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A B S T R A C T

Despite more than a century of research, the cause of the last ice-age termination remains uncertain. Here, we 
reconstruct the thinning history of the Cordillera Darwin Icefield, southernmost Chile, to track relative summer 
temperature change at the end of the ice age and to explore potential drivers of the warming. Eighteen 10Be 
exposure ages of erratics perched on glacially scoured bedrock indicate rapid surface lowering of at least 500 m 
elevation in the heart of the former icefield at some time between 18.8 and 16.9 ka at the onset of the termi
nation. We infer that this drop in ice level reflects an increase in summer temperatures, which led to extensive 
glacier melt. We attribute the underlying cause to a poleward shift of the southern westerly winds, which placed 
the Cordillera Darwin Icefield in warmer air masses with temperatures incompatible with its LGM extent.

1. Introduction

What ended the last ice age? Traditionally, ice-age terminations, 
such as Termination I (~17.5–11.7 ka) are thought to have been forced 
by northern hemisphere summer solar insolation intensity (e.g., Milan
kovitch, 1941; Imbrie et al., 1993; Raymo, 1997). However, researchers 
as early as Mercer (1984) noted that this hypothesis cannot explain the 
broad global synchrony of terminations, because insolation is out of 
phase between the polar hemispheres. Thus, this view of insolation 
forcing requires propagation of the northern hemisphere signal to the 
entire globe. More recent work has looked for a cause in the inter
hemispheric phasing of millennial-scale changes during the termination. 
Hypotheses now hinge to a large degree on whether global climate was 
synchronous at these shorter timescales. For example, perceived 

asynchronous climate behavior during Termination I (e.g., Sowers and 
Bender, 1995) has led some to invoke a bipolar seesaw (e.g., Broecker, 
1998) as a critical driver, whereby shutdown of Atlantic Meridional 
Overturning Circulation (AMOC, McManus et al., 2004) caused warming 
of the southern hemisphere. Alternatively, those who favor globally 
synchronous climate commonly call upon atmospheric greenhouse gases 
to drive the end of the ice age (e.g., Shakun et al., 2012). Another pos
sibility is that a latitudinal shift in the southern westerly winds (SWW), 
perhaps driven by southern hemisphere winter duration, influenced 
ocean heat storage and release, as well as atmospheric water vapor and 
carbon dioxide, causing globally synchronous climate change (Denton 
et al., 2021). Evaluating these hypotheses for the last termination re
quires accurate paleoclimate records from a variety of latitudes. Such 
information can show not only whether events are globally 
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synchronous, but also whether the magnitude and rates of change are 
compatible with the proposed forcing mechanisms.

As a proxy for the timing and relative magnitude of summer tem
perature change during the last termination, we present here a new 
record of ice thinning in southernmost South America. Our chronologic 
data show a rapid reduction in surface elevation of the Cordillera Dar
win Icefield at ~18.8–16.9 ka, at the start of the termination. We 
attribute this thinning to warming that accompanied a sudden south
ward shift in the SWW, which placed Cordillera Darwin in subtropical 
air masses more typical of interglacial times and not capable of sus
taining the extensive LGM icefield.

2. Background

Cordillera Darwin (Fig. 1) is a west-east trending range near the 
southern tip of South America (54–55◦S). The mountains rise from sea 
level to ~2400 m elevation and are covered by the Cordillera Darwin 
Icefield at present. The climate is maritime near the Pacific coast, but 
drier to the east (Tuhkanen, 1992). Glaciers descend to sea level in the 
center of the range, which is dissected heavily by fjords.

During the last glacial maximum (LGM), the present icefield 
expanded significantly to terminate on (or, in places, close to) the con
tinental shelf (Coronato et al., 1999; Rabassa et al., 2000), although the 
exact LGM limit is uncertain in many places (Davies et al., 2020). 
Existing data suggest that the ice spread outward from mountain peaks 
and was influenced strongly by underlying topography. Ice flow was 
funneled through the major channels, such as Canal Beagle (Beagle 
Channel) south of the mountains and Canal Whiteside to the north 
(Fig. 1). North of the mountains, Cordillera Darwin outlet glaciers 
merged with eastward-flowing ice in the Estrecho de Magallanes (Straits 
of Magellan) and Bahía Inútil (Peltier et al., 2021; Huynh et al., 2024
and references therein; McCulloch et al., 2024). Cosmogenic exposure 
dates suggest that ice remained within the LGM moraine belt until 
~18.2 ka (Lennon, 2014; Peltier et al., 2021) and retreated southward to 
the inner fjords before ~17 ka (Hall et al., 2013, 2019; Moreno et al., 
2023; McCulloch et al., 2024, Fig. 2). This expanded icefield was 

contiguous with the larger Patagonian ice sheet to the north, but 
maintained its own independent centers of outflow; separation of these 
ice masses is thought to have occurred at roughly 20–15 ka (Davies 
et al., 2020).

South of the range, information on former glacier extent and fluc
tuations is much more limited, given the remote nature of the region. At 
the LGM, an ice stream flowed eastward through the eastern half of 
Canal Beagle and terminated near the Atlantic Ocean (Rabassa et al., 
2000). Near central Cordillera Darwin, Canal Beagle splits into two arms 
at Punta Divide (Fig. 1). West of this split, our own examination of 
subglacial erosional features indicates that LGM ice flow was to the west. 
These contrasting flow directions suggest the presence of a former ice 
divide somewhere to the east of Punta Divide, but its precise location 
and evolution through time remains unknown. Likewise, the exact po
sition of the LGM terminus of the icefield along its southern and western 
margins also remains uncertain. For example, from an analysis of coastal 
sections, Hodgson et al. (2023) recently proposed a far-southern margin 
for the icefield on Isla Hermite (Fig. 1), beyond the LGM limit depicted in 
some reconstructions, but similar to the ice position at 35 ka suggested 
by Davies et al. (2020).

Chronology is likewise sparse south of the Cordillera Darwin sum
mits. A handful of basal radiocarbon ages from bogs suggests minimum- 
limiting ages of 17.8–16.8 ka (Heusser, 1989a; McCulloch et al., 2020) 
for deglaciation of the eastern Canal Beagle (Fig. 2). Our prior 
minimum-limiting radiocarbon data from bogs located near the center of 
the former icefield indicate deglaciation of the western mountains 
before 14.8–14.4 ka (Hall et al., 2013), and Hodgson et al. (2023) ob
tained a single minimum-limiting radiocarbon age of 13.0 ka for 
deglaciation at the far southern tip of the icefield. It is unknown if any of 
these radiocarbon ages afford close-limiting ages.

3. Methods

To determine the timing of deglaciation and to assess thinning rates 
in the center of the icefield, we tracked recession along a vertical tran
sect at Fiordo Pía (Fig. 3), south-central Cordillera Darwin, using 10Be 

Fig. 1. Index map showing the location of the field area relative to the approximate LGM ice margin (yellow line; modified from Coronato et al., 1999) and major 
geographic features. The inset map of South America shows the location of the main image (white box). The Cordillera Darwin field area in the main image (red box) 
lies within the center of the former LGM icefield. Base map is from https://experience.arcgis.com/experience/be61ce26335e4f02967071a6479e0dff).

B.L. Hall et al.                                                                                                                                                                                                                                   Quaternary Science Reviews 373 (2026) 109754 

2 

https://experience.arcgis.com/experience/be61ce26335e4f02967071a6479e0dff


surface exposure and radiocarbon dates. This sector lies in the heart of 
the former ice sheet and drains ice from the highest peaks. The transect 
extends from 611 to 114 m elevation along a bedrock ridge adjacent to 
the southwest arm of Fiordo Pía. The ridge descends southward toward 
Canal Beagle (Fig. 4). The area shows strong areal scouring and rela
tively little vegetation, consisting mainly of exposed bedrock and 
interspersed bogs. Erratics with common glacial molding and rare stri
ations and polish are abundant (Fig. 5).

For exposure dating, we chose large, stable, granitic boulders 
commonly perched on bedrock (Fig. 5). The upper surface of each 
boulder was sampled using hammer and chisel or the drill and blast 
method (Kelly, 2003). Seventeen samples (with one additional dupli
cate) were processed at the University of Maine (n = 8) and 
Lamont-Doherty Earth Observatory (n = 10) cosmogenic isotope labo
ratories and show strong internal consistency. Methods consisted of 
purification of quartz with weak HF etches, followed by dissolution of 
quartz and extraction of beryllium using standard procedures (modified 
from Ditchburn and Whitehead, 1994). Samples were analyzed at 
Lawrence Livermore National Laboratory. We employed the v.3 calcu
lator of Balco et al. (2008) with the Lago Argentino (Kaplan et al., 2011) 
production rate (with one outlier removed as recommended by those 
authors) and St scaling (Lal, 1991; Stone, 2000). As per standard pro
cedures, all samples were corrected for topographic shielding. We did 
not make a correction for snow cover as these sites are highly exposed 
and wind-swept. We normalized the dates to 1950 for better comparison 
to radiocarbon data. We excluded one sample (PIA12-12) on the basis 
that its age is more than two standard deviations older than the next 
oldest sample. To reconstruct thinning rates, we employed the iceTEA 
vertical thinning tool of Jones et al. (2019). To set our results in a 
regional context, we also recalculated previously published data from 
the Estrecho de Magallanes with the same parameters (Table S1); these 

dates may differ slightly from those given by the original authors.
To afford a complementary means of constraining deglaciation, we 

cored bogs along the same transect to obtain the oldest organic mate
rials, which afford minimum-limiting ages for ice recession. We cleaned 
macrofossils with ultrapure water and sent them to the NOSAMS 
radiocarbon laboratory for processing. We converted results to calendar 
years using CALIB (Stuiver and Reimer, 1993) and the INTCAL20 dataset 
(Reimer et al., 2020). We considered, but did not use SHCal20 (Hogg 
et al., 2020), which is less well-constrained for this period. Atmospheric 
radiocarbon differences between the hemispheres (typically a few de
cades) are negligible when determining the timing of deglaciation.

4. Results

Eighteen 10Be exposure ages of granitic boulders are 21.9–16.0 ka 
and constrain the deglacial history of this region (Table 1). After 
removal of the one old outlier, the data center between ~18–17 ka, with 
a mean of 17.5 ka (Figs. 3 and 6). The high-precision 10Be ages lack a 
strong relationship to sample elevation, with ages at the top of the ridge 
being similar to those near the base. Using a linear least-squares 
regression model that employs a Monte Carlo simulation (Jones et al., 
2019), we calculated likely ranges of thinning rates for the ice at this site 
of 0.52–3.66 m/yr (68 % confidence) to 0.32–19.89 m/yr (95 % confi
dence). This equates to ice lowering from the position of the highest 
sample (611 m) to within at least 100 m of present-day sea level in less 
than 1000 years, perhaps in as little as 150 years (at 68 % confidence). 
Modelled onset of thinning ranges from 18.8–17.5 ka (95 % confidence 
interval in Fig. 6a), and the entire 95 % confidence interval from the 
earliest onset of thinning to the latest possible completion ranges from 
18.8–16.9 ka.

We cored 12 bogs along the same ridge. Sediment thickness reached 

Fig. 2. Previously published constraining ages for deglaciation of the Cordillera Darwin Icefield from the approximate LGM position (marked by a yellow line, after 
Coronato et al., 1999). Samples include both exposure ages of glacial erratics and radiocarbon ages of organic materials, both in thousands of years. Exposure ages are 
keyed to Table S1 by the small number after the age. They date the timing of deglaciation. Minimum-limiting radiocarbon ages, distinguished from the exposure ages 
by the “>” symbol, are presented in (and keyed to) Table S2. The star shows the location of our present study and the approximate timing of the onset of thinning 
derived from the 95 % confidence interval in Fig. 6a.
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Fig. 3. The Pía field area showing areally scoured terrain and sample locations. Ridgelines rise from Canal Beagle (bottom) toward the crest of Cordillera Darwin 
(top). During deglaciation, ice thinned down these ridgelines toward Canal Beagle, which supported an ice stream at the time. White triangles mark the location of 
exposure age samples, with dates given in ka and keyed to Table 1 (small numbers after ages), which record the timing of this thinning. Green triangles show the 
location of core sites with minimum-limiting radiocarbon ages, with the numbers in the triangles keyed to Table 2. White line gives the limit of a mid-Holocene ice 
margin (our own unpublished data) from glaciers in Fiordo Pía for reference. Tick marks on the line delineate the ice-contact slope. Base image from Gar
min Birdseye.

Fig. 4. Placement of exposure-age samples relative to topography along the main transect toward Canal Beagle (south). Ages are in thousands of years. Red numbers 
give sample names. Two samples on an adjacent ridge are not shown. Sample PIA12-12 was deemed an outlier and is shown in italics.

B.L. Hall et al.                                                                                                                                                                                                                                   Quaternary Science Reviews 373 (2026) 109754 

4 



more than 5 m where bogs occupy a fault zone but was ≤1.5 m at the 
highest elevation site, which displays only thin, poorly developed peat 
in a shallow basin. Most cores show peat overlying blue-gray clay 
thought to have formed during or immediately after deglaciation. 
Twenty-six radiocarbon dates of the lowest or near-lowest organic 

materials (Table 2) are 10.5–16.6 ka, with most (n = 21) being between 
15.5 and 16.6 ka. Some analyses were repeated to improve precision, as 
initial samples required small-sample processing that led to larger-than- 
normal errors. All are minimum-limiting ages for deglaciation.

Fig. 5. View of terrain and sample sites. A. Perched erratics, including a large perched boulder approximately 1.5 m across, are common on the scoured bedrock. 
View is to the northeast; B. View to the southeast of the bog (people for scale) from which the PIA24-1 core was taken (green triangle 12 in Fig. 3). This core produced 
a basal radiocarbon age of 16.2 ± 0.2 ka; C) Sample from which PIA12-2 (exposure age sample 4 in Fig. 3) was taken, with backpack for scale; D) Sample from which 
PIA12-21 (exposure age sample 16 in Fig. 3) was collected. Boulder is roughly 2.5 m across, and view is to the west.

Table 1 
Exposure-age data from this study.

Sample Latitude Longitude Elevation (m) Thickness (cm) Shielding [Be-10] at/g*104 Error at/g*103 Age (ka) Error
1EXP06-10 − 54.8281 − 69.6864 157 5.58 0.9849 9.05 2.02 18.5 0.4
2EXP06-13 − 54.8294 − 69.6868 128 2.32 0.9793 8.47 1.67 17.4 0.3
3E07-14 − 54.8182 − 69.7358 250 5.24 0.9953 9.70 1.97 17.9 0.4
4PIA12-2M − 54.8256 − 69.7402 157.75 2.35 0.9996 9.15 1.80 17.9 0.4
4PIA12-2L − 54.8256 − 69.7402 157.75 2.98 0.9996 8.95 1.79 17.6 0.4
5PIA12-3 − 54.8257 − 69.7402 158.02 2.81 0.9996 8.69 2.70 17.1 0.5
6PIA12-7 − 54.8291 − 69.7418 113.98 0.92 0.9987 7.91 2.41 16.0 0.5
7PIA12-8 − 54.8303 − 69.7427 116.14 3.03 0.9884 8.27 1.83 17.1 0.4
8PIA12-11 − 54.8224 − 69.7320 166.73 3.80 0.9990 9.43 1.85 18.5 0.4
9PIA12-12 − 54.8224 − 69.7320 165.00 1.50 0.9889 11.12 3.68 21.9 0.7
10PIA12-13 − 54.8205 − 69.7331 207.70 1.81 0.9967 9.46 2.26 17.6 0.4
11PIA12-14 − 54.8181 − 69.7358 240.73 5.20 0.9982 9.41 2.51 17.4 0.5
12PIA12-15 − 54.8155 − 69.7328 305.96 1.82 0.9898 10.57 2.13 18.1 0.4
13PIA12-16 − 54.8145 − 69.7303 344.94 1.07 0.9934 10.31 2.34 16.8 0.4
14PIA12-18 − 54.8133 − 69.7309 384.05 1.30 0.9886 11.45 3.71 18.2 0.6
15PIA12-20 − 54.8122 − 69.7321 427.40 2.46 0.9934 11.71 2.15 17.9 0.3
16PIA12-21 − 54.8078 − 69.7310 517.56 1.28 0.9997 12.24 4.00 16.9 0.6
17PIA12-22 − 54.8033 − 69.7281 611.01 1.27 0.9993 13.50 4.84 17.2 0.6

All samples were calculated using a density of 2.7 g/cm3 and are referenced to 07KNSTD (Nishiizumi et al., 2007).
Samples additionally were corrected by − 56 yrs (2006 samples), − 57 years (2007 samples), and − 62 years (2012 samples) to normalize them to 1950 for comparison 
with radiocarbon data.
PIA12-2 was run twice, once at Maine (M) and once at Lamont (L).
Sample locations are keyed with superscripts to Fig. 3 and a statistical outlier is noted by italics.
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5. Discussion

The exposure ages form a tightly constrained group that indicates 
deglaciation of this site occurred at some time between 18.8–16.9 ka 
(Fig. 6a), with a likely onset between 18.8–17.5 ka. The high internal 
consistency of the ages argues against any significant inherited nuclides 
or erosion, with the possible exception of the one excluded sample. In 
keeping with them being minimum-limiting ages, radiocarbon dates are 
younger than the exposure ages, with the oldest being 16.6 ± 0.4 ka of 
small wood fragments at 150 m elevation. This oldest radiocarbon age 
overlaps with the younger exposure ages, particularly when production 
rate errors are included (Fig. 6b).

Dates of erratics and the modelled thinning rates indicate that the ice 
surface level dropped to near present-day sea level rapidly (Fig. 6). Such 

a rapid reduction in surface elevation must have been accompanied by 
horizontal ice recession from near the former LGM margin to the very 
center of Cordillera Darwin at that time (Fig. 7), suggesting that a large 
portion of the icefield may have disappeared. Erosional indicators, such 
as stoss and lee forms, show that ice from Fiordo Pía flowed westward 
onto the continental shelf at the LGM. There are no published chrono
logic data to record recession from the shelf to Fiordo Pía, although 
model reconstructions suggest (with low confidence) that minor reces
sion had begun by ~20 ka (Davies et al., 2020, Fig. 7). Flow lines from 
Fiordo Pía to the modelled 20 ka limit (Davies et al., 2020) range from 
75 to 130 km in length and give an estimate of the potential magnitude 
of horizontal ice recession associated with the vertical thinning we 
document in the center of Cordillera Darwin. Although onset of ice 
recession from the western continental shelf remains unconstrained by 

Fig. 6. Exposure ages (A = internal errors; B = external errors) plotted vs. elevation. Here, we used a weighted least squares regression script from the iceTEA toolkit 
(Jones et al., 2019) to derive probable ranges of thinning rates for the Cordillera Darwin Icefield at the Pía field site. Yellow band shows 2σ range of the oldest 
radiocarbon age for comparison.

Table 2 
Radiocarbon data produced in this study.

Core Depth (cm) Lat. Long. Elev. (m) Material Lab # δ13C 14C yr BP Error 
1σ

Cal yr BP Error 
2σ

1BL07-15 150 − 54.8176 − 69.7350 244 Grasses, sedges OS-61603 − 25.1 9310 65 10,490 200
2BL07-16B 456 − 54.8245 − 69.7364 ​ Peat OS-64237 − 21.6 12,350 120 14,510 450
3BL12-1 242–243 − 54.828 − 69.7436 136 Moss OS-96879 − 20.4 13,600 110 16,450 380
3BL12-1 242–243 − 54.828 − 69.7436 136 Moss OS-120370 − 20.2 13,400 40 16,140 150
4BL12-2 347–347.5 − 54.8292 − 69.7433 106 Plant fragments OS-96880 − 22.4 13,450 110 16,200 340
4BL12-2 347.5–348 − 54.8292 − 69.7433 106 Plant fragments OS-120411 − 23.7 13,250 40 15,910 150
5BL12-3 242–244 − 54.8285 − 69.7441 121 Moss OS-96881 − 24.9 12,500 95 14,690 430
6BL12-4 217.5–218 − 54.8274 − 69.7423 148 Plant, wood fragments OS-96873 − 21.1 12,000 90 13,910 170
7BL12-5 391.5–392 − 54.8255 − 69.7414 145 Moss OS-96882 − 28.1 13,250 110 15,930 320
7BL12-5 391.5–392 − 54.8255 − 69.7414 145 moss OS-120412 − 29.1 13,150 40 15,790 150
7BL12-5 392.5–393 − 54.8255 − 69.7414 145 Moss OS-96883 − 29.6 13,050 110 15,620 330
7BL12-5 392.5–393 − 54.8255 − 69.7414 145 Moss OS-120413 − 30.2 13,050 40 15,630 160
7BL12-5 394.5–395 − 54.8255 − 69.7414 145 moss OS-120414 − 28.4 13,100 35 15,710 140
7BL12-5 395–396 − 54.8255 − 69.7414 145 Plant fragments OS-96884 − 27.9 13,100 110 15,680 340
7BL12-5 395–396 − 54.8255 − 69.7414 145 Plant fragments OS-120415 − 28.0 13,000 35 15,540 170
8BL12-6 495 − 54.825 − 69.7401 146 Moss OS-96886 − 30.1 13,500 110 16,280 350
8BL12-6 495 − 54.825 − 69.7401 146 Peat OS-120153 − 28.2 12,900 40 15,430 160
8BL12-6 495 − 54.825 − 69.7401 146 Peat OS-120221 − 28.6 13,250 45 15,910 160
8BL12-6 495 − 54.825 − 69.7401 146 Peat OS-120154 − 27.7 13,150 45 15,790 160
8BL12-6 495 − 54.825 − 69.7401 146 Peat OS-120180 − 25.1 13,100 35 15,710 140
9BL12-7 377–378 − 54.8243 − 69.7388 153 Wood fragments OS-96888 − 25.7 13,700 120 16,620 370
9BL-12-7 377–378 − 54.8243 − 69.7388 153 wood fragments OS-120417 − 26.8 13,450 40 16,190 150
10BL12-8 418–419 − 54.8241 − 69.7382 153 Moss OS-96889 − 23.6 13,400 120 16,130 360
10BL12-8 418–419 − 54.8241 − 69.7382 153 Moss OS-120371 − 25.8 13,200 35 15,850 140
11BL12-9 521.5 − 54.8232 − 69.7364 150 Sedge OS-96890 − 23.9 13,200 120 15,870 360
12PIA24-1B 468 − 54.8250 − 69.7399 143 Gyttja OS-181803 n.a. 13,450 55 16,190 180

Calibrated probabilities <10 % are not shown. Superscripts in column one are keyed to the green triangles in Fig. 3.
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chronologic evidence, on the northeast side of the Cordillera Darwin 
Icefield, outlet glaciers remained at the LGM moraine belt until about 
18.2 ka (Fig. 2). Exposure ages (Table S1) from the innermost LGM 
moraine at Punta Paulo on the Estrecho de Magallanes and at Bahía 
Inútil produce means of 18.2 ± 0.8 ka (Peltier et al., 2021) and 18.2 ±
0.5 ka (Lennon, 2014), respectively. A similar mean age, 18.5 ± 0.6 ka 
(McCulloch et al., 2024), comes from a site located just inboard. 
Minimum-limiting radiocarbon data along the same flowline indicate 
that ice had receded more than 100 km from these locations to the inner 
fjords by at least 17 ka (Hall et al., 2019; Table S2). These data suggest 
rapid horizontal retreat (as much as 80 % of the flowline) of the 
northeast sector of the ice sheet between ~18.2–17 ka.

Although these data for horizontal recession from the LGM position 
are confined to the northeast sector of the Cordillera Darwin Icefield on 
the opposite side of the mountains from our field site, there is no existing 
evidence elsewhere to suggest significant earlier ice recession in other 
sectors. For example, the oldest minimum-limiting radiocarbon ages 
from bogs along Canal Beagle just inboard of the LGM position in the 
eastern sector of the former icefield are 17.8–16.8 ka (e.g., Heusser, 
1989a,b; 1998; McCulloch et al., 2020; Table S2). Thus, we tentatively 
infer that, just as in the northeast sector of the Cordillera Darwin Ice
field, the ice margin on the western shelf also remained relatively close 
to its LGM position until ~18.2 ka. If this assumption is correct, this age, 
coupled with our data from Fiordo Pía, implies rapid ice recession of as 
much as 75–130 km into the center of the range at the very start of the 
termination to a position <15 km from present-day glaciers.

What caused the Cordillera Darwin Icefield to retreat is such a 
fashion? Temme et al. (2025) showed that over the last few decades the 
icefield as a whole has responded primarily to climate change, although 
a small subset of individual tidewater glaciers also were responsive to 
marine forcing. Although glaciers can undergo accelerated retreat for 

non-climatic reasons, we similarly favor climate change as the primary 
driver of retreat over the last glacial termination. Given that re
constructions show that the western icefield margin was almost entirely 
terrestrial at the end of the LGM (e.g., Davies et al., 2020), we do not 
consider marine mechanisms to have played any substantial role in 
causing ice recession. Bathymetric charts do indicate that a narrow 
channel of ocean water could have penetrated to Fiordo Pía during 
deglaciation. However, while calving may have contributed to some 
mass loss of this particular flowline, several factors argue against me
chanical instability as a root cause for recession. First, Canal Beagle is 
relatively narrow (commonly <5 km across) and the passage from our 
field area to the LGM margin is winding and occupied by numerous 
islands that would have afforded robust pinning points, thus halting or 
slowing ice recession due to calving (Fig. 7). Rising sea level and/or 
warming ocean temperatures often are cited elsewhere as causes of 
deglaciation (e.g., Christiansen et al., 2016; Milillo et al., 2022). How
ever, given 1) the small fraction of the ice margin that would have been 
in contact with the ocean, 2) the comparatively minor sea-level change 
between ~18–17 ka, and 3) the fact that reconstructed SSTs off western 
Chile do not show warming until ~16.5 ka (Haddam et al., 2018) after 
deglaciation was nearly complete, we do not attribute the underlyng 
cause of deglaciation of Cordillera Darwin to marine mechanisms. This 
conclusion is supported by the fact that non-marine sectors of the ice
field (e.g., the northeast and southeast sectors) appear to have under
gone the same rapid recession at about the same time as this western 
sector (Fig. 2; Hall et al., 2013, 2019).

Proglacial lakes also can lead to rapid ice recession in some cir
cumstances. McCulloch et al. (2024) proposed that a large lake occupied 
the channels that were exposed during retreat of the northeast sector of 
the ice sheet (e.g., Canal Whiteside, Bahía Inútil), although Moreno et al. 
(2023) showed that any such lake must have been restricted to <23 m 

Fig. 7. Regional context for the chronologic data from Fiordo Pía (yellow box). Red line gives the proposed 20 ka limit of the Cordillera Darwin Icefield from Davies 
et al. (2020). White lines give likely former flowlines (solid = confirmed by field observational data; dashed = potential flow lines). Base image from 
QFuego-Patagonia.
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elevation after 17.3 ka in parts of Canal Whiteside. Whether any large 
lake existed south of the mountains remains to be confirmed. Bathym
etry of Canal Beagle permits containment of a lake in the eastern portion 
of the channel prior to flooding by the sea after the Antarctic Cold 
Reversal (Bujalesky, 2011). However, there does not appear to be a sill 
that would dam a large lake in the western part of the channel between 
our field site and the LGM margin. Thus, we infer that rapid retreat in an 
ice-dammed lake did not significantly contribute to ice recession in this 
sector.

The fact that all sectors for which there are data appear to have 
undergone synchronous fast ice retreat favors atmospheric warming as a 
cause for ice recession over dynamical options. This suggests that this 
warming must have induced a highly negative mass balance on the 
icefield. However, atmospheric CO2 (e.g., Shakun et al., 2012) is un
likely to have caused this warming, as it changed by < 10 ppm (Marcott 
et al., 2014) over the period of recession documented here. Likewise, we 
do not attribute this warming to a bipolar seesaw (Broecker, 1998) 
driven by AMOC, as deglaciation of Cordillera Darwin was essentially 
complete before overturning circulation is proposed to have shut down 
(McManus et al., 2004).

We propose instead that the primary cause of rapid warming of 
Cordillera Darwin was a sudden poleward shift of the SWW belt, which 
divides subpolar and subtropical air masses, to a latitude at or south of 
the icefield. Prior workers have suggested such a southerly movement 
accompanied deglaciation in South America (e.g., Anderson et al., 2009; 
Denton et al., 2010; Boex et al., 2013; Moreno et al., 2023). For example, 
Anderson et al. (2009) documented a distinct rise in opal production due 
to increased upwelling in the Southern Ocean east of Cordillera Darwin. 
As increased wind stress over the Drake Passage is thought to be a prime 
control on upwelling in this region (e.g., Toggweiler et al., 2006), these 
opal data have been interpreted as indicating a southward shift in the 
position of the SWW at the start of the last termination. Movement of the 
SWW to the vicinity of Cordillera Darwin at the onset of Termination I 
would have placed the icefield in relatively warm subtropical air masses 
incompatible with its LGM footprint. Given its extensive, unusually 
low-gradient outlet glaciers with relatively small high-elevation accu
mulation areas, this icefield may have been particularly susceptible to 
the rise in snow line that would have accompanied such a shift in the 
SWW. That this SWW migration was a jump rather than a gradual shift is 
supported further by the similarity in magnitude and timing of the 
warming between the Chilean Lake District (42◦ S; Denton et al., 1999; 
Moreno et al., 2015, 2025a, b) and Cordillera Darwin (54.8◦ S). For 
example, deglaciation in the Lake District had proceeded to the inner 
mountains no later than ~17 ka to allow time for the growth of the forest 
subsequently killed by the Lican ignimbrite (Moreno et al., 2015). 
Likewise, adjacent to the northeastern sector of the North Patagonian 
Icefield, Boex et al. (2013) documented ~1000 m of vertical thinning 
within the first millennium of the termination, beginning at ~18 ka. This 
rate of thinning is similar to the range we report here of 0.52–3.66 m/yr 
for the Pía region. Moreover, Huynh et al. (2024 and references therein) 
reviewed the deglacial history of the southern lobes of the South Pata
gonian Icefield (e.g., Seno Skyring) and ice in the Estrecho de Mag
allanes and also concluded that significant recession began at ~18 ka. 
This similarity in ages and rapidity of deglaciation between northern 
Patagonia (42◦S) and our site (54.8◦S) on the southern tip of South 
America reinforces the idea that this event was caused by widespread 
climate warming.

Studies elsewhere also have attributed warming at the onset of the 
termination to southward shift of the SWW. For example, Denton et al. 
(2021) proposed the Zealandia Switch mechanism, whereby the SWW 
drive the ocean heat release either north or south of Zealandia and jump 
rapidly between the two. Poleward jumps are linked in models to 
increased through-flow of warm water north of Australia, release of heat in 
the western tropical Pacific, and outgassing of CO2 from the Southern 
Ocean, all contributing to the warming of the entire globe. Recently, Leger 
et al. (2023) espoused a similar view when examining the pre-LGM glacial 

history of Patagonia. The underlying cause of such a poleward jump at the 
start of terminations is not known, but may relate to a proposed rela
tionship between the mean annual position of the SWW and the duration 
of southern hemisphere winter (Denton et al., 2021).

Today, the SWW are moving south rapidly (e.g., Kushner et al., 2001; 
Fyfe et al., 2007; Cai et al., 2023). Understanding their role in the 
collapse of the Cordillera Darwin Icefield during Termination I gives 
insight into the fate of similar ice masses that may be influenced by the 
new southern wind position. We expect that subantarctic ice masses may 
decline quickly, similar to the Cordillera Darwin Icefield. However, the 
effect on the Antarctic ice sheet is less certain. A far-southern position of 
the SWW will influence the Antarctic ice mass through the effect on the 
polar easterlies, sea-ice extent, and intrusions of warm circumpolar deep 
water onto the shelves, as well as by steering atmospheric rivers toward 
the continent. Such rivers, and accompanying warm temperatures, lead 
to high accumulation (Simon et al., 2024) in the interior, but melting 
and ice-shelf instability in coastal regions (Wille et al., 2019, 2022). 
Thus, southward movement of the SWW is likely to lead to immediate, 
detrimental effects on ice in coastal regions, but (at least temporary) 
increase in interior ice elevations.

6. Conclusions

Eighteen exposure ages show that ice levels in the center of Cordil
lera Darwin receded from our highest sample location (611 m elevation) 
beginning at some time between 18.8–17.4 ka. Using a vertical transect 
of ages and a model of ice thinning, results suggest ~500 m of ice 
surface-level lowering in 1000–150 years. If, as shown elsewhere, the ice 
terminus stayed close to its LGM position along the Fiordo Pía flowline 
until at least ~18.2 ka, then our data also imply potential marginal 
retreat on the order of ~100 km over that same period, receding to a 
position <15 km from present-day glaciers. We attribute the underlying 
cause of the rapid ice recession to a rise in atmospheric temperatures 
that accompanied the onset of the termination. Our preferred explana
tion is that this was driven by a poleward shift of the SWW belt, which 
would have placed the Cordillera Darwin Icefield in warmer subtropical 
air masses and led to significant melting ablation.
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