
GEOLOGY | September 2012 | www.gsapubs.org 859

INTRODUCTION
Understanding millennial-scale climate vari-

ability that interrupted the last deglaciation 
(18.0–11.5 ka) affords insight into the nature 
and cause of the termination of ice ages. One 
prominent event, the Antarctic cold reversal 
(ACR, ca. 14.6–12.8 ka; Lemieux-Dudon et 
al., 2010) in the high southern polar latitudes, 
was contemporaneous with the Bølling-Allerød 
warm period in the north and ended at the onset 
of the Younger Dryas stadial (ca. 12.9–11.7 ka; 
Blunier and Brook, 2001), but its cause remains 
obscure. Recent studies (Strelin et al., 2011; 
Putnam et al., 2010a; Kaplan et al., 2010) 
show evidence for a late glacial ice expansion 
in southern middle latitudes near the end of the 
ACR ca. 13.0 ka, followed by substantial gla-
cier recession in the subsequent millennium. 
However, marine and ice-core evidence indi-
cates environmental changes associated with 
the onset of the ACR much earlier than 13.0 ka 
(EPICA Community Members, 2004 [EPICA—
European Project for Ice Coring in Antarctica]; 
Blunier and Brook, 2001; Barker et al., 2009], 
and the nature of climate dynamics through-
out the ACR around Patagonia remains unclear 
(Kaplan et al., 2008; Sugden et al., 2005). Thus, 
resolving the timing and structure of climate 
changes throughout this time period on land is 

essential for understanding its cause, as well 
as the cryosphere-atmosphere-ocean links that 
operated during the late glacial to Holocene 
transition (Ackert et al., 2008).

We use 10Be and 14C techniques to establish 
a detailed reconstruction of ice fl uctuations 
during the entire ACR in the Torres del Paine 
National Park (51°S, 73°W; Fig. 1), southern 
Chile. Torres del Paine has one of the prime late 
glacial moraine records in the southern middle 
latitudes. The excellent preservation and conti-
nuity of moraines, as well as their geographical 
location, make them ideal to test hypotheses 
of late glacial climate change at the middle 
latitudes, ~51°S (Figs. 1 and 2). In Torres del 
Paine, previous work (Marden and Clapper-
ton, 1995) defi ned four distinct moraines belts 
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ABSTRACT
Resolving debated climate changes in the southern middle latitudes and potential telecon-

nections between southern temperate and polar latitudes during the last glacial-interglacial 
transition is required to help understand the cause of the termination of ice ages. Outlet gla-
ciers of the Patagonian Ice Fields are primarily sensitive to atmospheric temperature and also 
precipitation, thus former ice margins record the extent and timing of past climate changes. 
38 10Be exposure ages from moraines show that outlet glaciers in Torres del Paine (51°S, south 
Patagonia, Chile) advanced during the time of the Antarctic cold reversal (ACR; ca. 14.6–
12.8 ka), reaching a maximum extent by ~14,200 ± 560 yr ago. The evidence here indicates 
that the South Patagonian Ice Field was responding to late glacial climate change distinctly 
earlier than the onset of the European Younger Dryas stadial (ca. 12.9 ka). Major glacier 
recession and deglaciation in the Torres del Paine region occurred by 12.5 ka and thus early in 
the Younger Dryas. We provide direct evidence for extensive ice in Patagonia at the very start 
of the ACR that agrees with atmospheric and marine records from the Southern Ocean and 
Antarctica. Atmospheric conditions responsible for the early late glacial expansion at Torres 
del Paine resulted from a climate reorganization that prompted a northern migration of the 
south westerly wind belt to the latitude of Torres del Paine at the onset of the ACR chronozone.
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Figure 1. Location of Tor-
res del Paine (white box 
in main image) in south-
ern South America. Solid 
arrows depict inferred 
approximate location of 
south westerly wind belt  
at present (Miller, 1976) 
and different key peri-
ods during last glacial-
interglacial transition as 
inferred from sedimento-
logical and paleoecologi-
cal records of Lamy et al. 
(2004), Heusser (2003), 
Moreno et al. (1999), and 
Anderson et al. (2009). 
White dashed lines indi-
cate approximate present 
positions of Polar Front 
(PF), Sub-Antarctic Front 
(SAF), and Subtropical 
Front (STF). TDP—Torres 
del Paine; CLD—Chil-
ean Lake District; AC—
Archi piélago de Chiloé; 
HPN—Hielo Patagónico 
Norte; HPS—Hielo Pa-
tagónico Sur; PB—Puerto 
Bandera; SM—Strait of 
Magellan; TF—Tierra 
del Fuego; BC—Beagle 
Channel; CD—Cordillera 
Darwin ice cap; LGM—
Last Glacial Maximum; ACR—Antarctic cold reversal; HS1—Heinrich stadial event; YD—
Younger Dryas; ODP—Ocean Drilling Program. Base map modifi ed from University of Maine 
Environmental Change Model (http://ecm.um.maine.edu).

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Columbia University Academic Commons

https://core.ac.uk/display/161442036?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


860 www.gsapubs.org | September 2012 | GEOLOGY

(from outer to inner, A–D) thought to have 
been deposited during Last Glacial Maximum 
(LGM) conditions. This study shows that, at 
present, the timing, extent, and structure of the 
LGM remain unknown in the Torres del Paine 
region. To avoid confusion with moraines of dif-
ferent ages having similar labels in other sites 
in southern South America (e.g., Sugden et al., 
2005), we rename these moraines (i.e., A–D of 
Marden and Clapperton, 1995) here: A = Torres 
del Paine (TDP) I, B = TDP II, C = TDP III, 
and D = TDP IV. These moraine sets normally 
occur within 2–3 km of each other, including at 
Laguna Azul and Lago Sarmiento (Fig. 2), and 
are ≥45 km from present-day ice margins. The 
sharp morphology of the TDP II–IV moraines 
contrasts with that of the TDP I moraines, 
which are wide, prominent landforms. TDP II, 
III, and IV moraines can be traced with only 

short gaps between both lake basins, suggesting 
that Laguna Azul and Lago Sarmiento ice lobes 
merged and formed a single continuous ice mass 
with a >20 km terminus during their formation 
(Fig. 2; see the GSA Data Repository1). 

METHODS
We collected 38 boulders from the TDP II, 

TDP III, and TDP IV moraines adjacent to 
Laguna Azul and Lago Sarmiento. We mea-
sured 10Be concentrations of the boulder sur-

faces (Schaefer et al., 2009) allowing precision 
in our ages that averages 3.9% (1σ; Fig. DR3 
in the Data Repository). Our exposure ages are 
calculated using a 10Be production rate based on 
a New Zealand site (Putnam et al., 2010b; see 
the Data Repository). This 10Be production rate 
recently has been confi rmed in the Lago Argen-
tino area (Kaplan et al., 2011), <100 km north 
of Torres del Paine. We detected and rejected 
the outliers by applying the Grubbs (1969) test 
and a 2σ criteria (see the Data Repository).

RESULTS
For each respective moraine belt, the 10Be 

boulder ages show a normal distribution and 
exhibit high internal consistency after exclud-
ing outliers (Fig. DR5; see the Data Reposi-
tory). Boulders from the TDP II moraines 
yielded ages ranging from 13.4 to 15.0 ka, with 
an arithmetic mean of 14.2 ± 0.5 ka (n = 14) 
(Fig. DR5A). The TDP III moraine boulders 
range from 13.7 to 15.0 ka, with a mean of 14.1 
± 0.5 ka (n = 10) (Fig. DR5B), and those of the 
TDP IV moraines (including 2 ages recalcu-
lated from Moreno et al., 2009) yielded ages of 
13.8–15.3 ka, with a mean of 14.1 ± 0.7 ka (n = 
6) (Fig. DR5C). The resulting 10Be mean ages 
indicate that deposition of all three moraine 
systems occurred, within error, during the 
same time interval, and thus rapidly. The num-
ber, size, and continuity of the moraine ridges 
suggest that the ice was active and capable of 
eroding, transporting, and depositing a large 
volume of sediment during their formation. In 
the Lago Sarmiento, the TDP II moraine cross-
cuts the older TDP I moraine, suggesting that at 
least the most extensive ACR moraine in Torres 
del Paine represents a glacial expansion, rather 
than just a stillstand during retreat. In addition, 
near Río Paine, deformed lake beds occur in 
the TDP IV moraines, indicating that ice read-
vanced over proglacial lake deposits (Marden 
and Clapperton, 1995).

Maximum glacier expansion occurred by 
14.2 ± 0.5 ka (TDP II). Local ice retreat (typi-
cally 1–3 km) occurred after TDP II moraine 
deposition. Then, ice readvanced and depos-
ited the TDP III and TDP IV moraines. Despite 
these local glacier fl uctuations, for the entire 
ACR time ice was still extensive (95% of full 
late glacial extent) relative to the present icefi eld 
divide and outlet glacier margins. A sediment 
core obtained at the Vega Baguales meltwater 
conduit (Fig. 2) yielded a close 14C minimum 
calibrated (cal) age of 12,460 ± 70 cal yr B.P. 
(see the Data Repository) for glacier retreat 
from the TDP IV moraine position in Torres del 
Paine. This in agreement with previous 14C data 
from the region (Moreno et al., 2009) indicating 
that ice was receding at several sites in the area 
by 12,500 cal yr B.P. Taken together, the 10Be 
and 14C ages indicate that ice remained at the IV 
position until before 12.5 ka.
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Figure 2. Glacial geomorphic map of Laguna Azul–Lago Sarmiento area in Torres del Paine 
National Park (inset with red box delineating extent of main map). White boxes in main map 
show 10Be cosmogenic-exposure ages (black) and calibrated radiocarbon ages (pink; close 
minimum deglacial ages; asterisks represent ages from Moreno et al., 2009) in thousands 
of years before today and before present, respectively (±1σ). Two 10Be ages (VN0525 and 
VN0526) are recalculated from Moreno et al. (2009) using New Zealand 10Be production rate. 
10Be ages in italics and gray color are statistically determined outliers. TDP—Torres del 
Paine; ACR—Antarctic cold reversal. 

1GSA Data Repository item 2012241, supporting 
text, tables, and fi gures describing the physiographi-
cal features of the study area, geochronological data 
and methods, and southern glacier dynamic during 
the Antarctic cold reversal, is available online at 
www.geosociety.org/pubs/ft2012.htm, or on request 
from editing@geosociety.org or Documents Secre-
tary, GSA, P.O. Box 9140, Boulder, CO 80301, USA.
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DISCUSSION AND CONCLUSIONS
This study expands and refi nes earlier pio-

neering work (Strelin et al., 2011; Sagredo et al., 
2011; Moreno et al., 2009; Sugden et al., 2005; 
Fogwill and Kubik, 2005) that proposed the 
existence of expanded glaciers during the ACR 
period in southern South America, but lacked 
the extensive directly 10Be-dated chronological 
data presented here. That is, we show with direct 
10Be dating that glaciers in Torres del Paine were 
far (≥45 km) from the present-day ice at the very 
start of the ACR, ~1300 yr before the onset of 
the Younger Dryas (YD). 10Be and 14C chronolo-
gies in Torres del Paine together afford the fi rst 
terrestrial evidence for both the onset and the 
duration of the ACR in southern Patagonia. Col-
lectively, with the records from glacial basins 
north (Strelin et al., 2011) and south (Sagredo et 
al., 2011) of Torres del Paine, we conclude that 
an unknown amount of regional glacier retreat 
had occurred after the LGM, before the onset of 
the ACR. This includes what happened immedi-
ately prior to the late glacial period.

We hypothesize that the prominent expres-
sion of the ACR at Torres de Paine could have 
been due to the shift of the westerly belt close 
to 51°S (Fig. 1), which would have brought not 
only cold conditions, but also peak precipita-
tion to the glacial catchment. Late glacial pollen 
records south of 53°S in the southernmost tip 
of South America (e.g., Heusser, 2003) support 
such a northward shift of the westerly belt and 
also may imply a concurrent northward shift of 
the Antarctic Polar Frontal Zone, probably as far 
as the latitude of the Strait of Magellan (Sugden 
et al., 2005).

Our moraine chronology suggests that gla-
ciers in the southern middle latitudes responded 
to the onset of the ACR, as recorded in Antarc-
tic ice cores (EPICA Community Members, 
2004; Blunier and Brook, 2001) (Fig. 3F). 
Previous work (Strelin et al., 2011; Putnam 
et al., 2010a; Kaplan et al., 2010) showed 
glaciers in the southern middle latitudes cul-
minating at the end of the ACR chronozone. 
Moreover, New Zealand glaciers could have 
readvanced much earlier, at the start of the 
ACR, but data are sparse (Putnam et al., 2010a; 
Figs. 3A and 4). The climate signal from south-
ern glaciers (Fig. 4; see the Data Repository) 
is consistent with several recently obtained 
ocean-atmosphere records shown in Figure 3, 
suggesting a coupling between oceanic, atmo-
spheric, and cryospheric systems in the middle 
and high latitudes of the Southern Hemisphere. 
The onset of glacier readvance in south Pata-
gonia and perhaps in New Zealand (Putnam 
et al., 2010a) during the early phase of the 
ACR (Fig. 3A) was contemporaneous with an 
inferred decline in the Southern Ocean upwell-
ing rate (Anderson et al., 2009) (Fig. 3C), and 
likely reduced CO2 outgassing of the Southern 
Ocean to the atmosphere (Monnin et al., 2001) 

(Fig. 3E) at 14.6 ka. Following ~1600 yr of 
ACR conditions (Lemieux-Dudon et al., 2010; 
EPICA Community Members, 2004; Blunier 
and Brook, 2001), the resumed glacial to inter-
glacial rise in the Southern Ocean upwelling 

and atmospheric CO2 rates after 13.0 ka coin-
cided with rapid glacier retreat in Patagonia 
and New Zealand (e.g., Strelin et al., 2011; 
Putnam et al., 2010a; Kaplan et al., 2010; 
Moreno et al., 2009).
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readvances at southern 
middle latitudes. Glacial 
records suggest late gla-
cial expansions at begin-
ning and end of Antarctic 
cold reversal (see the Data 
Repository [see footnote 
1] for more details). TDP—
Torres del Paine II, III, and 
IV moraines (this study); 
PB—Puerto Bandera mo-
raines at Lago Argentino, 
Argentina (Strelin et al., 
2011); BH—Birch Hill mo-
raines at Lake Pukaki, 
New Zealand (Putnam et al., 2010a); IS—Irishman Basin (New Zealand) outer moraines (Kaplan 
et al., 2010). Solid line represents Patagonian sites; dashed line represents New Zealand sites.

Figure 3. Paleoclimate re-
cords discussed in text. 
A: 10Be moraine ages 
from Torres del Paine 
(TDP) II, TDP III, and TDP 
IV moraines (this study, 
and two 10Be ages from 
Moreno et al., 2009). See 
Tables DR1 and DR2 
(see footnote 1). Birch 
Hill (BH) (Putnam et al., 
2010a) and Irishman Ba-
sin (IS) (Kaplan et al., 
2010) outer moraines are 
in New Zealand; radiocar-
bon-dated Puerto Ban-
dera moraines (PB) are 
in Argentina (Strelin et 
al., 2011). B: Ocean-water 
temperatures as inferred 
from polar foraminiferal 
species in South Atlantic 
(core TNO57–21) (Barker 
et al., 2009). C: South-
ern Ocean upwelling 
from biogenic opal fl ux 
(Anderson et al., 2009). 
D: Sea-surface tempera-
tures in southeast Pacifi c 
Ocean (Ocean Drilling 
Program Site 1233) in-
ferred from Globigerina 
bulloides δ18O (Lamy et al., 
2004). E: Dome C (Ant-
arctica) atmospheric CO2 
concentrations (Monnin 
et al., 2001) placed on 
Greenland Ice Sheet Proj-
ect 2 (GISP2) time scale 
(Marchitto et al., 2007). F: 
Polar atmospheric mean 
annual temperatures de-
rived from Byrd (Byrd 
Station, Antarctica) ice 
core δ18O isotopic record 
(Lemieux-Dudon et al., 2010). G: Polar atmospheric mean annual temperatures derived from 
North Atlantic GISP2 ice core δ18O isotopic record (Greenland) (Stuiver and Grootes, 2000). 
LGM—Last Glacial Maximum; HS1—Heinrich stadial 1; ACR—Antarctic cold reversal; YD—
Younger Dryas.
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Our study adds another important element 
to the scenario that signifi cant latitudinal shifts 
of the westerly wind belt through termination I 
(Fig. 1) (Anderson et al., 2009; Denton et al., 
2010) and resulting changes in Southern Ocean 
upwelling (Barker et al., 2009; Anderson et al., 
2009; Bianchi and Gersonde, 2004; Toggweiler 
et al., 2006) seem to have played a prime role 
in the late glacial climate regime of the south-
ern middle latitudes. Our fi ndings support late 
glacial climatic links in the southern middle and 
high latitudes (Fig. 3) due to migrations in the 
Antarctic Polar Frontal Zone and westerly belt 
linked to Southern Ocean temperature (Bian-
chi and Gersonde, 2004). In addition, our data 
support the atmospheric bipolar seesaw model 
of climate change at the end of the last gla-
ciation (Denton et al., 2010), thus suggesting 
that the latitudinal migration of the westerly 
belt throughout the termination could be tied 
to major oceanographic changes in the North 
Atlantic basin. In this scenario, throughout 
the ACR, the westerly belt was shifted north, 
bringing cold temperatures and increased pre-
cipitation to Torres del Paine, in response to a 
reinvigorated Atlantic meridional overturning 
circulation during the Northern Hemisphere 
Bølling-Allerød warm period.
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