Glacial dynamics in southernmost South America
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ABSTRACT: The timing of major glacial changes between Marine Isotope Stage (MIS) 5e and the
Younger Dryas chron (YD) in southern South America is reviewed. Focus is placed on studies that use
cosmogenic nuclide measurements. However, other dated records and modelling results are also
discussed to provide the broader glacial geological context. Limits on the state of glacial geologic
knowledge are examined and suggestions are made as to how some of these can be addressed in future
studies. Studies show that on the east side of the Andes at Lago Buenos Aires (45° S) there is evidence
indicating that following a MIS 6 glaciation ice was less extensive during MIS 4 than MIS 2. In contrast,
on the west side of the Andes in the Chilean Lake District area, MIS 4 ice may have been more extensive
than during MIS 2. Although Patagonia experienced an MIS 2 glaciation broadly in phase with that in
other areas around the globe, there are differences in glacial histories between areas on millennial
timescales. Climate reversals are evident in many records between ca. 17 and 10 ka. The timing of such
Lateglacial activity, which included less extensive advances than during the local Last Glacial
Maximum (LGM), varies somewhat between areas. This could be due to the relative influence of
middle- to high-latitude climatic regimes. At present, chronological uncertainties prevent confident
assignment of cosmogenic ages for glacial events at the millennial timescale and defining associated

climate variability between different study areas.
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Introduction

The purpose of this paper is to discuss briefly the knowledge
of glacial fluctuations during Marine Isotope Stage (MIS) 5e
to the Younger Dryas chron (YD) in southernmost South
America (Fig. 1). Rather than summarise all prior research
efforts to date, the focus here is on glacial geological records.
Furthermore, to distinguish this paper from recent reviews of
a similar nature (e.g. Heusser, 2003; Coronato et al.,
2004a,b; Harrison, 2004; Rabassa et al., 2005), we focus
on those studies that used cosmogenic nuclide measure-
ments, although exceptions are made to help place such
efforts in a broader context. Lastly, some outstanding
problems are discussed, specifically those due to current
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limitations or uncertainties (‘roadblocks’) in the techniques of
surface exposure measurements.

Early work (pre-1980 or pre-accelerator mass spectrometry
(AMS) technology) recognised that southern Patagonia was
unique in terms of the Quaternary geological record because a
variety of dating approaches could be applied (Mercer, 1983).
Basaltic lava flows interbedded with the glacial drift and
landforms allows the application of K-Ar or *°Ar/*’Ar,
4C, cosmogenic nuclide and optically stimulated lumines-
cence (OSL) techniques (Rabassa et al., 2000, 2005). As
discussed in detail below, '°Be, *He, 2°Al and *°Cl measurements
have been valuable in dating directly individual moraines and
landforms, adding a different and complementary approach to
the (largely) ‘stratigraphic-based’ dating techniques (e.g.
radiocarbon). For convenience, the discussion is separated
into the glacial history from MIS 5e to MIS 2, during MIS 2 or the
local Last Glacial Maximum (LGM), and the Lateglacial (i.e.
17-10cal. ka) intervals. The term ‘local LGM’ is used for the last
major glaciation in Patagonia unless otherwise noted, which
occurred during MIS 2, but it may be distinct from the ‘global’
(ice sheet) Last Glacial Maximum (LGM) (Mix et al., 2001).
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Figure 1 Southern Patagonia and sites mentioned in the text (also see
Fig. 7)

Glacial history

MIS 5e to 2 (ca. 128-28 ka)

There is limited knowledge about the glacial and climate
history during MIS 5e, 4 and 3, as in other regions around the
world. This is due to (1) poor or a lack of preservation of
relevant deposits and (2) the ca. 35 '*C ka limit of radiocarbon
dating. Although pre-MIS2 moraines and landforms have been

a focus of numerous comprehensive investigations (e.g.
Coronato et al., 2004a,b; Rabassa et al., 2005), a lack of
quantitative data has prohibited confident assignment of ages to
many of the associated deposits (Clapperton, 1993). Two
records that do provide quantitative age data and valuable
insight into southern Patagonian glacial conditions between
MIS 5e and 2 are in the southern Chilean Lake District/Isla
Grande de Chiloé (CLD/IGC, 40-42° S) (Denton et al., 1999;
Heusser, 2003) and around Lago Buenos Aires (LBA) (Kaplan
et al., 2004, 2005; Singer et al., 2004; Douglass et al., 2006).

Based on a radiocarbon-dated pollen and sediment record
from the Taiquemo site (IGC), Heusser et al. (1999) and Heusser
and Heusser (2006) reconstructed palaeotemperatures and
inferred environmental conditions from ca. 60 to 10 ka (Fig. 2).
The basal age of the Taiquemé core is assumed to be beyond
the limit of radiocarbon dating. Below the prominent LGM
section of the core, interglacial conditions are not again
encountered. In addition, there is no evidence for hiatuses in
the core. These findings led Heusser et al. (1999) and Denton
et al. (1999) to infer that the base of the core was MIS 4 in age,
and thus also the nearby moraines, locally termed the “outer
Llanquihue deposits’. Although the terminal positions of the ice
margins through much of MIS 3 or ‘middle Llanquihue time” are
unknown, unweathered till or outwash in stratigraphic sections
in the CLD, beneath radiocarbon-dated levels, could be due to
glacial advances between MIS 4 and the LGM (Denton et al.,
1999). Late MIS 3 advances in the CLD are dated to 29 400 and
26 800 '*C a BP (~35 and 32ka, respectively; Fairbanks
et al., 2005). It is important to note that the MIS 2 moraines are
less extensive than the inferred MIS 4 drift limit. This finding, if
correct, indicates that on the north-west side of the Patagonian
Andes MIS 4 glaciers were more extensive than during MIS 2.
This conclusion, however, is based only on a minimum age
limit provided by a single core, the chronology for which is
derived from extrapolation beyond the limits of the radiocarbon
technique (Fig. 2).

The first quantitative direct dating (i.e. non stratigraphic-
based) of pre-LGM or MIS2 moraines in southern South
America was undertaken at LBA (~46° S; Kaplan et al., 2004;
Douglass et al., 2006) (Fig. 3). Previously, stratigraphic-based
dating had provided age constraints for the pre-LGM landforms
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Figure 2 Palaeotemperatures in the Lake District of Chile (CLD) from Heusser et al. (1999) and Denton et al. (1999). Y-axis scale is in '*C a BP. The
record is from the Taiquemo core. Below the Holocene section, no interglacial material or pollen is observed again down-core, leading to
the conclusion that the basal sediments are MIS 4 in age. Full-glacial or near-full-glacial conditions existed from ca. 29 400 to 14 550 '*C a BP, and the
duration of the inferred local LGM is shown (Denton et al., 1999)
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Figure 3 Records of glacial events in Patagonia for the last 200 ka
compared with changes in the Northern Hemisphere ice sheets (i.e.
3'80; Shackleton et al., 1990) and EPICA dust concentration (EPICA,
2004). MIS 6 to 1 labelled on the right side. The dust has been
isotopically fingerprinted to a Patagonian source with peak concen-
trations possibly corresponding to windblown material produced
during glacial maxima (Basile et al., 1997). For LBA, for MIS 6 time
the dashed line reflects the entire possible age range obtained for the
two moraines, ca. 190-109ka, and the best age estimate for the
glaciation is 150-140ka (Kaplan et al., 2005). For MIS 4, a glacial
event is inferred for the CLD, but not for LBA. Peak dust concentrations
in Antarctic ice imply that ice was active during MIS 4 time, but at LBA it
was less extensive than that during MIS 2. The finding for LBA is the
opposite of that for the CLD (Heusser et al., 1999). The MIS 2 glaciation,
which is found throughout Patagonia, is represented by the black
rectangle

in this area and elsewhere (Heusser, 2003; Coronato et al.,
2004; Singer et al., 2004; Rabassa et al., 2005). The evidence
indicates that a major glacial advance occurred during MIS 6
with a best age-estimate of ca. 150-140 ka (Kaplan et al., 2004;
Douglass et al., 2006). Subsequently, the next major glaciation
occurred during the LGM or between ca. 23 and 16 ka
(Douglass et al., 2006). Wenzens (2006) questioned the
findings at LBA, specifically the documented stratigraphic
relations between lava flows and cosmogenic ages. Also, he
inferred ages for the glacial deposits based on geomorphic
arguments and a priori correlations to other field sites. His
concerns were addressed in Kaplan et al. (2006a), who
provided additional field relation data and also pointed out that
Wenzens (2006) provided no reason for invalidating the
cosmogenic-based results.

On the east side of the Patagonian Andes, glacial deposits
dating to MIS 4 are not found at LBA. However, Antarctic ice
cores show a distinct peak in glacial-age dust concentration at
ca. 75 ka (Fig. 3), which has a Patagonian Sr, Nd and Pb isotope
signature (Basile et al., 1997; Petit et al., 1998). Based on the ice
core data, Kaplan et al. (2005) inferred that a major MIS 4
glacial advance or event occurred at LBA, but was obliterated
by the more extensive MIS 2 glacial advances. Alternatively, it
is possible that increased aridity, wind strength or changing
fluvial processes, without a glacial advance, could cause the
Antarctic dust peak. Nonetheless, on the east side of the Andes
at ~46° S, MIS 6 ice was larger than that during MIS 2, which

were both more extensive than that during MIS 4. The findings
at LBA are of particular interest in comparison to those in the
CLD on the north-west side of the Patagonian Andes, 850 km
farther north, where it was inferred that the MIS 4 ice sheet was
more extensive than the MIS 2 moraine belts.

MIS2 or local LGM (ca. 28-16ka)

Much inquiry has focused on glacial activity during MIS 2, in
part due to the ability to apply radiocarbon and cosmogenic
nuclide techniques. The highest concentrations of data are in
the CLD/IGC (Denton et al., 1999), at LBA (Singer et al., 2004;
Kaplan et al., 2004, 2005; Douglass et al., 2006) and in the
Magallanes/Tierra del Fuego area (Fig. 5; e.g. McCulloch et al.,
2000; Heusser, 2003; Coronato et al., 2004b; Sugden, 2005). In
addition, numerous studies have been carried out elsewhere.
These are summarised, for example, in Heusser (2003),
Harrison (2004) and Coronato et al. (2004a).

The findings in the CLD are primarily presented and
reviewed in Denton et al. (1999), including work by Bentley
(1997) and Lowell et al. (1995). Denton et al. (1999)
summarised that full-glacial or near-full-glacial conditions
persisted from ca. 29 400 to 14 550 '“C a BP, with well-defined
advances during that interval (Fig. 5). Mean summer tempera-
ture was depressed 6-8°C compared to modern values during
the coldest phases, thought to be contemporaneous with the
major glacial advances into the outer moraine belt. The
maximum at 22 300-22 600 '*C a BP was probably the most
extensive of the LGM in the northern part of the CLD, whereas
that at 14 800-14 900 '*C a BP was the most extensive in the
IGC. The equilibrium line altitude (ELA) depression during
these maxima was about 1000 m (Denton et al., 1999).

Studies in LBA revealed five MIS 2 moraines that formed
between ca. 23 and T16ka (Figs. 3 and 5) (Kaplan et al., 2004;
Douglass et al., 2006). Subsequently a lake formed, which was
followed by a glacial readvance. The maximum extent of
glaciation was ca. 23 ka (Fenix V) although it is highlighted that
the subsequent advance (Fenix V) was of a similar extent.
Modelling simulations provided a ‘best-fit'" ELA depression of
~900 m compared to present in order to drive the maximum ice
extent to Fenix V (Hubbard et al., 2005).

The Strait of Magellan region (~52-54° S) has a long history
of study (Nordenskjold, 1899; Caldenius, 1932; Meglioli, 1992;
Porter et al., 1992; Clapperton et al., 1995; Jackofsky et al.,
2000; McCulloch et al., 2000; Heusser, 2003; Coronato et al.,
2004a; Sugden, 2005). Recent efforts around the Magallanes
region have focused on refining the chronology of events during
the local LGM and deglaciation (Fig. 4; Sugden, 2005; Kaplan
et al., 2008). The local LGM occurred broadly between ca. 25
and 17 ka (McCulloch et al., 2005; Kaplan et al., 2008). The
former age is based on cosmogenic nuclide data and the latter
on radiocarbon data. The most extensive ice front occurred at
ca. 25 ka. Subsequently, overall glacial retreat was limited until
ca. 20 ka. The ice front retreated and ice surface lowered before
the last major set of moraines were built, prior to 17 ka (Benn
and Clapperton, 2000; McCulloch et al., 2005; Kaplan et al.,
2008).

Other areas in southernmost South America where research
has focused, but where the quantitative age data are not as
extensive as the above regions, include Torres del Paine, Lago
Argentino and adjacent valleys to the north, San Carlos de
Bariloche and Laguna del Maule (Caldenius, 1932; Rabassa
and Clapperton, 1990; Clapperton, 1993; Marden and
Clapperton, 1995; Singer et al., 2000; Coronato et al., 2004a;
Wenzens, 2005). In the Laguna del Maule area (Fig. 5), Singer
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Figure 4 '°Be and '*C chronology from the Strait of Magellan and Bahia Inditil along with mapping of glacial deposits (from Kaplan et al., 2008, and
McCulloch et al., 2005). Ages with asterisk are from McCulloch et al. (2005). The '°Be ages are used in Fig. 5 and they are calculated using the
CHRONUS Calculator (Balco et al., 2008; hess.ess.washington.edu/math/). Note that '“C data indicate deglaciation of the marine embayments by ca.
17.6-17.0 cal. ka (at 1o; see McCulloch et al., 2005, and Heusser, 2003, for summaries of '*C chronologies). Taken at face value, the B¢ and "C data
suggest an advance soon after 18 cal. ka, followed rapidly by deglaciation, a conclusion consistent with evidence in the CLD. This figure is available in

colour online at www.interscience.wiley.com/journal/jgs

etal. (2000) documented a glacial advance and retreat between
25.6 and 23.3 ka, which represents the maximum snowline (i.e.
0°C isotherm) depression at that site since ca. 30 ka.

In summary (Fig. 5), recent studies have refined the
conclusions of Clapperton and Seltzer (2001) that the LGM
was broadly synchronous across Patagonia and with the
‘global” ice sheet LGM (Mix et al., 2001). Although all areas
experienced ‘local LGMs’ between ca. 30 and 16ka, it is
possible to recognise millennial-scale variability between the
records in terms of glacial events, a topic that is returned to
below. It is emphasised that while some of the records rely on
stratigraphic-based dating (e.g. CLD/IGC), however, other
records rely on landform-based dating (e.g. LBA). Thus, even if
two areas responded to the climate forcing, it should not be
expected that all of the glacial events documented in one area
are observed in the other area. For example, a glacial advance
at ca. 28ka, as documented in the stratigraphic record from
the CLD, may have occurred at LBA but it is not preserved in the
landform record.

Modelling of local LGM ice and climate

Modelling studies of the entire Patagonian ice sheet or
segments have provided valuable insight into former glacio-
logical behaviour, including a ’translation” of the mapped/
dated record of glacial fluctuations into a range of possible ELAs
and temperature (and precipitation) forcing conditions. Using a

glacier—climate model, Hulton et al. (2002) found that a ~6°C
temperature depression (cf. Denton et al., 1999) could explain
the growth and maintenance of the entire Patagonian ice sheet.
They also found that a slight drying was required in the southern
Patagonia area to match the mapped LGM margins, whereas
increased precipitation (in addition to temperature depression)
could have occurred in northern Patagonia (also see Sugden
etal., 2002). Glasser and Jansson (2005) reconstructed ‘'models’
of former outlet glacial lobes along the Andes based on
mapping and chronological studies available. This study
outlined the role of former low gradient ice within the
Patagonian ice sheet and provided insight into the style and
dynamics of glaciation during the local LGM and, by inference,
during earlier intervals. They concluded that fast-flowing outlet
glaciers would have strongly influenced ice discharge patterns
and suggested a partial decoupling of the Patagonian ice sheet
from climatically induced glacial changes.

Modelling experiments that focused on specific parts of the
former Patagonian ice sheet include Hubbard (1997) and
Hubbard et al. (2005), which studied the CLD and LBA ice
lobes, respectively. In the former study, a depression of
~1000m relative to present could simulate the mapped ice
extent (with no precipitation taken into account). In the latter
study, it was found that at the maximum extent, roughly to the
limits shown by moraines, an ELA depression of ~900m
reached the 'best fit" in terms of the geological record. Hubbard
et al. (2005) then scaled the former ELA record to the Vostok
palaeotemperature record (Vimieux et al., 2002), for the period
23-17 ka; amodelled ELA depression fluctuated between ~950
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Figure 5 Summary of glacial (i.e. a proxy for snowline change) and palaeoclimatic records spanning the local LGM in southern South America.
Shown are the glacial record at Laguna del Maule (Singer et al., 2000), glacial advances and cool periods in the Chilean Lake District (CLD) (Denton
etal., 1999, Heusser et al., 1999; Moreno et al., 1999; Moreno, 2002; calendar ages based on Calib 5.02 (Reimer et al., 2004) and Fairbanks et al.,
2005), moraine ages at LBA (Douglass et al., 2006; Kaplan et al., 2004), and chronology of moraines and deglaciation in the Strait of Magellan and
Bahia Indtil (McCulloch et al., 2005; Kaplan et al., 2008). In the northern and southern parts of the CLD/IGC region, the maximum ice extent was during
the firstand last advances, respectively. For LBA, grey bars indicate mean moraine ages at one standard deviation. For the purposes of this paper, it does
not matter if weighted means are used, as in Douglass et al. (2006). In addition, 1o uncertainty is shown based on analytical uncertainties, in
comparison to that in Douglass et al. (2006), to highlight the relative differences in moraine ages within the area. For example, the technique can
clearly be used to distinguish the oldest two moraines from the younger three moraines. For the Strait of Magellan and Bahia Indtil the black and grey
bars, respectively, represent mean moraine ages also (Fig. 4) at one standard deviation, and the timing for the Lateglacial (see Fig. 7) is from Sugden
(2005) and McCulloch et al. (2005). The age range for deglaciation (grey vertical bar), 17.6-17.0 cal. ka, is the 1o calibrated age range for radiocarbon
data in Fig. 4 and from McCulloch et al. (2005). For LBA and Strait of Magellan, the arrows point out that the moraines, from right to left, reflect
decreasing ice extent (maximum extent is dated for the Magellan lobe). Cosmogenic nuclide data for LBA and the Magellan/Inditil sites were calculated
using version 1 of the CRONUS Calculator (hess.ess.washington.edu/math/; Balco et al., 2008); thus, for LBA, there may be slight differences from that
in Table 2 in Douglass et al. (2006). Various scaling factors produce differences of <5% for cosmogenic ages in southern Patagonia; however, it is
highlighted that at present the production rate value itself may be more uncertain

and 800m and simulated the ice advance roughly to the GCMs conducted by the PMIP2 (Palaeoclimate Modelling
moraine-defined limits. Intercomparison Project Phase 2) group for South America

Global Circulation Model (GCM) investigations have focused during the global LGM (21ka). They found that all models
on the global and South American LGM climate. Most recently, indicate increased storm activity in winter in the mid latitudes
Rojas et al. (2008) discussed (Fig. 6) the results of four coupled (25-45°S) and south of 60° S over the Pacific Ocean. In addition,
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Figure 6 The seasonal mean and annual mean precipitation difference between the global LGM and Pre-Industrial control simulations of five PMIP2
models (Rojas et al., 2008): a) summer mean, b) winter mean, ¢) annual mean. The following fully coupled atmosphere—ocean models were used to
produce global LGM simulations: Hadley Centre HadCM3 model, the Japanese Model for Interdisciplinary Research on Climate MIROC3.2.2, the
National Center for Atmospheric Research (NCAR) Community Climate System Model version 3 (CCSM3) model, the Institut Pierre Simon Laplace
Climate System Model, IPSL-CM4, and the Institute of Atmospheric Physics, Chinese Academy of Sciences, FGOALS1.0 model



the simulations showed a generally drier LGM compared to
present day, both in summer and winter, with some regional
heterogeneity over the continents. The HadCM3 and
MIROC3.2.2 simulations indicate an increase of precipitation
north of 40° S in the Patagonia region during winter, and a
decrease south of this latitude. On the lee side of the Andes, all
models indicate decreased precipitation. For the summer season
the situation is similar to winter at the lee side of the Andes. Along
most of the Pacific coast, all models indicate positive anomalies,
except CCSM3, which simulates negative changes for the entire
region. The model mean of five PMIP2 models indicates positive
anomalies in precipitation along the Pacific coast of southern
South America (Fig. 6) at 21 ka in both seasons and in the annual
mean. Opposite conditions are evident on the lee side of the
Andes Cordillera. Another interesting finding from the GCM
experiments is that, despite regional heterogeneity and inter-
model divergences, there seems to be a climate boundary
between the middle and high latitudes of the Southern Hemi-
sphere during the global LGM. This discontinuity, which
develops north and south of the zone of maximum wind speeds
at 45-50° S, is well expressed in several diagnostic features
(maximum sea-level pressure gradient, sea surface temperatures,
near-surface wind speeds, precipitation and cyclone density)
(Rojas et al., 2008) and may imply a transition to more high-
latitude polar climate conditions at these latitudes.

Lateglacial (~17-10ka)

This part of the last glacial cycle is an ongoing avenue of intense
focus by numerous widely distributed investigations using a
variety of proxies (Fig. 7). Much of the research efforts have
focused on whether cooling intervals overlapped in time with
the European YD or Antarctic Cold Reversal (ACR) intervals.

Early research led Mercer (1983) to infer that no glacial
advances during the Lateglacial time (i.e. renewed snowline
depression) occurred in Patagonia, specifically correlative to
the YD. Although Lateglacial advances (i.e. ~17-10ka) have
been subsequently documented throughout Patagonia, the
precise timing is still debated (Fig. 7). Towards southern
Patagonia and Tierra del Fuego, inferred glacial reconstructions
are generally more extensive relative to current ice limits. This
is likely due to the more southerly latitude and poleward-
shift in the westerlies (relative to the LGM condition), which
by then were closer to their interglacial position (Moreno
et al., 1999; McCulloch et al., 2000; Moreno, 2002; Sugden,
2005). East of the CLD/IGC the glacial limits are not known
precisely, but they appear to be in the mountains (e.g. Ariztegui
et al., 1997; Heusser, 2003), well behind the local LGM
limits.

Some non-glacial proxies on the Pacific coast of central
Patagonia do not show variability during this time interval
(Fig. 7), specifically around the Taitao Peninsula. Based on the
interpretation of pollen records from the Chilean channels,
Bennett et al. (2000) argued that no climate reversal is evident,
a result also found at nearby Laguna Facil (Massaferro et al.,
2005). In contrast, other studies from the Taitao Peninsula have
described Lateglacial climate variability (Massaferro and Brooks,
2002; Gilchrist, 2004). Given the overwhelming evidence for
Lateglacial climate variability at most sites in Patagonia (whether
they are more consistent with the appellations YD or ACR is a
different question), this may imply that some lake archives or
proxies in the rainforest region of Taitao Peninsula and Chonos
Archipelago are different from the majority of the data for this
time. In addition, farther south, using high-resolution pollen
profiles, Markgraf (1993) argued that much of the environ-
mental variability observed in proxy records was in response to
local and regional disturbances by fires.
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and part of YD and cold period ends by 12.0 cal ka (Sugden et al., 2005)
54°] = Limited but renewed glacial fluctuations during ACR and ¥D (Kilian et al., 2007)
Late glacial cooling (YD) (Heusser and Rabassa, 1987; Heusser, 2003)
Markgraf (1993) - variability in conditions due to fire disturbances

T T T T
78° 74° [{'s 66"

Figure 7 Studies which include numerical ages on proxy records covering the Lateglacial in Patagonia. All ages are in calendar ka BP. For
cosmogenic nuclide-based chronologies, various scaling factors produce differences of <5% for southern Patagonia; however, it is highlighted that at
present the production rate value itself may be more uncertain. The reader is referred to the comprehensive summaries in Heusser (2003) and Glasser
et al. (2006) and references cited in the figure for reviews of all prior research in each respective area. HMCR, Huelmo/Mascardi Cold Reversal. This
figure is available in colour online at www.interscience.wiley.com/journal/jgs



Recent studies have concluded that south of 52° S, in
southern Patagonia-Tierra del Fuego, cooling and renewed
glacial activity are characteristic of an ‘Antarctic-like” Lategla-
cial (Sugden, 2005; Sugden et al., 2005; Kaplan et al., 2006b),
consistent with marine-based conclusions (e.g., Lamy et al.,
2004; Kilian et al., 2007). The basis is that climatic reversals
began before the YD interval. Yet cool conditions and glacial
fluctuations still persisted during all or part of the subsequent
YD; however, compared to the previous millennium, the
situation was slightly less cold and there was less extensive ice
after ca. 12.6 ka (Fig. 7). Around the east side of the lake at LBA,
a prominent moraine is dated around 14.6+1ka (Douglass
et al., 2006); westward from this moraine towards the present
icefield, successively less extensive stillstand/advances are
inferred overlapping in time with the ACR interval, but younger
than 14.6 ka, and during YD time (Turner et al., 2005; Glasser
et al., 2006). Hubbard et al. (2005) simulated a substantial ELA
rise between ca. 17 and 14ka (following the Vostok
temperature reconstruction; Vimeux et al., 2002), which for
a time ‘levelled off’ during the ACR interval. The model
simulated glacial changes, specifically ice frontal positions,
which were roughly in line with the geomorphic and
chronological observations. Farther to the north, around 41—
42°S, Moreno et al. (2001) and Aritzegui et al. (1997) presented
evidence for a two-part Lateglacial cooling, the youngest of
which was termed the Huelmo Mascardi Cold Reversal
(HMCR; Hajdas et al., 2003; Fig. 7).

A hypothesised north-south difference in Lateglacial pattern
(McCulloch et al.,, 2000; Sugden, 2005) predicts testable
variability depending on the site and latitude in Patagonia for
this important time interval. Glacial activity and cool periods
should be observed overlapping with the ACR or YD, with one
or the other more prominent depending on the latitude (Sugden
et al., 2005; Kaplan et al., 2006b). Southward, ‘closer to the
Polar Frontal Zone’, glacial activity during the ACR interval
dominated, whereas to the north that during the YD is more
prominent.

Uncertainties and outstanding problems

Observed differences in Patagonia, as summarised in Figs. 5
and 7, may be due to ‘genuine’ past climate variability or
current uncertainties and problems with the proxy techniques,
specifically the dating tools. Given a distance of 2000 km from
the CLD to the Magellan Straits area (39-54° S), a reasonable
hypothesis is that there are at least some spatial differences in
glacial histories (Coronato et al., 2004a).

Genuine spatial differences in climate

Some differences between areas are tenable as authentic glacial
or climate variability. That is, the inferred millennial and
submillennial climate variability is robust and the differences
are beyond the uncertainties in respective dating techniques. In
addition, when more than one geochronometer is used, and
they agree within uncertainties, or a glacial event is reproduced
in adjacent valleys, the inferred glacial history can be consider-
ed more robust (e.g. McCulloch et al., 2005). Radiocarbon-
dated records are comparable to each other, neglecting the
uncertainties in converting to calendar years. For example, in
the CLD and the Strait of Magellan areas, radiocarbon dating for
deglaciation is reproduced using multiple stratigraphic sections

and lake cores (Fig. 5). Overall, the CLD chronology is based
on radiocarbon dates and, except for during periods
of radiocarbon plateaus, the method can date submillennial
and century-scale climate events. Maximum glacial extent in
the northern side of the CLD, for example, is earlier than in
IGC. In addition, in the CLD, MIS 4 ice is perhaps more
extensive than that during MIS 2, whereas at LBA evidence of
MIS 4 ice is not observed, and at the very least ice is less
extensive than that during MIS 6 and 2. If correct, perhaps on
the west side of the Andes precipitation worked in combination
with temperature to push ice limits farther west during MIS 4
than in MIS 2. On both sides of the Andes these findings must be
reproduced.

Whether Patagonia experienced a major glaciation and thus
ice age conditions during MIS 2 is not debated, although many
critical questions and fine details of the structure of the period
still need to be addressed. For example, at the end of local LGM
time, some outlet lobes appear to have taken longer to
disintegrate. At LBA, a readvance deposited the Menucos
moraine (ca. 14.4 ka). This last advance was relatively close to
the inner local LGM deposits (Douglass et al., 2006); although
the lobe was of lesser extent and had a lower surface slope, it
followed a lake phase and a slight ELA rise (Singer et al., 2004;
Hubbard et al., 2005). Three radiocarbon ages on carbonate
concretions from the lake sediments further define the age of
the Menucos advance to after ca. 15.5 cal. ka BP (Kaplan et al.,
2004). In contrast, the CLD and Magellan regions deglaciated
by ~17.6-17.0 cal. ka BP (1o calibrated age range), in phase
with a near-synchronous termination with other areas around
the globe (Schaefer et al., 2006). The differences in timing for
complete deglaciation between the CLD (and Magellan) and
LBA appears to be beyond known uncertainties in the dating
methods used, requiring a climate or ice dynamical mechanism
for lingering ice in the latter area.

We hypothesise those areas with a more continental climate
on the east side of the Andes deglaciated slightly later than
other parts of Patagonia. The LBA moraines are also above
400 m. Perhaps a given warming over Patagonia (e.g. by 17 cal.
ka BP) caused less ablation of ice on the east side of the Andes
than in more maritime areas on the west side of the Andes or in
the Magellan area. The termination in the CLD before 17 cal. ka
BP can be explained due to its northern position at 40° S, warm
maritime climate (and wet adiabatic lapse rate), and low
elevation (near sea level). The Magellan region also experi-
ences a maritime climate and calving dynamics could have
played an important role in catastrophic recession of ice before
~17 cal. ka BP (Porter et al. 1992; McCulloch et al.; 2005,
Kaplan et al., 2008), despite its southerly position on the
continent. One possibility is that the initial deglaciation at LBA,
after Fenix |, corresponds to the second step of warming in the
CLD (Denton et al., 1999; Moreno et al., 1999; McCulloch
et al., 2000; Moreno, 2002). The above hypotheses can be
tested with future studies, both field and modelling-based.

Genuine climate variability or method
uncertainties

In contrast to the above examples of ’authentic’ climate
variability observed in the records, some apparent differences
in Figs. 5 and 7, for example, may be due to uncertainties or
limitations in the dating techniques. To date, there is a
‘roadblock’ in dating directly local LGM and Lateglacial
moraines at the millennial timescale. An example is the
maximum extent of ice during the local LGM (Fig. 5). At LBA,
the maximum extent, ca. 23ka, occurred after that in the



northern side of the CLD considering known dating uncertain-
ties; however, such differences between LBA and the Magellan
region cannot yet be distinguished because they are well within
analytical and systematic uncertainties of the cosmogenic
nuclide measurements.

At present, various scaling factors for converting nuclide
concentrations to age at a given latitude and elevation vary by
less than ~5% for local LGM deposits in central/southern
Patagonia. On the other hand, the systematic uncertainty in the
production rate value itself may be >5%, especially due to
changes in pressure, which likely varied in the past (Ackert
et al., 2003). In other words, different production rate and
scaling schemes can vyield a different timing for a glacier
advance, e.g. 600-800 a at 20 ka (Stone, 2000; Dunai, 2000,
2001; Desilets and Zreda, 2003; Lifton et al., 2005; Desilets
et al., 2006). However, it is highlighted that when comparing
two sites in Patagonia, for relative differences in age, the
accuracy is likely better than 5% (assuming geological
uncertainties are minimal) as systematic factors are reduced.

In addition, geomorphic processes such as erosion and
erratic exhumation add an additional non-systematic uncer-
tainty, which varies in importance depending on locality
(Kaplan et al., 2007). For each study area in Patagonia, and
elsewhere, each dataset must be treated differently (Douglass
et al., 2006; Kaplan et al., 2007) depending on the relative
magnitude of landscape processes.

Uncertainties and future research

The outlook for developing a precise glacial chronology
throughout Patagonia is promising, especially given the arid
conditions that are suitable for cosmogenic dating. Future
studies will address at least some present uncertainties and thus
‘roadblocks’ in understanding millennial timescale (and finer)
variability between records. First, improved analytical pre-
cision by AMS will allow relative differences within or between
nearby sites to become clearer (Schaefer and CRONUS Steering
Committee, 2005; Nishiizumi et al., 2007). Second, finer-
resolution dating will be possible as systematic uncertainties
are reduced with local production rate calibrations and related
international efforts (e.g. Balco et al. 2008). It cannot be
emphasised enough that even if, at present, spatial climatic
differences cannot be accurately ascertained (e.g. ACR versus
YD), cosmogenic nuclide ages can be recalculated in the future
as improvements to the techniques are made. Thus, although it
is important to be cautious given the current uncertainties, it
still pays to gather high-quality (e.g., precise) data now, to
address important scientific problems in Patagonia. To address
issues related to the affects of geomorphic processes on
cosmogenic ages, future studies should make an effort to use a
multiple dating approach. For example, radiocarbon data can
confirm reconstructed glacial histories or allow production rate
‘confirmation’ for a given area (McCulloch et al., 2005; Kaplan
etal., 2008). Finally, reproducing events in nearby areas allows
higher confidence that geomorphic processes particular to
either place have minimal affects on the ages and similarities
between records may reflect real glacio-climate changes.

Conclusion

Cosmogenic nuclide measurements are invaluable for recon-
structing the timing of major glacial changes between MIS 5e

and YD time in southern South America, especially east of the
Andes. The dating approach also complements previous and
ongoing radiocarbon dating campaigns. Together, the chron-
ologies also allow comparison to modelling simulations of past
climate. At present, chronological uncertainties prevent
confident assignment of cosmogenic ages for glacial events
at the millennial timescale. Future refinements, however, to
surface exposure dating techniques will refine the method and
accuracy of ages.

The data show that Patagonia experienced both MIS 6 and 4
glaciations, although generalising widespread patterns of
relative ice extents with that during MIS 2 awaits future work.
All of southern South America experienced an MIS 2 glaciation
broadly in phase with that in other areas around the globe.
Some differences in climate histories between areas appear on
a millennial timescale, including for the Lateglacial. All of
southern South America experienced climate change during
the Lateglacial, except perhaps for some densely forested areas
in the Chilean channels.
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