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a b s t r a c t

The behavior of subtropical glaciers during Middle to Late Pleistocene global glacial maxima and abrupt
climate change events, specifically in Earth's most arid low-latitude regions, remains an outstanding
problem in paleoclimatology. The present-day climate of Cordillera Oriental, in arid northwestern
Argentina, is influenced by shifts in subtropical climate systems, including the South American Summer
Monsoon. To understand better past glacier-subtropical climates during the global Last Glacial Maximum
(LGM, 26.5e19 ka) and other time periods, we combined geomorphic features with forty-two precise
10Be ages on moraine boulders and reconstructed paleo-equilibrium line altitudes (ELA) at Nevado de
Cha~ni (24�S) in the arid subtropical Andes. We found a major glacial expansion at ~23 ± 1.6 ka, that is,
during the global LGM. Additional glacial expansions are observed before the global LGM (at ~52e39 ka),
and after, at 15 ± 0.5 and 12 ± 0.6 ka. The ~15 ka glacial event was found on both sides of Cha~ni and the
~12 ka event is only recorded on the east side. Reconstructed ELAs of the former glaciers exhibit a rise
from east to west that resembles the present subtropical climate trajectory from the Atlantic side of the
continent; hence, we infer that this climate pattern must have been present in the past. Based on
comparison with other low-latitude paleoclimate records, such as those from lakes and caves, we infer
that both temperature and precipitation influenced past glacial occurrence in this sector of the arid
Andes. Our findings also imply that abrupt deglacial climate events associated with the North Atlantic,
specifically curtailed meridional overturning circulation and regional cooling, may have had attendant
impacts on low subtropical Southern Hemisphere latitudes, including the climate systems that affect
glacial activity around Nevado de Cha~ni.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Present-day glaciers in the Andes exist under diverse climatic
conditions (Lliboutry, 1999; Sagredo and Lowell, 2012). In the driest
part of the Chilean Andes, between 18�30’ and 27�S, no present-day
glaciers are found due primarily to extreme aridity (Ammann et al.,
2001; Casassa et al., 2007). Moreover, between 25 and 27�S, there is
no clear evidence of former glaciers during the late Quaternary
inclusive of ranges as high as 6000 m asl (Ammann et al., 2001).
ni).
This particularity makes the subtropical arid Andes a special place
to study the present and former evolution of the cryosphere, and in
particular the glacial evolution during the last glaciation. Several
lines of evidences support the existence of cooling and phases of
higher precipitation during the last 130 ka producing, among other
changes, the expansion of large lakes on the Altiplano (Baker et al.,
2001b; Placzek et al., 2006; 2013; Blard et al., 2011). Such climatic,
including hydrologic, variations have impacted the landscape due
to the enhancement of surface processes such as landslides (Trauth
et al., 2000, 2003; Hermanns et al., 2006). The Late Pleistocene
glacier chronology in the subtropical Andes is not precisely con-
strained on a regional spectrum to evaluate the influence of such
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past climate changes. Given the lack of age control along the sub-
tropical Andes, more geochronological data are needed on glacial
deposits in order to have a better understanding of such relation-
ships, and to strengthen glacial-climate reconstructions based on
geomorphologic evidence (e.g., Porter, 2001; Ammann et al., 2001;
Haselton et al., 2002).

Furthermore, in tropical to subtropical South America, questions
remain on past climate regime shifts during glacial-ages, including
changes in the Intertropical Convergence Zone (ITCZ) and the mid-
latitude Southern Hemisphere Westerlies, as well as the relative
importance of far-field influences such as polar and North Atlantic
conditions (Denton et al., 2010; Baker and Fritz, 2015). It is unclear
how the South American Summer Monsoon (SASM) responded to
these low-latitude and far-field influences, especially during the
global Last Glacial Maximum (LGM) (26.5e19 ka; Clark et al., 2009)
and during abrupt climate changes that are seen in both polar ice-
cores and high latitude ocean records in the North and South
Hemispheres (Barker et al., 2009; Pedro et al., 2011; Members,
2015). Some works pointed out the link between North Atlantic
cooling and the SASM was enhanced in the Amazonas region and
Central Andes during the last glacial to interglacial period (Wang
et al., 2004, 2007; Quade et al., 2008; Blard et al., 2011; Kanner
et al., 2012; Placzek et al., 2013; Stríkis et al., 2015). This is a
mechanism by which climate drivers far outside South America
(e.g., Northern Hemisphere ice sheets) can have a major impact on
its glacier and geomorphic history. However, it remains unclear to
what extent the SASM may have shifted southward, especially at
high-altitude sites in the subtropical Andes, and affected the
glaciers.

Subtropical glacier records and their chronologies can sub-
stantially improve our knowledge of past atmospheric climate dy-
namics (mainly temperature and precipitation) to address the
issues above. The Cordillera Oriental of Argentina is an excellent
place for studying how glaciations and other morphoclimatic pro-
cess manifest themselves in Earth's arid subtropical settings, and
for characterizing their changes during the abrupt switch to the
warmer interglacial, after the global LGM. Its location is particularly
significant, being in a part of the continent where the interaction
between the SASM and the South American Low Level Jet (SALLJ)
dictates the climate (Garreaud et al., 2009; Vuille et al., 2012).
Therefore, it is ideally situated to test the influence of the SASM on
Fig. 1. (A) Mean atmospheric circulations patterns in South America. SALLJ: South American
America denote the mean wind director at 925 hPa. Symbols indicate the locations of prior w
et al., 1997; Blard et al., 2009, 2013a), Uturuncu volcano (Blard et al., 2014), Tres Lagunas (Zec
Salar de Uyuni (Placzek et al., 2006). (B) Digital Elevation Model of the Nevado de Cha~ni ma
and west side.
glacial activity during the Late Pleistocene.
In this work, we analyze the glacial geomorphology of the

Nevado de Cha~ni massif (Fig. 1), located on the arid subtropical
eastern slope of the Central Andes and we establish a new chro-
nology based on high precision cosmogenic 10Be surface dating. To
evaluate the moisture trajectory during glaciations we reconstruct
glacier paleo-equilibrium line using several newly-dated moraines.
Finally, we compare and review the new glacial history with other
paleoclimatic proxies and discuss local and global implications.

2. Regional settings

The Cordillera Oriental of Argentina is located on the eastern
border of Puna-Altiplano, on the northeast side of the low-
precipitation (less than 250 mm/yr) narrow band, the so-called
Arid Diagonal. This is a major climatic boundary with a
southeast-northwest trend, which crosses the Andes between 25�

and 27�S (Fig. 1). Most of the annual precipitation (~75%) in
Cordillera Oriental takes place during the austral summer (from
December to March) and is related to the SASM (Zhou and Lau,
1998).

Specifically, during the austral spring the ITCZ migrates south-
ward and produces the onset of the SASM in response to the
thermal contrast between the continent and the adjacent ocean
(Vera, 2006). The SASM reaches its mature phase between
December and February. The dynamics of the ITCZ affect the SASM
intensity and therefore the moisture influx and overall climate
conditions to this part of the continent (Vuille et al., 2012), a
circumstance that is important for this investigation. A deep con-
tinental low forms over the Chaco region (25�S) and forces the
easterly winds to turn southward and transport significant
amounts of moisture across the SALLJ from the Amazon region into
the northwestern Argentina (Garreaud et al., 2009), including areas
of our focus (Fig.1). Thewinds andweather from the east-northeast
create an orographic effect across the Cordillera Oriental (Bianchi
and Ya~nez, 1992), with a much drier western side, which is re-
flected in the regional-scale geomorphic evolution (Strecker et al.,
2007) (Fig. 1). Only the highest peak of the Cordillera Oriental of
Argentina, the Nevado de Cachi (6380 m above sea level (asl))
contains glaciers. There are four small glaciers (less than 1 km2),
which are situated above 5600 m asl (Martini et al., 2013). Based on
Low Level Jet; H: Bolivian High; L: Chaco Low. Arrows in low and high latitude South
orks mentioned in the text: Nevado de Cha~ni (this work), Tunupa volcano (Clapperton
h et al., 2009), Chajnantor Plateau (Ward et al., 2015), Botuver�a cave (Wang et al., 2007),
ssif with the location of Fig. 3. Note the difference in slope and relief between the east
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their size, the location, and the regional climatic conditions, they
are classified as reservoir glaciers (cf. Lliboutry, 1956). This variety
of glacier is typical in the dry high-altitude Andes, where they are
situated far above the 0 �C isotherm altitude, they do not have
considerable flow, and the annual mass balance is similar across the
whole area of the glacier (not altitude-dependent) (Milana, 2012).

The Nevado de Cha~ni (5940 m asl), which is the focus of this
study, is a north-south trending mountain range situated in the
central part of the Cordillera Oriental (Fig. 1). The west side of
Nevado de Cha~ni drains into the closed-watershed of Salinas
Grandes in the Puna-Altiplano and the east side is part of the Ber-
mejo watershed, which drains into the Atlantic Ocean. The east-
west asymmetry found in the Cordillera Oriental is also present
at Nevado de Cha~ni (Figs. 2 and 3), where the east side contains
higher relief and steeper slopes than the west side. The Nevado de
Cha~ni is composed of Precambrian and Paleozoic sedimentary rocks
(metasedimentary and sandstones) intruded by Cambrian granites
(Gonz�alez et al., 2004; Zappettini et al., 2008). Glacigenic deposits
and erosional landforms evince the presence of glaciers during the
Late Pleistocene (Martini et al., 2015). At present, above 4500 m
a.s.l. periglacial activity takes a main role in the development of the
landscape (Martini et al., 2013). Based on the La Quiaca weather
station located ~210 km north of Nevado de Cha~ni, the regional 0 �C
isotherm is estimated to be ~4910 m asl (Martini et al., 2013). We
also installed an automatic meteorological station at 4910 m asl on
Nevado de Cha~ni. For 2012, the mean annual air temperature was
1.3 �C and we assume the annual 0 �C isothermwas slightly higher.
Although the highest part of Nevado de Cha~ni is located above the
Fig. 2. The west (A) and east (B) sides of Nevado de Cha~ni. Note the slope and relief
differences. The arrows indicate the highest part of the range (5882 m asl).
0 �C isotherm, no glaciers exist today. The reasons include a dry
climate with a mean annual precipitation less than 400 mm, and
intense solar radiation at high elevations, which causes high sum-
mer ablation rates, as in others sectors of the subtropical Central
Andes (e.g., Schotterer et al., 2003; Vargo and Galewsky, 2014).

3. Methods

3.1. Mapping and sample collection

Using satellite images, aerial photographs, and a digital eleva-
tion model we mapped the main glacial and periglacial landforms
on both sides of the Nevado de Cha~ni (Fig. 3). We carried out 4 field
seasons to check the interpretations made for themap.We grouped
lateral, frontal and central moraines into five different Moraine
Groups (MG I to V) on the basis of their position, morphology, and
chronology. We collected 42 samples from erratic boulders situated
on moraines crests for cosmogenic 10Be surface exposure dating
(e.g., Figs. 4 and 5). The moraine crest marks the former position of
the glacier margin, which could represent either a stillstand or the
culmination of an advance (e.g., Putnam et al., 2013). We infer the
cosmogenic 10Be ages from moraine boulders on crest tops date
relatively close to the end of the causal climate event or onset of
withdrawal of the ice margin from the landform.

The samples were taken with hammer and chisel from the top
1e3 cm, from well-preserved flat surfaces on erratic boulders.
Some of the boulders sampled contain striations, showing signs of
little or no postglacial erosion. The sampled litholgies include hard
quartz-rich granites (Cha~ni Formation) and quartzitic sandstones
(Meson Group) (Gonz�alez et al., 2004) (Table 1). The location and
altitude of each sample were measured using Trimble ProXH or R4
GPS system and were corrected differentially using the Salta city
permanent GPS station. Post-processed uncertainties (1s) for the
samples were less than 0.6 m in the altitudinal and less than 0.4 m
in the horizontal.

3.2. 10Be surface-exposure dating

We use recent advances in 10Be dating that allow improved
precision (analytical uncertainties are less than 4% and typically 2%)
compared with prior studies in central South America (Zech et al.,
2009; Ward et al., 2015) (Table 1). Samples were prepared in the
Cosmogenic Nuclide Laboratory at the Lamont-Doherty Earth Ob-
servatory following the methods of Schaefer et al. (2009) and,
10Be/9Be ratios were measured at PRIME Lab or at the Center for
Accelerator Mass Spectrometry at Lawrence Livermore National
Laboratory. 10Be/9Be was measured relative to the 07KNSTD AMS
standard (Nishiizumi et al., 2007). The 10Be/9Be ratio of sample CH-
10-86wasmeasured twice and the sample agewas calculated using
the average of the two results. During the processing, we used one
procedural blank for each batch of samples (n ¼ 7e10). The con-
centration of the procedural blank was subtracted from the 10Be
concentration of the respective samples. In all the cases the blank
corrections represent less than 0.2% the sample measurement. The
exposures ages were calculated using CRONUS-Earth online
calculator (Version 2.2; Balco et al., 2008).We used a rock density of
2.65 g/cm3. No erosion was considered in the age calculations
becausewe did not find clear evidence on the surfaces sampled and
the highly resistant lithologies are not prone to erode. We also did
not consider shielding by snow accumulation on the boulders
because present-day (<400 mm/yr; Bianchi and Ya~nez, 1992), and
we assume also past, precipitation is insignificant on top of moraine
crests in terms of long-term integrated exposure history, in this arid
environment. We also noted that no snow accumulation on the
groundwas registered by aweather station located at 4910m asl on



Fig. 3. Glacial geomorphological maps of the west (A) and east (B) sides of Nevado de Cha~ni (see Fig. 1 for location). Shown are 10Be ages (blue text) and the last 4 digits of the
sample ID (black text). Grey boxes represent outliers. Ages are in ka, with ±1s analytical (internal) uncertainty. QCS: Quebrada Cha~ni Sur valley, QDM: Quebrada del Medio valley,
JD: Jefatura de Diablos valley, QM Quebrada de la Mina valley. Fig. 3B shows only the Refugio valley. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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Nevado de Cha~ni over 16 months of observations.
The exposure ages were calculated using the regional high-

altitude low-latitude production rate of Kelly et al. (2015) for the
subtropical Andes (Peru), which is statistically identical, within
uncertainties, to other South American and Southern Hemisphere
rates (Blard et al., 2013b; Martin et al., 2015; Kaplan et al., 2011;
Putnam et al., 2010). The difference using the two Southern
Hemisphere high-altitude and low-latitude production rates
available in the CRONUS-Earth online calculator is � 5% (i.e., Kelly
et al., 2015; Blard et al., 2013b). We use the regional production
rate of Kelly et al. (2015) because it is within the same high
elevation range (4350e4850) of our samples (Table 1) and it is
more precise (±2.4%) than the Blard et al. (2013b) production rate
(3800 m asl; ±6.1%), although both are statistically identical. In the
text, the ages discussed are based on the time-dependent Stone-Lal
(‘Lm’) scaling (Balco et al., 2008). We use the ‘Lm’ (time-dependent
Stone, 2000/Lal, 1991) and ‘St’ (Stone, 2000) scaling schemes
because neutron-monitor based scaling frameworks have much
poorer fit to the primary calibration data sets (Lifton et al., 2014;
Borchers et al., 2016). The difference using ‘St’ or ‘Lm’ scaling



Fig. 4. Field photos of the different moraine groups. A) MG I and II on the west side. B) Lateral moraine of MG II on the west side. C) Lateral moraines of MG III on the east side. D)
Lateral moraines of MG II and lateral/frontal moraines of MG IV on the west side. E) MG IV and the central moraines of MG III on the east side. F) MG V on the east side which is near
the headwall. The black and white arrows point to the different MG respectively. The red circles highlight a person for scale. In the upper right corner of each photo is the direction
of the view. Boulders ages (±1s in ka) and sample ID (last 4 digits) are shown with dark boxes representing outliers. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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scheme changes the ages by� 5% for LGM time, �2% for Lateglacial
time and �22% for pre-LGM time. Therefore, the choice of scaling
scheme or Southern Hemisphere production rate does not affect
our main interpretations and conclusions. To compare our mean
moraine ages with the timing of other proxy changes, we also
propagate a production rate uncertainty (±2.4%; Kelly et al., 2015).
3.3. Equilibrium line altitude reconstructions

Paleo-equilibrium line altitudes (ELA) were estimated for MG III,
IV, and V on the east side and for MG IV on the west side using the
Accumulation Area Ratio (AAR) method (Porter, 1975). To recon-
struct the ELA of former glaciers, we first delimit the glacier extent,
using moraine crests in the ablation zone and erosional features in
the accumulation zone as glacier limits. We then reconstruct the
glacier surface elevation taking some control points (e.g., moraine
crest) that mark the glacier position and draw its surface with a
contour interval of 50 m (Fig. 6). The contour levels were drawn
concave in near the accumulation zone and convex in near the
ablation zone, and perpendicular with respect to the inferred
paleoglacier flow direction. Then, we construct the hypsometric
curve of the glacier (cumulative area vs altitude) and extract the
paleo-ELA from 67% of the area counting from the accumulation
area (i.e. AAR ¼ 0.67) (Fig. 6). An AAR ¼ 0.67 was used because this
represents the average for Bolivian glaciers (Jordan, 1991). Slight
changes in assumed AAR should not significantly affect our con-
clusions, as we focus mainly on the relative changes between
events (e.g., Fig. 3B). For each paleo-ELA we estimated an error
equal to the contour interval (±50 m).
4. Results

4.1. Geomorphology and moraine sequences

The present-day climatic and geomorphologic asymmetry be-
tween the east and west sides of Nevado de Cha~ni are also reflected
in the respective MG crests, which have different relative sizes on
both sides (Figs. 2e4). MG I represents the most extended and
oldest moraine group. On the east side, its crests are found above
3790m asl and they have been partially removed by fluvial erosion.
On the west side, MG I crests are restricted to the Quebrada Cha~ni
Sur valley where they are found above 4150 m asl (Fig. 4).



Fig. 5. Photos showing examples of boulders sampled for 10Be exposure dating with the age (±1s in ka), and sample ID (last 4 digits) in the box.
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Associated with MG I is a downstream outwash plain.
On both sides of Nevado de Cha~ni, MG I is partially overridden

by MG II (Figs. 3 and 4). On the east side, MG II consists of small
parallel ridges. On the west side, in the Quebrada Cha~ni Sur valley,
MG II consists of two sharp lateral moraines more than 50 m in
height that draw near downstream, which are located above
4270 m asl.

MG III is well developed in all valleys on the east side. In the
Refugio valley, it lies above 4110 m asl and its frontal moraine is
more than 70 m in height. Lateral moraines are found in the south
sector of the valley and are composed of two main crests (Figs. 3
and 4) that join to the terminal moraine. Just slightly farther
inboard, two sharp crests of central moraines are also mapped as
MG III given similar elevations and geomorphologic characteristics
(Fig. 3). On the west side, MG III moraines occupy a much smaller
area compared with the east side. They are located above 4615 m
asl, close to MG IV (Fig. 3). In the Quebrada Cha~ni Sur valley, MG III
is not present.

MG IV is well represented in many valleys on both sides of
Nevado de Cha~ni. On the west side, when they are observed, MG IV
moraines are close to MG IIII. In the Quebrada Cha~ni Sur valley, MG
IV consists of more than eight parallel moraines deposited near the
valley bottom (Fig. 4). In Jefatura de Diablos valley these moraines
are thicker (~20 m), whereas in the Quebrada de la Mina they are
mainly represented by erratic boulders scattered in the valley
bottom. On the east side, they are located ~1.5 km upstream from
the frontal moraine of the older MG III (Figs. 3 and 4). Here, MG IV
consists of sharp and continuous, typically less than 6 m high,
parallel moraines found in the bottom of the valleys. We inter-
preted MG IV as indicating stabilization interrupting overall
recession during the glacial to interglacial transition, which is
supported by the subsequently-obtained age constraints.

Situated inboard of MG IV, MG V is restricted to the east side of
Nevado de Cha~ni (Fig. 3B). It consists of continuous sharp lateral
and frontal moraine crest located above 4650 m asl, and contains
hard resistant granite boulders (Figs. 4 and 5). It represents the
innermost and, therefore, the youngest moraine group. After MG V,
no glacial advances are observed in the Nevado de Cha~ni.

4.2. Boulders exposure ages and moraine group chronologies

Due to potential geomorphic processes, outliers may be ex-
pected from erratic boulders on the same moraine crest or moraine
system. For example, younger ages than that of moraine deposition
can be due to post-depositional processes such as shielding of the
sampled surface (e.g., within the moraine) and its subsequent
exhumation, boulder erosion (e.g., spallation), or boulder rotation
with a subsequent change of the surface exposed. Also, it is possible
that some boulders have apparent ages older than that of moraine
deposition, due to previous exposure (inheritance). Outside the
polar regions where cold-based glaciers are common, post-
depositional processes are generally more important than pre-
exposure as agents for the scattering of ages on glacial deposits
older than the Holocene (e.g., in South America, Douglass et al.,
2006; Kaplan et al., 2007; in New Zealand, Putnam et al., 2013).

4.2.1. MG I and II
For MG I and II on the west side (no ages were obtained on the

east side), 6 of 8 boulders have exposure ages that ranges from 52.3
to 39.1 ka (Figs. 3 and 5). Two boulders (CH-10-17 and CH-12-82),
one on MG I and one on MG II, have an age of ~17 ka. Despite the
coherent ages of these two younger boulders with each other, it is
unlikely that they represent the age of MG I and II because they
contradict the other 6 ages, and perhaps most important the MG I
~17 ka boulder violates the relative stratigraphy of almost all ages
(except one) of the inboard and thus younger MG II (Fig. 3A). The
youngest sample of MG II (CH-10-17 of age 17 ± 0.4 ka) does not
violate relative stratigraphy. However, we consider it improbable
one out of the four ages on MG II represents the true age of the
moraine given that the three remaining ages range from ~43 to ~39
ka. It is possible that these two samples (CH-10-17 and CH-12-82)
represent post-depositional processes, such as boulder distur-
bance, and we considered them as outliers at least in the context of
the 8 ages. We did not find obvious signs of erosion on the sampled



Table 1
Geographical and analytical sample data. The 10Be/9Be ratio of sample CH-10-86 was measured twice. Ages were calculated using Kelly et al. (2015) production rate and the
time-dependent Stone-Lal (‘Lm’) scaling (Balco et al., 2008). MG: Moraine Group.

Sample ID Latitude (�S) Longitude
(�W)

Altitude
(m a.s.l.)

Boulder size
(L � W � H) (m)

Lithology Sample
thickness (cm)

Shielding
correction

10Be/9Be ±1s
(10�14)

10Be ±1s
(104 atoms g�1)

Age ±1sa

(ka)
MG

CH-12-83 �24.04969 �65.79930 4493 2.0 1.9 1.2 Granite 1.0 0.998 73.00 ± 0.02 222.92 ± 5.23 41.9 ± 1.0 I
CH-10-23 �24.04803 �65.80363 4418 4.7 3.1 2.0 Granite 1.7 0.999 240.77 ± 3.18 250.46 ± 3.31 48.3 ± 0.6 I
CH-10-24 �24.04823 �65.80346 4422 1.3 0.8 1.3 Granite 1.9 0.999 262.02 ± 2.89 267.91 ± 2.95 52.3 ± 0.6 I
CH-12-82 �24.05005 �65.79916 4490 2.0 1.1 1.3 Sandstone 0.8 0.997 26.00 ± 0.01 78.50 ± 2.74 17.2 ± 0.6 I
CH-10-18 �24.05021 �65.80857 4387 3.4 2.5 1.8 Granite 0.7 0.999 184.21 ± 2.93 195.83 ± 3.12 39.1 ± 0.6 II
CH-10-19 �24.05398 �65.80313 4513 2.7 1.1 1.1 Granite 1.6 0.999 196.94 ± 2.39 206.16 ± 2.51 39.1 ± 0.5 II
CH-10-22 �24.04911 �65.80525 4420 4.4 1.4 1.4 Granite 0.8 0.999 214.74 ± 2.46 224.22 ± 2.57 43.0 ± 0.5 II
CH-10-17 �24.05039 �65.80813 4393 4.1 2.5 1.3 Granite 0.6 0.998 72.15 ± 1.67 74.87 ± 1.73 17.0 ± 0.4 II
CH-10-48 �24.04086 �65.69206 4454 5.5 4.0 1.8 Granite 0.9 0.998 38.40 ± 0.01 117.42 ± 3.68 25.0 ± 0.8 III
CH-10-30 �24.02641 �65.76001 4725 1.5 0.9 0.6 Sandstone 1.8 0.992 86.02 ± 0.02 130.34 ± 3.71 24.8 ± 0.7 III
CH-10-44 �24.03942 �65.68833 4378 2.0 1.9 1.0 Granite 0.9 0.998 37.90 ± 0.01 112.48 ± 2.38 24.8 ± 0.5 III
CH-10-47 �24.03985 �65.69128 4415 2.5 2.0 1.3 Granite 1.0 0.998 40.60 ± 0.01 113.82 ± 2.25 24.7 ± 0.5 III
CH-10-50 �24.04071 �65.69107 4428 1.4 0.9 1.0 Granite 0.9 0.998 38.20 ± 0.01 107.96 ± 2.55 23.4 ± 0.6 III
CH-10-49 �24.04072 �65.69112 4431 3.0 2.5 1.6 Granite 2.4 0.998 34.60 ± 0.01 105.05 ± 2.75 23.1 ± 0.6 III
CH-10-56 �24.03807 �65.68408 4351 2.5 1.8 1.3 Granite 0.9 0.998 32.00 ± 0.01 97.99 ± 2.78 22.3 ± 0.6 III
CH-10-51 �24.04052 �65.68919 4383 3.9 2.5 1.5 Granite 1.0 0.996 33.10 ± 0.01 99.49 ± 2.11 22.3 ± 0.5 III
CH-10-46 �24.03947 �65.68879 4380 1.6 1.4 0.9 Granite 1.2 0.997 31.00 ± 0.01 95.48 ± 1.85 21.4 ± 0.4 III
CH-10-04 �24.02245 �65.75677 4768 2.0 1.7 1.2 Granite 0.9 0.995 67.37 ± 0.02 112.25 ± 3.16 21.2 ± 0.6 III
CH-10-31 �24.02645 �65.75995 4725 0.8 0.7 0.5 Sandstone 0.7 0.995 43.94 ± 0.01 96.72 ± 1.93 18.8 ± 0.4 III
CH-10-52 �24.03928 �65.68477 4341 3.3 1.9 1.1 Granite 1.0 0.998 26.00 ± 0.01 78.88 ± 3.36 18.4 ± 0.8 III
CH-10-45 �24.03942 �65.68833 4378 1.7 1.7 1.3 Granite 0.9 0.998 26.00 ± 0.01 77.51 ± 2.10 17.8 ± 0.5 III
CH-10-57 �24.03708 �65.68405 4349 2.4 1.9 1.6 Granite 0.7 0.998 23.00 ± 0.01 68.36 ± 2.43 16.2 ± 0.6 III
CH-10-05 �24.02268 �65.75760 4777 1.5 0.9 0.9 Sandstone 2.2 0.995 50.17 ± 0.02 75.78 ± 2.58 14.9 ± 0.5 III
CH-10-55 �24.03724 �65.68725 4347 2.9 2.1 1.6 Granite 1.5 0.998 78.00 ± 0.01 233.73 ± 4.20 46.4 ± 0.8 III
CH-12-78 �24.03837 �65.68727 4366 1.6 1.1 0.9 Granite 0.8 0.998 251.30 ± 0.04 769.10 ± 12.26 152.7 ± 2.4 III
CH-12-86A �24.05386 �65.79906 4561 1.0 0.8 0.8 Sandstone 1.7 0.997 45.41 ± 0.01 69.92 ± 1.50 15.1 ± 0.3 IV
CH-12-86B �24.05386 �65.79906 4561 1.0 0.8 0.8 Sandstone 1.7 0.997 53.59 ± 0.02 73.35 ± 2.57 15.7 ± 0.6 IV
CH-10-11 �24.03317 �65.76486 4742 1.3 1.2 1.0 Sandstone 1.2 0.995 35.58 ± 0.01 78.48 ± 1.62 15.5 ± 0.3 IV
CH-10-26 �24.02507 �65.75166 4849 1.8 1.4 0.8 Sandstone 0.9 0.983 37.02 ± 0.01 80.89 ± 1.84 15.4 ± 0.4 IV
CH-10-32 �24.05998 �65.79493 4635 2.3 1.5 0.9 Granite 0.9 0.996 32.80 ± 0.01 73.43 ± 2.23 15.1 ± 0.5 IV
CH-10-10 �24.03383 �65.76444 4761 1.4 0.8 0.8 Sandstone 0.6 0.996 34.86 ± 0.01 77.28 ± 1.75 15.1 ± 0.3 IV
CH-10-35 �24.06069 �65.79797 4618 3.2 2.0 1.1 Granite 0.6 0.993 91.43 ± 1.25 72.21 ± 0.99 15.1 ± 0.2 IV
CH-10-08 �24.03478 �65.76385 4805 1.8 1.3 1.0 Sandstone 1.1 0.992 34.92 ± 0.01 76.98 ± 1.62 14.9 ± 0.3 IV
CH-10-27 �24.02564 �65.75062 4847 4.3 1.8 1.3 Sandstone 1.5 0.983 211.45 ± 4.07 76.85 ± 1.48 14.7 ± 0.3 IV
CH-10-33 �24.06010 �65.79499 4631 2.2 1.3 1.0 Granite 1.0 0.996 32.70 ± 0.01 70.90 ± 1.74 14.7 ± 0.4 IV
CH-10-03 �24.03306 �65.76376 4758 2.3 1.1 1.0 Sandstone 3.1 0.995 70.75 ± 0.97 72.94 ± 1.00 14.6 ± 0.2 IV
CH-11-76 �24.03704 �65.70259 4500 2.8 2.7 3.2 Granite 1.5 0.996 21.70 ± 0.01 66.74 ± 2.45 14.7 ± 0.5 IV
CH-11-77 �24.03720 �65.70222 4495 4.2 2.7 2.3 Granite 1.0 0.994 21.10 ± 0.01 67.48 ± 2.14 14.3 ± 0.5 IV
CH-10-34 �24.06069 �65.79803 4620 4.8 2.7 1.2 Granite 0.7 0.993 132.92 ± 1.82 103.79 ± 1.42 21.0 ± 0.3 IV
CH-10-61 �24.03473 �65.72081 4662 2.9 1.8 1.5 Granite 1.8 0.987 28.20 ± 0.01 60.87 ± 1.73 12.8 ± 0.4 V
CH-10-60 �24.03121 �65.72095 4764 2.8 1.6 2.6 Granite 0.9 0.985 27.40 ± 0.01 60.23 ± 1.54 12.0 ± 0.3 V
CH-10-62 �24.03463 �65.72215 4683 4.1 3.5 1.9 Granite 1.4 0.986 26.40 ± 0.01 57.87 ± 1.53 12.0 ± 0.3 V
CH-10-59 �24.03100 �65.72105 4765 5.3 4.9 2.3 Granite 1.0 0.985 26.80 ± 0.01 58.10 ± 1.52 11.6 ± 0.3 V

a Analytical (internal) uncertainty.
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surface, and the boulders heights (0.8e0.6 m) far above the
moraine matrix would imply they were not buried.

Excluding the two mentioned outliers, the ages on MG I are
older than MG II (except for boulder CH-10-83), which are in
agreement with the relative positions of the moraines (Fig. 3A).
Despite some scattering in the ages and current uncertainties
associated with scaling in a pre-LGM timeframe, we can still
confidently state that 6 ages from MG I and II indicate glacial ac-
tivity between ~52 and ~39 ka, during Marine Isotopic Stage 3
(MIS 3).

4.2.2. MG III
On both sides of Nevado de Cha~ni 17 boulders were dated from

MG III. Two of them from the east side are obvious outliers, more
than 20 ka older than the rest (CH-10-55 and CH-12-78) and
represent a prior period of exposure (inheritance). On the east side,
boulders arise from 2 lateral and 2 frontal moraines (Fig. 3B). The
four boulders from the external lateral moraine (CH-10-48 to 51)
have ages between 25 and 22.3 ka (Fig. 7A). The internal lateral
moraine (CH-10-44 to 47), located ~120 m inboard, has exposure
ages that overlap at ±1s with the external lateral moraine except
for the sample CH-10-45 (17.8 ± 0.5 ka; Fig. 7B). Without consid-
ering CH-10-45, 7 samples of the lateral moraine (internal and
external combined) form a cluster from 25 to 21 ka, with a peak of
24.7 and a mean of 23.5 ± 1.4 ka (Fig. 7C). The data do not allow us
to distinguish an age difference between the inner and the outer
lateral moraines within uncertainties (Figs. 3B and 7C).

Also on the east side, a frontal moraine shows three scattered
ages that range between 22.3 and 16.2 ka (Figs. 3B and 7D). Ac-
cording to its position, and the age of the lateral moraines that it
links to (i.e., lateral-frontal), we infer the moraine age is likely
represented by sample CH-10-56 (22.3 ka). Regardless, our findings
are not affected by the scatter and lack of a defining age for this
sliver of frontal moraine crest.

On the west side, four boulders have been dated on MG III. The
ages range from 24.8 to 14.9 ka. Three boulders are between 24.8
and 18.8 ka. The youngest boulder of 14.9 ka is considered an outlier
given the other 3 ages and it does not represent the MG III age
distribution (Fig. 7). Interestingly, the youngest boulder (14.9 ka)
has the same age as the inboard and thus younger MG IV (see
below). It could be reflecting post-depositional disturbance during
the later MG IV timeframe deposition.



Fig. 6. Paleo-equilibrium line reconstructions. Paleoglacier extent surface reconstruction (left) and the hypsometric curve (cumulative area vs altitude; right) for the calculation of
paleo-ELA using the AAR approach. We use an AAR ¼ 0.67 (right) although this does not affect our main conclusions. The paleo-ELA of MG IV from west side was calculated in the
Quebrada Cha~ni Sur valley (Fig. 3).
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Fig. 7. Probability density functions (‘camel plots’) for MG III (with and without outliers). Individual ages are shown by thin black lines with the analytical (internal) uncertainty
(±1s). The thick black line represents the probability distribution of the representative age population. Ages are shown grouped by moraine crest and valley (A to E) and all samples
together (F and G). In C, one outlier (CH-10-45) is shown in grey color and it was not included in the calculations. Samples ID and statistics are in inset. Statistics include: arithmetic
mean with ±1s, arithmetic mean with ±1s and production rate (PR) uncertainty propagated (2.4%), weighted mean (w) with weighted uncertainty, peak age, median and reduced
Chi2. Black, red and green vertical lines mark ±1s, ±2s, and ±3s from the arithmetic mean, respectively. The center vertical blue line and yellow band denotes the arithmetic mean
value ±1s. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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4.2.2.1. Summary of all MG III ages. Not considering the three above
mentioned outliers CH-10-05 (14.9 ± 0.5 ka), CH-10-55 (46.4 ± 0.8
ka) and CH-12-78 (152.7 ± 2.4 ka), the average age of MG III is 21.7
ka. Ten of the remaining 14 MG III ages on east and west sides form
a cluster around 25 to 21 ka (Fig. 7F and G). The four other boulders,
which are located in different moraine crests on both sides of the
massif, yield younger ages (Fig. 7F); moreover, the sample CH-10-57
age (16.2 ± 0.6 ka) overlaps at 1swith 3 different ages of MG IV (see
below). We interpret these four younger ages as representing post-
depositional disturbance; these were not considered when calcu-
lating MG III age. The mean age of MG III does not change sub-
stantially whether or not these outliers are included (compare Figs.
7F and G).

The ‘camel plot’ in Fig. 7G shows ages from 25 to 21.2 ka, a main
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peak of 24.8 ka, and an average (±1s) of 23.3 ± 1.6 ka. At 1s, the
peak and mean are indistinguishable. As noted above, we cannot
distinguish statistically the different moraine crest ages during this
time. Nonetheless, we cannot rule out the MG III moraine is
composed of more than one glacial event during the period 25 to 21
ka, whichmay be reflected in the slight bimodal distribution shown
in Fig. 7G. That the ages are from different crests supports there is
more than one ice margin position represented within age un-
certainties. However, given the moraine crests are indistinguish-
able in age, our main conclusions are not affected if we summarize
the age of MG III as being between ~25 and ~22 ka with an average
of 23.3 ± 1.6 ka (Fig. 7G).

It is interesting to note that on eachmoraine system,MG I, II and
III, there are ages (outliers) between ~19 and ~16 ka (6 in total). We
cannot rule out the possibility that a glacier readvance during this
period of time has somehow generated disturbance of boulders on
the older (i.e., based on the relative morpho-stratigraphy) MG I, II
and IIImoraines, butwehavenoevidence toconfirmsucha scenario.
Fig. 9. Similar to Fig. 7, but probability density function for MG V.
4.2.3. MG IV
The MG IV has been dated (n ¼ 13) in four different valleys

collectively from both sides of Nevado de Cha~ni (Figs. 3 and 8).
Twelve ages range from 15.5 to 14.3 ka (average 15.0 ± 0.5 ka;
Fig. 8E), except for one outlier (CH-10-34; ~21 ka). We infer this one
boulder (~6 ka older than the other 12 boulders) reflects pre-
exposure (inheritance). The ages of MG IV in each of the four val-
leys are statistically indistinguishable and present the same
average, mode andmedian (Fig. 8). The scatter between ages can be
Fig. 8. Similar to Fig. 7, but probability density functions for MG IV (without outlier CH
explained by analytical uncertainties alone. Hence, we consider the
average of the 12 samples (15.0 ± 0.5 ka) as the age of MG IV.

4.2.4. MG V
Four consistent ages for MG V (with no outliers), which is only

detected on the eastern side (Fig. 3), provide an age range from 12.8
to 11.6 ka (Fig. 9). The insignificant scatter between ages can be
-10-34). Ages are shown grouped by valley (A to D) and all samples together (E).
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explained by internal uncertainties alone. Hence, the average of
these four ages marks the age of the MG V (12.1 ± 0.6 ka).

4.3. Glacial history and paleo-ELA reconstruction

The oldest glacial deposits around Nevado de Cha~ni are repre-
sented byMG I and II. According to our chronology, MG I and II were
Fig. 10. Glacial chronology of Nevado de Cha~ni compared with other paleoclimatic record
represent individual ages (with ±1s analytical uncertainty) and thick line the summed dis
propagation of both analytical and production rate uncertainty (±1s), as explained in the M
de Cha~ni, from Fig. 6. Note for MG IV, ELA is constructed for both sides allowing a comparison
of Lemieux-Dudon et al. (2010). YD: Younger Dryas stadial, D/A: Bølling-Allerød, HS1: Heinri
speleothem record from Boyuver�a cave (27�S), southern Brazil (Wang et al., 2007). F) Dom
interpretation of the references to colour in this figure legend, the reader is referred to the
deposited between ~52 and ~39 ka. After that, an important glacial
advance on the east side, which is less represented on thewest side,
took place at 23.3 ± 1.6 ka, leading to deposition of MG III. As the
age of MG III was obtained from boulders on different moraine
crests on the east side, it is possible that its formation represents
more than one glacier pulse to a similar position. On the east side,
the paleo-ELA fromMG III is located at 4708 ± 50 m asl (Fig. 6). It is
s. A) Probability plots of 10Be ages of MG III, IV and V (without outliers). Thin lines
tribution. Vertical columns (in blue) indicate the mean age of each moraine including
ethods, Section 3.2. B) Paleo-ELA from the east (black) and west side (white) of Nevado
for this time period. C) NGRIP d18O record (Rasmussen et al., 2006) placed in timescale
ch stadial 1. D) Lake level curve of Altiplano paleolakes (Placzek et al., 2006). E) d18O of
e C dD record (EPICA, 2004) placed in timescale of Lemieux-Dudon et al. (2010). (For
web version of this article.)
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not possible to estimate a MG III paleo-ELA on the west side due to
the limited morphology, specifically the absence of frontal
moraines.

Subsequently, at Nevado de Cha~ni the ELA rose and glaciers
retreated, prior to ~15 ka. This recession was then interrupted by
twomoraine-building events, at 15.0± 0.5 ka (MG IV) on both sides,
and at 12.1 ± 0.6 ka (MG V), which is only represented on the east
side. The ELA increased on the east side by ~180 m fromMG III to IV
and 140 m from MG IV to V (Fig. 6). The ELA of the ~15 ka glacial
expansion was located at 4885 ± 50 m asl on the east side and at
5072 ± 50m asl on thewest side; from this, we observe the ELAwas
~190 m higher on the west side of Nevado de Cha~ni at ~15 ka.

5. Discussion

5.1. Possible climatic factors involved in glacial fluctuations at
Nevado de Cha~ni

The pattern of paleo-ELA, with an increase from east to west
across the massif, suggests that the glaciers located on the east side
received more precipitation; this pattern existed at least during
formation of MG III at the global LGM, and subsequently during MG
IV (Fig. 10B). The east to west increase in paleo-ELA confirms that
the humidity trajectory and general climate patterns during glaci-
ations were similar to today, that is, from the east-northeast (Fig. 1).
A similar pattern been previously reported northward of Nevado de
Cha~ni from Peruvian and Bolivian Andes (Klein et al., 1998; Porter,
2001). The ages and paleo-ELA pattern thus imply that the SASM
climate regime continued to influence the South American sub-
tropics during Ice Age climates, such as during the LGM. We infer
that if the Southern HemisphereWesterlies had driven climatic and
hydrologic changes in the subtropics in contrast, Ice Age ELAs
would instead decrease towards the west.

Because precipitation at Nevado de Cha~ni is related with the
SASM and occurs during the austral summer, we infer some addi-
tional climatic factors that can contribute to glacier changes at this
site. First, increased snowfall contributes to a positive mass balance
in itself. Moreover, snowfall causes higher albedo and is associated
with cloudiness, reducing net summer solar radiation received,
which is especially important for high-altitude glaciers. Cloudiness
and precipitation (i.e., snow), therefore, can reduce the glacier
surface temperature and the thermal balance during the summer
months. For example, over the much wetter southern Amazon
Basin July (winter) is warmer than January (summer), that is, dur-
ing themature phase of the SASM. This behavior is explained by the
summer time development of clouds (shading the surface from
sunlight) and rainfall (moistening the surface) over the central part
of South America (Garreaud et al., 2009). Modern climate data from
the Altiplano also suggest a similar relationship, with the air tem-
perature being lower at sites with higher precipitation and cloud
cover (Placzek et al., 2013) as they reduce solar radiation received.
For a high-altitude arid glacier of the Himalaya, Aizen et al. (2002)
determined that the incoming solar radiation during the summer
months is half that which is theoretically possible because of
cloudiness. On the other hand, increased albedo by snowfall has a
critical role on the mass balance of high-altitude glaciers that are
influenced by monsoons; that is, precipitation changes the surface
conditions from glacier ice to snow, slowing down the ablation
rates (e.g., Sicart et al., 2005; Azam et al., 2014). Consequently,
sublimation and melting are reduced, which are important forcings
of the glacier mass balance in such a dry high-altitude environment
(Sagredo and Lowell, 2012; Vargo and Galewsky, 2014). Both effects
described above could have a major impact on the snow accumu-
lation and preservation at high-altitude sites, favoring glaciers ex-
pansions during cooler and higher precipitation periods. Below, we
present independent evidence of precipitation changes at the times
of moraine building events at Nevado de Cha~ni.

5.2. Chronology of subtropical changes

To help place the new record into a wider regional paleoclimate
context during the last glaciation and subsequent transition to the
current interglacial, we review and also compare it to other low-
latitude South American archives. Moraines on both sides of
Nevado de Cha~ni (MG I and II) show more extensive glaciations
prior to the global LGM, at least during ~52e39 ka, a finding similar
to that of other studies in the subtropical Andes (Zech et al., 2009;
Blard et al., 2009, 2014; Ward et al., 2015) and in the Southern
Hemisphere in general (e.g., Kelley et al., 2014). Although our ages
represent a good start, these features cannot be placed in a robust
geochronological context without more data. Recalculated previ-
ously-obtained 10Be ages from the tropical Andes by Bromley et al.
(2016) suggest that the full glacial conditions occurred before the
global LGM, during MIS 3. A tentative correlation can be made with
Uturuncu volcano (22�S) and Chajnantor Plateau (23�S) in the Al-
tiplano (Fig. 1), where moraine and striated bedrock indicate glacial
activity during ~60e40 ka and ~65e37 ka, respectively (Blard et al.,
2014; Ward et al., 2015).

A major glacial advance occurred at ~23 ka (MG III), in phase
with the global LGM and the expansions of ice-sheets and moun-
tain glaciers world-wide. Recently published 10Be ages from Peru-
vian Andes (Bromley et al., 2016; Shakun et al., 2015) also reveal
glacial activity during the global LGM. Due to some scattering in the
ages, we cannot precisely establish when the deglaciation started
on Nevado de Cha~ni. Subsequently, a glacial expansion at Nevado
de Cha~ni, corresponding to the MG IV limit, occurred at 15.0 ± 0.5
ka. The MG IV age has been observed in other glacier records in the
subtropical Andes (Clapperton et al., 1997; Zech et al., 2009; Blard
et al., 2009, 2014) (Fig. 1); as well, it is similar in timing to the
Tauca paleolake event on the Bolivian Altiplano (18e14 ka) (Placzek
et al., 2006). In turn, glacial activity on the subtropical Andes during
the MG V deposition (12.1 ± 0.6 ka) is only reported on the Tunupa
volcano (Blard et al., 2009, 2013a). For the rest of the sites shown on
Fig. 1, there are no reported glaciers during MG V time or after,
indicating the ELAs remained above the elevation of these ranges.

Moreover, we specifically compare the new Nevado de Cha~ni
glacial record to low-latitude lake and caves records, which are
particularly sensitive to paleoprecipitation changes. Sediment core
records from the Uyuni salt lake reveal a humid phase between 46
and 36 ka (Baker et al., 2001a; Fritz et al., 2004), which can be
correlated with MG I and II times. Although there is no firm
consensus regarding LGM precipitation changes throughout the
low-latitudes, available evidence over the nearby arid Altiplano
suggests it was only slightly or moderately wetter (e.g., Baker et al.,
2001b; Placzek et al., 2006). Paleoshorelines for the Sasji lake
expansion (24e20.5 ka) are only ~15m above the present-day Salar
de Uyuni elevation (Placzek et al., 2006) (Fig. 10).

After the global LGM, during the glacial to interglacial transition,
the glacial activity at Nevado de Cha~ni coincided with periods of
high lake levels across the closed-watersheds of the Central Alti-
plano (Placzek et al., 2006; Blard et al., 2011). The Tauca (18e14 ka)
and Coipasa (13e11 ka) cycles correspond with MG IV (15.0 ± 0.5
ka) and V (12.1 ± 0.6 ka), respectively (Fig. 10E). During the Tauca
and Coipasa cycles the lake levels were situated at 112 and 42 m,
respectively, above the present-day Salar de Uyuni elevation.
Moreover, during MG IV and V formation wetter conditions are
recorded also in the lowlands of South America, in southern Bra-
zilian speleothems of the Botuver�a cave (Wang et al., 2007) (Fig.10).

We infer the available evidence supports a role for both tem-
perature and precipitation controls on glacial expansions in this part



M.A. Martini et al. / Quaternary Science Reviews 171 (2017) 245e259 257
of the arid subtropical Andes in the past (Fig. 10). On the one hand,
glacial expansions around Nevado de Cha~ni are contemporaneous
with wetter periods (of different magnitudes) in the subtropical
Andes, especially during the glacial to interglacial transition. This
comparison supports the idea that the glaciers at Nevado de Cha~ni
were sensitive to precipitation shifts in the past, in agreement with
the present-day observations. On the other hand, a major glacial
advance occurred at ~23 ka (MG III) when the lowland tropics and
subtropics of South America were ~5 �C cooler than present (e.g.,
Stute et al., 1995), in phase with the global LGM, and when precip-
itation was only slightly or moderate higher (Placzek et al., 2006).
Moreover, even during the glacial to interglacial transition, glacial
and hydrological models reveal a cooling of 5e7 �C as well as a
precipitation increase by a factor of 1.6e3 compared to the present
values in the nearly Altiplano are needed to drive the Tauca paleo-
lake highstand (Blard et al., 2009; Placzek et al., 2013). Last, as dis-
cussed in Section 5.1, modern observations reveal that precipitation
and temperature change interdependently in high-altitude envi-
ronments such as the Nevado de Cha~ni.

5.3. Inferred links with far field changes

After the global LGM, during the transition between glacial and
interglacial conditions, polar temperature records in the Northern
and Southern Hemispheres show asynchronous changes (Fig. 10).
Denton et al. (2010) proposed that the last Termination initiated
due the combination of higher summer insolation and the growth
in “excess” of the North Hemisphere ice sheet (Raymo, 1997).
During the Heinrich stadial 1 (HS1) and Younger Dryas stadial (YD)
the North Atlantic sea surface temperature dropped significantly
and Atlantic meridional overturning circulation was curtailed
(McManus et al., 2004; Barker et al., 2009; Denton et al., 2010) in
response to high amounts of meltwater and icebergs from Lau-
rentide and European glaciers. This (winter) cooling in the North
Atlantic pushed the ITCZ southward, which would have intensified
the SASM and increasing precipitation in the Central Andes
(Placzek et al., 2006; Kanner et al., 2012; Quade et al., 2008) and
Brazil lowlands (Wang et al., 2004, 2007; Stríkis et al., 2015). Recent
records fromWest Antarctica (Marcott et al., 2014) suggest that the
interruption of the Atlantic meridional overturning circulation had
a critical role in controlling atmospheric CO2 rise during the last
deglaciation, which could have caused warming in the Southern
latitudes when the northern latitudes cooled. Taken at face value,
the 15.0 ± 0.5 ka (MG IV) and 12.1 ± 0.6 ka (MG V) glacial expan-
sions roughly coincide with HS1 and YD, respectively. Regarding
the former, within error, MG IV occurred towards the end of HS1,
especially if it is considered the advance started before the moraine
formed. Other studies have also placed the Tauca and Coipasa cycles
as coeval with HS1 and YD, respectively (Fig. 10) (Placzek et al.,
2006; 2013; Blard et al., 2011). Even given the age uncertainties,
the glacial expansion that formed MG IV was well before the
maximum extent of Late Glacial advances, ~14e13 ka, recorded in
the southernmost part of the continent (Strelin et al., 2011; García
et al., 2012). The deglacial HS1 and YD correlations suggest that
abrupt climate events initiated in the North Atlantic could have
influenced, through curtained Atlantic meridional overturning
circulation and impacts on low latitude atmospheric-ocean in-
teractions, the glacial activity at least as far as south as 24�S at
Nevado de Cha~ni.

6. Conclusions

Glacier expansions on Nevado de Cha~ni occurred during the pre-
LGM (~52e39 ka, MIS 3), the LGM (23.3 ± 1.6 ka), and in two pulses
during the last glacial to interglacial transition (15.0 ± 0.5 and
12.1± 0.6 ka). Moraine records show different magnitudes of glacial
response to climate changes on respective sides of Nevado de Cha~ni
with lower paleo-ELAs in the east (wetter) than on the west (drier)
side of the massif. This suggests a moisture trajectory similar as the
present, related with the SASM and climates originated from the
Atlantic side of the continent. The glacial advance at ~23 ka in-
dicates a major expansion during the global LGMwhen tropical and
subtropical Andes were cooler. Even given age uncertainties, the
timing of ~15 ka and ~12 ka events correlates with cooler and
wetter periods in the Central Andes (due to the southward shift of
the SASM), and cool periods in North Atlantic; for comparison,
these arewarming periods in Patagonia and Antarctica (Fig.10). Our
findings support a role of temperature as well as precipitation for
glacial expansions in this arid sector of the subtropical Andes. We
infer climate changes over this part of the Andes could be influ-
enced by changes in the North Atlantic region that impacted low
latitude atmospheric-ocean interactions such as the ITCZ and
consequently the SASM.
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