less organic with depth. A tephra
layer, likely the same one as in the Punta Marinelli bog, occurs near
the bottomof the core at 8.68e8.69mdepth. Two radiocarbon dates
of samples from the lowest meter of the core (Table 2) yielded ages
of 13,750 � 447 (OS-64245; macrofossils) and 16,356 � 488 yr BP
(OS-61551; gyttja) in stratigraphic sequence.

Our coring sites alongside the Beagle Channel are situated in the
central sector of Cordillera Darwin. Caleta Olla (CO-07-02) and

nearby Ventisquero Holanda (H-07-01; Fig. 1) are the lowest-
elevation coring locations (20 m and 45 m a.s.l., respectively) in
this region. Neither site featured an ideal bog; rather each merely
consisted of a small hillside depression filled with organic matter.
The resulting cores consist of as much as 5.5 m of peat. Dated sedge
fragments in a 2-cm-thick gravel-rich layer overlying bedrock at
each of these sites yielded ages of 14,768 � 360 yr BP (OS-61638) at
Ventisquero Holanda and 12,097 � 136 yr BP (OS-61542) at Caleta
Olla. Farther west near Bahía Pía, basal organics from sites at
w250 m and w150 m elevation gave ages of 10,485 � 195 (OS-
61603; macrofossils) and 14,486 � 520 yr BP (OS-64237; macro-
fossils), respectively (Tables 1 and 2).

3. Quality of radiocarbon dates

Radiocarbon dates from the sampled cores generally are in
stratigraphic order. A reversal exists in the PuntaMarinelli bog core,
but the ages nearly overlap within errors. If reliance were placed
solely on the oldest age from this core, deglaciation of the site
would have occurred prior to w17,200 yr BP. However, because of
the reversal and the large errors brought about by calibration, and
also because the lower six dated samples are all from within a few
centimeters of each other, we prefer to use an error-weightedmean
of these six samples, which yields a date of 16,840 � 350 yr BP. This
is a minimum-limiting age for the timing of deglaciation at this core
site.

The distinctive tephra layer that occurs within the cores
collected on the north flank of Cordillera Darwin affords a cross-
check on the radiocarbon chronology (Fig. 3). This tephra almost
certainly is from the Reclus volcano because of its age (Stern, 2008).
An eruption of this volcano caused deposition of tephra in much of
the Straits of Magellan region at 15,170 � 1130 yr BP (12,685 � 260
14C yr BP, Stern, 2008), an age consistent with our radiocarbon
dates. For example, at Punta Marinelli, an age of 15,632 � 561 yr BP
for gyttja collected at the upper contact of the tephra is within error
of the age determined by Stern (2008). Although there are large
errors both in our calibrated ages and in the tephra age estimate,
the general consistency of the two types of data adds to our
confidence in the deglaciation chronology given below.

4. Glacial chronology

All radiocarbon dates presented above are minimum-limiting
values for deglaciation of the sample sites. Moreover, the cores all
lack evidence (in the form of till, inorganic sediment, erosional
surfaces, or disturbance) for ice overriding subsequent to initial
deglaciation. Instead, the sediments indicate peat growth after (in
some locations) a lacustrine phase. Thus, the basal ages in the cores
also constrain subsequent ice extent.

On the north side of Cordillera Darwin, basal ages from the cores
are as old asw16,800 yr BP, indicating that ice must have retreated
into the inner fjords of Cordillera Darwin by that time. For example,
at that time Punta Marinelli bog data show that Ventisquero
Marinelli could not been more than 7 km beyond its late Holocene
moraine, which was occupied as late as the 1970s (Holmlund and
Fuenzalida, 1995). In addition, the stratigraphy and chronology of
the cores, and the fact that both coring sites are near sea level,
indicate that ice could not have advanced to the mouth of either
Brooks or Marinelli fjords after 16,400e16,800 yr BP.

On the south side of Cordillera Darwin alongside Beagle
Channel, the oldest age, 14,800 yr BP, is from the Ventisquero
Holanda site (45 m elevation), located less than 800 m beyond the
late Holocene moraine complex and about 2 km from the present-
day glacier terminus. Along with a similar age from site BL-07-16B
alongside Bahía Pía (Table 2), this result indicates deglaciation of

Table 1
Details of coring sites.

Site Location Elevation (m) Bog depth (m)

Punta Marinelli Bog 54� 20.4720S 49 >11.0
69� 31.8800W

Punta Esperanza 54� 18.7110S 11 >8.75
69� 56.9420W

Ventisquero Holanda 1 54� 56.6430S 45 3.95
69� 7.9020W

Caleta Olla 2 54� 56.2590S 20 5.50
69� 10.330W

BL-07-15 54� 49.0530S 244 1.50
69� 44.0970W

BL-07-16 54� 49.4070S 156 4.70
69� 44.1810W
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this sector of Beagle Channel prior to 14,800 yr BP. Neither site has
been recovered by glacier ice since that time.

Taken together, our data strongly suggest that glaciers receded
into the heart of Cordillera Darwin during HS1. Cosmogenic 10Be
exposure-ages show that the innermost LGM moraine at Bahía
Inútil dates to roughly 18,400 yr BP (McCulloch et al., 2005b;
Kaplan et al., 2008, 2011). Characteristic granite erratics indicate
that this moraine was produced by ice that flowed from the north
side of Cordillera Darwin (Evenson et al., 2009). Our data indicate
that by w16,800 yr B.P., if not earlier, ice had retreated from this
moraine more than 135 km into Brooks and Marinelli fjords in the
heart of Cordillera Darwin. This timing is consistent with an age

obtained from a marine core that indicate ice-free conditions by at
least w15,800 yr BP (NBP0505-JPC77) in Seno Almirantazgo just
offshore of Punta Marinelli bog (Boyd et al., 2008).

Previously published radiocarbon dates of samples from bogs
alongside the eastern Beagle Channel yielded minimum-limiting
ages for ice recession of w17,800 yr BP (QL-4279) at Harberton,
w15,100 yr BP (QL-1685) for a site on Isla Navarino, w14,600 yr BP
(Beta 55681) near Ushuaia, and w11,800 yr BP (RL-2001) for
Lapataia (Fig. 1) (Heusser, 1989a,b, 1998, 2003; Rabassa et al., 1990).
These sites are situated southeast of Cordillera Darwin, the
presumed center of ice dispersal (Coronato et al., 1999; Rabassa
et al., 2000). Although only minimum-limiting values for ice

Fig. 2. Left panels show the bottom meter of the Punta Marinelli Bog core, with location of dated samples. In this section, banded lacustrine silt overlies sticky, blue-gray gla-
ciolacustrine clay. Tephra, likely the Reclus tephra, also occurs in the core. Panel on the right shows an oblique photograph of the core site. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Radiocarbon data. All samples were analyzed at the NOSAMS laboratory at Woods Hole Oceanographic Institution. Radiocarbon ages were converted to calendar years using
CALIB 6.0.1 and the INTCAL09 and MARINE09 datasets (Reimer et al., 2009). Dates presented here are calculated as the midpoints of the ranges given by CALIB. Calibrations
with a probability <10% are not included in the table.

Core Depth (m) Lab # Material 14C yrs B.P. 1s d13C Cal yr B.P. 2s

H-07-01 3.95 OS-61638 Peat macrofossils 12,550 60 �25.22 14,768 360
CO-07-02 5.30 OS-61542 Peat macrofossils 10,300 50 �26.25 12,097 (78%) 136

12,315 (19%) 71
BL-07-15 1.50 OS-61603 Grass, sedge 9310 65 �25.11 10,485 195
BL-07-16B 4.56 OS-64237 Peat macrofossils 12,350 120 �21.58 14,486 520
PE-07-01 8.655e8.680 OS-64245 Peat macrofossils 11,900 190 �23.06 13,750 447
PE-07-01 8.740e8.765 OS-61551 Gyttja 13,350 65 �22.55 16,356 488
MARPT-07-02 10.24 OS-61550 Gyttja 12,950 60 �21.76 15,632 561
MARPT-07-02 10.34e10.35 OS-64095 Peat macrofossils 13,950 55 �21.05 17,009 226
MARPT-07-02 10.34e10.35 OS-61545 Gyttja 14,050 70 �21.34 17,154 300
MARPT-07-02 10.35e10.36 OS-64068 Peat macrofossils 13,250 85 �19.41 16,106 644
MARPT-07-02 10.36 OS-61606 Sedge fragments 13,400 85 �22.89 16,386 485
MARPT-07-02 10.36e10.38 OS-63929 Seeds 13,250 55 �26.36 16,120 590
MARPT-07-02 10.36e10.38 OS-64070 Sedge/moss macrofossils 13,650 90 �19.16 16,777 238

Previously published ages discussed in text
Harbertona 10.4 QL-4279 Unknown 14,640 260 N/A 17,844 679
Caleta Róbalob 9.1 QL-1685 Unknown 12,730 90 N/A 15,103 530
Ushuaia 2c 8.2 Beta 55681 Bulk organics 12,430 80 N/A 14,564 452
Lapataiac 5.1 RL-2001 Bulk organics 10,080 250 N/A 11,816 738
Seno Almirantazgod 0.782 NBP0505 JPC77 Marine carbonatee 13,650 70 N/A 15,845 624

a Heusser (1989a).
b Heusser (1989b).
c Heusser (1998).
d Boyd et al. (2008).
e A delta R of 140 years was applied to this sample, following the original authors.
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recession, these ages have been used to imply that significant
amounts of ice remained in the central Beagle Channel until at least
11,800 yr BP (Rabassa, 2008). However, our new data indicate that
ice had retreated back into central Cordillera Darwin by at least
14,800 yr BP. For example, at Ventisquero Holanda, the glacier could
not have been more than 2 km beyond its present limit by that
time. Because this site is near sea level, the adjacent Beagle Channel
must have been free of ice.

If one accepts existing ice reconstructions, as well as our new
chronology, then some or all of the previously published radio-
carbon dates from bogs along the eastern Beagle Channel are not
close-limiting ages for deglaciation. An alternate possibility, and
one that cannot be eliminated at present, is that existing LGM ice

reconstructions and flow directions for Cordillera Darwin need
revision, and that the main ice center was not in the central
Cordillera Darwin as proposed previously, but was located farther
east. In such a case, deglaciation could have proceeded from both
east and west (resulting in the relatively old ages near Ventisquero
Holanda), leaving a small remnant ice mass until w11,800 yr B.P.
(Fig. 1). Indeed, we observed striations and ice-molded landforms
adjacent to the Beagle Channel near Ventisquero Holanda that
suggest flow was to the west, consistent with an eastern ice divide.
However, there is little additional evidence at present in support of
such an eastern ice center.

Our data also limit ice extent subsequent to the initial collapse
back into Cordillera Darwin. Based on correlation of an undated ice-
marginal landform with a limited number of sections suggesting
a proglacial lake in the Straits of Magellan, McCulloch et al. (2005a)
proposed a northward advance from Cordillera Darwin through
Canal Whiteside to a position on northeastern Isla Dawson, more
than 100 km north of PuntaMarinelli bog, during the Antarctic Cold
Reversal (ACR; Fig. 1). However, our data are not consistent with
this hypothesis. Because two of our sites (particularly Punta
Esperanza) are near sea level and are directly along the former ice
flowlines from Cordillera Darwin to Isla Dawson, evidence of any
ACR advance would be recorded in our cores. Such evidence,
including till layers, erosional unconformities, or deformation of
the sediments in the cores, is lacking. We therefore suggest that the
ice-marginal position on Isla Dawson, thought to be of ACR age,
actually dates to an earlier time and that any Late-glacial advance
was confined to the fjords of Cordillera Darwin itself. Our data from
the Beagle Channel also are consistent with retracted ice during the
ACR. As mentioned above, the core site at Ventisquero Holanda is
less than 2 km from the present-day glacier, constraining possible
ice advance to less than that distance over the past 14,800 years.
Therefore, we conclude that there was not a significant Late-glacial
readvance from Cordillera Darwin to Isla Dawson to the north or
through the central Beagle Channel to the south. The actual posi-
tion of ice in Cordillera Darwin during the ACR remains unknown.

Although given the low-elevations of our coring sites (Table 1)
we have concluded that glaciers never flowed out of the inner
fjords of Cordillera Darwin after HS1, there is an alternate possi-
bility. Because neither the Straits of Magellan nor the Beagle
Channel may have been a marine basin at this time due to global
sea-level changes (Bentley et al., 2005; Bujaleski, 2011), it is
possible that a glacier extended past our coring sites at elevations
now below present-day sea level. This scenario would require
ignoring the date of 15,800 yr BP from the sea floor offshore of our
Marinelli coring site (Boyd et al., 2008). The date was of total
organic carbon, and such dates can be suspect in formerly glaciated
terrains because of the intermixing of reworked old carbon.
However, even if one ignores this date, the possibility of ice tongues
below present-day sea level near our coring sites does not change
our overall conclusions concerning the proposed ACR ice position
on Isla Dawson. Such thin glaciers could not have formed ice-
marginal landforms above current sea level on Isla Dawson
w100 km to the north.

Thus, most data support the idea that extensive outlet glaciers
which emanated from Cordillera Darwin during the LGM had
retreated deep into the mountain range close to present-day ice
margins before 14,800 (south side) to 16,800 (north side) yr BP. If
the proposed age for the inner LGM moraines at Bahía Inútil is
correct (w18,400 yr BP), then this recession occurred within as
little as w1600 years. This timing of ice retreat is consistent with
other Southern Hemisphere records. For example, in the Chilean
Lake District (37e41�S) ice receded rapidly after w18,000 yr BP
(Denton et al., 1999a,b) and on Staten Island east of Cordillera
Darwin, ice recessionwas underway byw16,000 yr BP (Unkel et al.,

Fig. 3. Comparison of glacier fluctuations in Cordillera Darwin during HS1 with other
climate records. (A) GISP2 oxygen isotopes (Stuiver and Grootes, 2000); (B) timee
distance diagram of Cordillera Darwin glaciers, reconstructed from flow lines in Brooks
and Marinelli fjords and the data presented in this paper. Glacier length is relative to
the 2005 terminus; (C) Patagonian mountain glaciers (Denton et al., 1999a); (D)
Southern Ocean upwelling, as determined by opal flux (Anderson et al., 2009); (E)
EPICA Dome C deuterium (Monnin et al., 2001); (F) EPICA Dome C carbon dioxide
(Monnin et al., 2001). (G) Summer insolation at 60� N and 60� S.
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2008; Möller et al., 2010). On the western side of the Pacific,
mountain glaciers in the Southern Alps of New Zealand also
underwent similar recession (Denton et al., 1999a; Suggate and
Almond, 2005; Schaefer et al., 2006; Putnam et al., in press).
Moreover, climate records from Antarctic ice cores and Southern
Oceanmarine cores, including fromODP Site 1233 taken offshore of
Chile, show a concurrent rise in temperature (EPICA Community
Members, 2004; Lamy et al., 2004; Kaiser et al., 2005; Calvo et al.,
2007; Strelin et al., 2011). This rise was synchronous with a rapid
increase in upwelling in the Southern Ocean and an incursion of
warm water into the Drake Passage (Anderson et al., 2009).

The widespread warming in the Southern Hemisphere during
HS1 indicates that rapid ice recession in Cordillera Darwin was not
an isolated event caused, for example, by local ice dynamics. Rather,
collapse of Cordillera Darwin outlet glaciers was the response to
a major warming pulse that characterized HS1 in the southern
middle and high latitudes. We point to the strong correlation
between Antarctic and Southern Ocean temperature rise and
southern temperate glacier retreat (EPICA Community Members,
2004; Denton et al., 2010) and suggest that there are two very
puzzling aspects of our results. The first is that glaciers in south-
ernmost Patagonia were retreating rapidly while the North Atlantic
remained cold, at least in winter. The second is that this recession
occurred during a time when summer insolation intensity at these
southern latitudes was decreasing (Fig. 3).

During the last termination, winter duration decreased (and
that of summer increased) in Antarctica, which allowed less time
for sea-ice formation and increased the time available for breakup
and melt of the huge Southern Ocean sea-ice fringe (Huybers and
Denton, 2008). This reduction in sea ice, along with southward
shift in the westerly wind belts and linked oceanic fronts (Kaiser
et al., 2005; Anderson et al., 2009), may have contributed to the
disintegration of Southern Ocean stratification and outgassing of
CO2 at the start of the last termination. Cordillera Darwin, posi-
tioned just north of the present-day Subantarctic Front, was ideally
situated during the termination to recordmovement of oceanic and
atmospheric fronts and indeed, poleward migration of the west-
erlies has been proposed for the end of the ACR from Staten Island
(Björck et al., 2012), at the same latitude as Cordillera Darwin. The
rapid ice retreat by the early stages of the termination recorded by
our data suggests that the fronts also shifted south of Cordillera
Darwin during HS1.

5. Conclusions

Comparison of dated moraines at Bahía Inútil with our radio-
carbon dates from the northern margin of Cordillera Darwin leads
us to postulate massive ice collapse that began at w18,400 yr BP
andwhich had progressed such that icewas confined to the interior
fjords by 16,800 yr BP. This recession was coincident with rapid
warming in the southern temperate and high latitudes during HS1
and probable poleward shift of atmospheric and oceanic fronts.
Comparison of Cordillera Darwin ice collapse with glacial records
from the Southern Alps of New Zealand and with the climate signal
revealed in Antarctic ice cores indicates that this was a trans-Pacific
event at both high and middle southern latitudes. Moreover, it
marks the most pronounced phase of the last termination in the
Southern Hemisphere. Rapid warming and ice recession at a time of
decreasing local summer insolation intensity suggests that warm-
ing of Southern Ocean temperatures, perhaps driven by stadial
conditions in the Northern Hemisphere (i.e., Broecker, 1998;
Anderson et al., 2009; Denton et al., 2010) and by reductions in sea
ice on the Southern Ocean driven by changes in the length of
Antarctic seasons (Huybers and Denton, 2008), played an impor-
tant role in the last termination in the Southern Hemisphere.
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