JOURNAL OF QUATERNARY SCIENCE (2024) 1-12

JQS Journal of Quaternary Science

") Check for updates

ISSN 0267-8179. DOI: 10.1002/jqs.3687

ORA

‘Quaternary Research Association

Pre-Marine Isotope Stage 2 glacial activity around the Nevado de Chaiii
massif in the Central Andes of Argentina and paleoclimate implications

MATEO A. MARTINI, *
MARC W. CAFFEE®”

MICHAEL R. KAPLAN,? LUCIA GUERRA,’

ESTABAN SAGREDO,** JOERG M. SCHAEFER*® and

'Centro de Investigaciones en Ciencias de la Tierra (CONICET-UNC), Facultad de Ciencias Exactas, Fisicas y Naturales, Universidad

Nacional de Cérdoba, Cérdoba, Argentina

2Lamont-Doherty Earth Observatory of Columbia University, Palisades, NY, USA

’Instituto de Geografia, Pontificia Universidad Catélica de Chile, Santiago, Chile

*Estacion Patagonia de Investigaciones Interdisciplinarias UC, Pontificia Universidad Catélica de Chile, Chile
5Depar‘[ment of Earth and Environmental Sciences, Columbia University, New York, NY, USA

®Department of Physics and Astronomy, Purdue University, West Lafayette, IN, USA

7Department of Earth, Atmospheric, and Planetary Science, Purdue University, West Lafayette, IN, USA

Received 5 June 2024; Revised 9 October 2024; Accepted 8 December 2024

ABSTRACT: We describe and analyze the glacial geomorphology and new '°Be cosmogenic surface exposure ages
from moraines deposited before Marine Isotope Stage (MIS) 2 around Nevado de Chani (24°4’ S, 65°45’ W), a
north—south-trending massif located in the arid subtropical mountains of northwestern Argentina. We combine these
data with previously published ages in order to establish a glacier chronology around the massif and the central
Andes. The results show at least three phases of glacier expansions occurred before the global Last Glacial Maximum,
(i) during MIS 6, (ii) close to the transition from MIS 4 to MIS 3, and (iii) during mid-late MIS 3. Based on a comparison
of the timing of glacier advances with other glacial and paleoclimatic proxies elsewhere, we infer that glaciers grew
in this arid region of the subtropical Andes during periods of reduced temperatures and wetter conditions, ultimately
due to intensification of the South American Summer Monsoon. In contrast, during MIS 5 no glacial activity was
recorded around the massif, and we infer that even if wetter conditions prevailed in the region the temperature was
not sufficiently low to support glaciations. © 2024 John Wiley & Sons, Ltd.
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Introduction

Mountain glaciers, such as in the central Andes, are sensitive
to changes in climate, particularly temperature, precipitation,
and the amount of solar (shortwave) radiation received at
high and dry elevations (Sagredo and Lowell, 2012; Mack-
intosh et al., 2017; Olson and Rupper, 2019). Glaciogenic
deposits and landforms are critical elements to unravel past
climate changes since they represent direct proxies of glacier
fluctuations. In the Central and Tropical Andes (Fig. 1),
different analyses on lake sediment records have been used to
infer past changes in glacier mass balance and activity in the
high mountain ranges (Baker et al., 2001; Fritz et al., 2007;
Woods et al., 2020; Rodbell et al., 2022). They record
alternating glacial and interglacial climate conditions since
the Middle Pleistocene, in consonance with the fluctuations
of 8'®0 benthic foraminiferal stack from deep-sea sediment
cores, a proxy for changes in Northern Hemisphere ice
volume (Lisiecki and Raymo, 2005). Nevertheless, informa-
tion regarding mountain glacier fluctuations and their
chronology, particularly prior to Marine Isotope Stage (MIS)
2 (29-14 ka), is scarce, especially for findings that directly
record glacier advances and retreats (e.g. Ward et al., 2015;
Zech et al., 2017). Studies of the timing and extent of the former
glaciers in the high mountains of the Central Andes are critical
to understand past climate changes in this understudied region.
Such efforts will also permit confirmation of mountain glacier
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activity inferred from complementary but indirect proxies (e.g.
lake sediments).

The Last Glacial Maximum (LGM) is considered as the
period of maximum ice-sheet and glacier extension during
the last glacial cycle (~110-10 ka). Different approaches have
been used to establish its temporal extent, and most of them
overlap with the first half of MIS 2 (e.g. Mix et al., 2001;
Hughes and Gibbard, 2015; Hughes, 2022). Based on a review
of mountain glaciers and ice-sheet chronologies around the
world together with sea-level records, Clark et al. (2009)
defined the global LGM interval between ~26.5 and 19 ka.
Nevertheless, it has been recognized that some mountain
glaciers all over the world reached their last maximum extent
in different moments prior to MIS 2 (Gillespie and Mol-
nar, 1995; Denton et al., 2021).

Regardless of definition, the global LGM (26.5-19 ka; cf.
Clark et al., 2009) and the subsequent last termination, over
most of MIS 2, have been the target of many works along the
Central Andes (e.g. Bromley et al., 2016; Martin et al., 2020;
Palacios et al., 2020). Consequently, major progress has been
made in understanding the nature and causes that drove
glacial expansions during MIS 2. Comparatively, less is known
regarding mountain glacier activities prior to MIS 2, because
the glacial record is usually fragmented and therefore it is
difficult to establish absolute chronologies. Moreover, the
preservation of pre-MIS 2 glacial deposits (e.g. moraines) is
often limited because younger, larger glacier advances can
erode the older deposits, resulting in a gap in the record. Arid
regions offer an opportunity to study pre-global LGM glacia-
tions since post-depositional erosional processes are usually
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less effective in erasing completely or disturbing glacial
landforms. Cosmogenic surface exposure dating provides an
opportunity to establish robust chronologies that pre-date the
last glacial cycle (e.g. Leger et al., 2023), filling gaps in the
current knowledge of pre-MIS 2 glaciations. Such studies are
lacking in the Central Andes.

In this study, we focus on the Nevado de Chafi (24°S),
located immediately north of the Arid Diagonal and under the
domain of the South American Summer Monsoon (SASM). The
massif contains an abundant record of Late Pleistocene glacial
deposits. As elsewhere, the chronological efforts have thus far
tended to focus on MIS 2 and the last termination (Martini
et al., 2017a; Mey et al., 2020), with older glacial deposits
being studied in less detail. Here, we map, characterize and
present a new set of '“Be ages from the pre-global LGM
moraines around Nevado de Chani. We combine our results
with published data to analyze the paleoclimatic context and
mechanisms that drove glacier activity in the region.

Study area
Regional setting

The Nevado de Chaiii is located on the Cordillera Oriental of
northwestern Argentina (Fig. 1). It is a north-south mountain
range that separates the arid Puna-Altiplano to the west and the
subtropical lowland rainforest to the east. The massif has its
highest peak at 5940 m asl and contains many others that exceed
5500 m asl. It is mainly composed of Precambrian and Lower
Paleozoic metasedimentary rocks and sandstones intruded by
Cambrian granites (Gonzalez et al., 2004; Zappetini et al., 2008).
Notable geomorphological and climatic differences exist be-
tween the east and west sides of the massif. On the east side, the
climate is wetter, and the terrain has steeper slopes and higher
relief, produced in part by glacial erosion and fluvial incision,
than in the western area (Figs. 2-4). Commonly, periglacial
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features such as active rock glaciers lie at the foot of cirques and
headwalls on the eastern side, whereas on the western side these
features are scarce (Martini et al., 2013). The regional altitude of
the 0°C isotherm (freezing level) is estimated at ~5000 m (Martini
et al., 2017b). Although the Nevado de Chafi comprises a large
area above the freezing level no glaciers exist around the massif
because of the extreme conditions prevailing in the area, which
include a combination of a low amount of precipitation, high
solar radiation and intense wind.

The Nevado de Chaiii is located immediately north of the
Arid Diagonal, a band of low precipitation (<250 mm a™") that
crosses South America with a northwest—southeast orientation
(Fig. 1). At present, the climate in the area is mainly controlled
by the SASM and its components. During the beginning of the
austral spring, the Intertropical Convergence Zone moves
southward and produces the onset of the SASM (Zhou &
Lau 1998; Vera et al., 2006; de Carvalho & Cavalcanti, 2016)
which reaches its mature phase between December and
March when more than 70% of the annual precipitation is
concentrated around Nevado de Chadi (Bianchi & Ya-
fiez, 1992). During this time, a deep continental low forms
over the Chaco region (25°S) and forces the easterly winds to
turn southward and transport significant amounts of moisture
through the South American Low Level Jet from the Amazon
region into northwestern Argentina (Garreaud et al., 2009; cf.,
‘monsoon-like” conditions). The air trajectory is from the east
and northeast which generates a steep orographic precipitation
regime on the east side of the Cordillera Oriental (Bianchi and
Cravero, 2010; Viale et al., 2019). At 2000 m asl precipitation
is 1600 mm a~', and above 3500 m asl, where the evidence of
former glacier expansions is present, arid conditions prevail
(total annual precipitation decreases to <400 mm). In the
highest sectors of Nevado de Chafii, snowfall is frequent
during the summer, but its presence on the ground is short
(typically less than a few days) due to the high daily
temperature prevailing during this season.

Figure 1. Regional setting. (a) Precipitation map of South America (WorldClim database; Hijmans et al., 2005). Arrows denote the wind and
moisture trajectory. The dashed lines over the ocean mark the position of the Inter Tropical Convergence Zone (ITCZ) in the Atlantic Ocean during
the austral winter and summer. SASM: South American Summer Monsoon; SALLJ: South American Low Level Jet. (b) Digital Elevation Model of the
Central Andes. Numbers represent sites mentioned in the text. 1: Junin Lake (Rodbell et al., 2022), 2: Lake Titcaca (Fritz et al., 2007), 3: Tunupa
volcano (Blard et al., 2009), 4: Salar de Uyuni salt-lake (Fritz et al., 2004), 5: Uturuncu volcano (Blard et al., 2014), 6: Tres Lagunas (Zech
et al., 2009), 7: Chajnantor Plateau (Ward et al., 2015), 8: Quevar volcano (Luna et al., 2018), 9: Sierra de Aconquija (D’Arcy et al., 2019), 10:
Botuvera cave (Cruz et al., 2005). [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 2. Glacial geomorphologic map of the Nevado de Chaiii massif. Note that the glacial geomorphology is better developed on the east side
(see ‘Glacier chronology’). JD: Jefatura de Diablos valley; QDM: Quebrada del Medio valley; QCS: Quebrada de Chafii Sur valley; CS: Chani Sur
valley; RV: Refugio valley. [Color figure can be viewed at wileyonlinelibrary.com]

Existing glacier chronology around Nevado de
Chani

Nevado de Chafii features several valleys formerly occupied by
glaciers draining mainly to the east and west of the massif. Martini
et al. (2017a) divided the moraine record of Nevado de Chaiii into
five different moraine groups (MGs). From oldest to youngest, they
were named MG |, II, lll, IV and V. Martini et al. (2017a) dated 42
boulders on moraine crests using '°Be cosmogenic surface
exposure dating. Dated samples were from the Refugio valley
on the east side, and from Jefatura de Diablos, Quebrada de la
Mina and Chafii sur valleys on the west side (Fig. 2).

MG I and MG Il were dated only on the west side at ~60-40
ka (n=3) and 45-40 ka (n=3), respectively (Martini
et al., 2017a). MG lll represents an important glacier advance
on the east side at 21-25 ka, during the global LGM (n=10); it
is poorly represented or lacking on the west side. MG IV was
interpreted as a stillstand or minor glacial advance, which is
well represented on both sides of Nevado de Chapii, occurring
at ~15 ka (n=12). Finally, upward from MG IV, and only
represented in the east side, MG V was dated at ~12-13 ka
(n=4). During the last glacial termination, the glacial
chronology of Nevado de Chaiii roughly matches with stadials
recorded in the Northern Hemisphere, specifically during
Heinrich stadial 1 (MG IV) and the Younger Dryas (MG V).
Mey et al. (2020) added 20 new '’Be ages on moraines,

© 2024 John Wiley & Sons, Ltd.

focusing on the global LGM and last glacial termination on
both sides of Nevado de Chaiii, reinforcing the chronology
obtained by Martini et al. (2017a).

According to Martini et al. (2017a), glacier activity around
Nevado de Chaidii during the global LGM and the last
termination was controlled largely by changes in precipitation,
as well as temperature. The reconstructed paleo-equilibrium
line altitudes suggest an eastward moisture trajectory during
the MIS 2 glacial events (Martini et al., 2017a). Using
numerical models, Mey et al. (2020) quantified past tempera-
ture and precipitation changes. They found that temperatures
were between 2.0-3.3 and 1.3-2.5°C lower and precipitation
increased by 9-46 and 13-50 mm a~' during Heinrich stadial
1 and Younger Dryas, respectively. During the last termina-
tion, the similarity of SASM proxies and glacial expansions
around Nevado de Chaii suggest that similar forcing factors
may have controlled their activity (Martini et al., 2017a).

Methods
Glacial geomorphologic mapping

We mapped the geomorphology focusing on the pre-MIS 2
glacial deposits around the Nevado de Chaiii massif, building
on that in Martini et al. (2017a) (Fig. 2) and Mey et al. (2020).

J. Quaternary Sci., 1-12 (2024)

QSUAIIT suowwo)) aAnea1) d[qedrjdde ayp £q pauIdA0S e SA[ONIR Y SN JO SANI 10) AIRIQIT dUI[UQ AJ[IA UO (SUONIPUOD-PUB-SULIA)/ WO KI[1M" ATRIqI[aul[uo//:sd)1y) SUONIpUO) pue SWIA], Y1 228 [$Z0T/10/¥1] U0 Kreiqr aurjuQ AS[IAy ‘SI0UAIDS Y[y ANsioatun) eiqunjo)) Aq £89¢ sblyz001°01/10p/wod Kapim: Kreiqiauiuo//:sdny woly papeoumod ‘0 ‘LI¥16601



4 JOURNAL OF QUATERNARY SCIENCE

24°2'S

~49.1+0.7 10-63
_{59.5+1.6 10-64| A\
B 3 « & \

MG Il
17.7£0.2 NCO1 .
57.481+0.7 NC11 ==

Figure 3. Detailed glacial geomorphologic map of the Refugio and Chaiii Sur valleys on the east side of Nevado de Chaiii. Yellow dots are locations of
boulders dated using '°Be. Ages are presented inside boxes in ka (‘Lm’ scaling) and +1c analytical (internal) uncertainty. Sample ID (last four digits) is
shown in smaller front (in bold, samples presented in this study; Table 2). White and gray arrows represent the former glacier flow direction in the Refugio
and Cha#i Sur valleys, respectively. Refer to Fig. 2 for geomorphologic key and location. Other '°Be ages in Martini et al. (2017a) and Mey et al. (2020) for
MG IV and V, and MG for the Refugio valley mainly associated with MIS 2, are not shown. [Color figure can be viewed at wileyonlinelibrary.com]
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Figure 4. Detailed glacial geomorphologic map of the Quebrada de Chani Sur valley area on the west side of Nevado de Chaiii. Yellow dots are
locations of boulders dated using '’Be. Ages are presented inside boxes in ka (‘Lm’ scaling) and +1c analytical (internal) uncertainty. Sample ID (last
four digits) is shown in smaller front (in bold, samples presented in this study; Table 2). The white arrow represents the former glacier flow direction.
Refer to Fig. 2 for geomorphologic key and location. Other '°Be ages in Martini et al. (2017a) for MG IV are not shown. [Color figure can be viewed
at wileyonlinelibrary.com]

We used high-resolution satellite imagery, aerial photographs Surface exposure 0Be Cosmogenic dating
and ALOS PALSAR digital elevation models to produce a glacial
geomorphologic map of the area. Fieldwork was conducted to
check the interpretations based on remote sensing and to collect
rock samples for '°Be dating. We focused the mapping and

sampling activities on the Quebrada de Chaiii sur valley on the

We sampled nine boulders deposited atop moraine crests for
'“Be dating. We chose big (>1m tall) granitic boulders
grounded in the moraine to avoid post-depositional distur-
bance (e.g. boulder rotation or exhumation) (Fig. 5). The
samples were taken from the top 2-3 cm of horizontal and flat

west side of Nevado de Chaiii, and the Refugio and Chafii Sur
valleys on the east side (Figs. 2—4). Based on the geomorphology
and chronology of the glacial deposits, we separated the
morainic deposits into MGs following the classification of
Martini et al. (2017a).

© 2024 John Wiley & Sons, Ltd.

boulder surfaces using a hammer and chisel. For each sample,
we described the boulder, its geomorphological context and
the surface of sampling, and measured their shielding using a
compass and clinometer. The location and altitude of each
sample were measured using differential Global Navigation

J. Quaternary Sci., 1-12 (2024)
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Figure 5. Examples of boulders dated using '°Be including their age in ka (‘Lm’ scaling) and +16, sample ID, and geomorphological context around
Nevado de Chaii. (a) Large erratic boulder of MG 0 on the west side. (b) Subdued moraines of MG 0 on the east side. In the background is MG 1. (c) MG |
on the east side. (d) Lateral/frontal moraine of MG Il on the east side. MG: moraine group. [Color figure can be viewed at wileyonlinelibrary.com]

Table 1. Geographic and analytical '°Be cosmogenic sample data. '°Be concentrations are corrected for '°Be in process blanks run with each

sample batch.

Altitude Boulder Sample Shielding °Be +1c '°Be
Sample ID Latitude (°S) Longitude (*W) (m asl) height (m) thickness (cm) correction (atoms g™")  (atomsg™") MG
CH-10-67% -24.05423 -65.67568 4126 1.4 1.0 0.998 7657 129 165 373 0
CH-10-68" -24.05418 -65.67399 4097 1.7 1.0 0.999 5015 161 165 160 0
CH-10-69% -24.05421 -65.67267 4077 2.1 1.2 0.999 7720 976 111 161 0
CH-12-79"  —-24.04730 -65.80410 4435 1.0 0.6 0.998 7277 183 123 342 0
CH-12-80" —24.04750 —65.80400 4442 1.0 0.8 0.998 8415 039 184 271 0
CH-10-63% -24.05151 -65.69236 4500 1.5 3.2 0.998 2576 692 34 581 |
CH-10-64 -24.05159 -65.69221 4498 2.1 0.7 0.998 3059 959 83 404 |
CH-10-40° -24.05734 -65.67878 4145 1.3 1.2 0.997 1443 991 24 740 I}
CH-10-417 -24.05716 -65.67949 4170 2.3 1.0 0.997 903 161 18 566 I}

MG: moraine group. *Blank '°Be atoms (+1c): 5206 + 4089. tBlank '°Be atoms (+10): 9341 + 6227.

Satellite System. We interpret the '°Be ages from moraine
boulders on crest tops as dating relatively close to the end of
the causal climate event or close to the onset of withdrawal of
the ice margin from the landform.

'9Be extraction from whole rock was carried out in the
Cosmogenic Nuclide Laboratory at the Lamont-Doherty Earth
Observatory of Columbia University following the methods
described in Schaefer et al. (2009). '°Be/’Be ratios were
measured at PRIME Lab relative to the 07KNSTD accelerator
mass spectrometry standard (Nishiizumi et al., 2007). During the
chemical procedures we used a blank for each batch of samples
(n=9-12) and the '°Be concentration of the blank was subtracted
from the sample’s measurement to remove background '°Be. In
all cases the blank corrections represent less than 0.12% of the
sample measurement. Analytical data are shown in Table 1.

'9Be ages were calculated using the online exposure age
calculator (version 3, https://hess.ess.washington.edu/math/v3/v3_
age_in.html; Balco et al., 2008), assuming no erosion (as we
purposely avoided clear evidence of this, and samples are of
resistant lithologies), a rock density of 2.65gcm™ and no snow

© 2024 John Wiley & Sons, Ltd.

shielding due to the low precipitation of the region (e.g. Martini
et al., 2017b). We used the high-altitude low-latitude regional
production rate (3.78 +0.09 at g'a™') of Kelly et al. (2015) and
show the time-dependent ‘Lm’ scaling. Production rate uncertainty
is 2.4% (Kelly et al., 2015), which is well within the range or
variability of ages. We note that using the other regional
production rate (i.e. Martin et al., 2015) the ages vary by less
than 1%. In addition, we discuss '°Be ages derived with the ‘LSD’
scaling, which tends to be between 5 and 8% older than that with
‘Lm’. Nevertheless, the choice of scaling or production rate does
not affect the major interpretations and conclusions of this study.
For previously published '°Be cosmogenic ages, we followed the
same procedures to recalculate the ages.

Results
Moraine groups (MG)

Based on the mapping and chronological results, we distin-
guish three moraine groups (MG) constructed beyond the

J. Quaternary Sci., 1-12 (2024)
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global LGM moraines limit (i.e. MG Ill): MG 0, MG | and MG Il
(Figs. 2-4). MG 0 is the only moraine group that was not
previously reported by Martini et al. (2017a).

MG 0 is the most expanded margin, and it is recognized on
both sides of the massif. In the Quebrada de Chani Sur valley, on
the west side, it is represented by subdued discontinuous moraine
ridges, which are better preserved on the northeast side of the
valley (Fig. 5a). Due to the preserved lateral/frontal moraines, it is
possible to mark the maximum extent of the advance that
generated MG 0 in Quebrada de Chafii Sur. On the east side, MG
0 is represented by lateral moraines generated by glaciers that
flowed from the Refugio and the Chafii Sur valleys (Fig. 5b). The
deposits consist of subdued ridges that extend down to ~3800 m
asl and contain large erratic boulders. The distance that this
glacial expansion reached on the east side is unknown since
frontal moraines are not preserved. Erratic boulders of granite can
be tracked, at least, until 3400-3500 m asl suggesting that this
glacial expansion extended to these altitudes.

In the Quebrada de Cha#i Sur valley, MG 1 is partially
overridden by MG I, which is the most prominent MG in the
valley with sharp lateral moraines more than 50 m in height
(Fig. 4). On the east side, we revisited the MG | and MG I
complexes and some of the previous mapping and interpreta-
tions (Martini et al., 2017a), based on the new geomorpho-
logical evidence and '°Be ages presented in this work. MG | is
composed of lateral moraines present in the north and south
sectors of the Chafi Sur and Refugio valleys, respectively. The
Chani Sur valley lateral moraine is more restricted and at a
higher elevation than the lateral moraine in the Refugio valley.
Both moraines exhibit subdued topography and are topped by
large granitic boulders (Fig. 5c). MG Il was not identified on
the east side of Nevado de Chani.

The glacier record of Nevado de Chani during the global LGM
is represented by MG IlI, which consists of sharp well-preserved
lateral and frontal moraines on the east side of the massif
(Fig. 5d). The lateral/frontal MG Il moraines in the Refugio and
Chaiii Sur valleys attain more than 70 m in height and are located
above 4000m asl, representing an important glacier event
recorded in both valleys. In turn, on the western side of the

massif, in the Quebrada de Chani valley we have not recognized
moraines that could match with MG Il (Fig. 4). Finally, smaller
moraines located inboard (MG IV and V) represent younger
glacial events (outside the scope of this study and discussed in
prior papers: Martini et al., 2017a; Mey et al., 2020) (Fig. 2).

'°Be surface-exposure dating

We present nine new '’Be ages. In addition, we re-calculate
eight '°Be ages in Martini et al. (2017a) and three in Mey et al.
(2020) (Tables 1 and 2), all of which correspond to MG 0, |, Il
and Ill landforms.

Five '°Be ages date the MG 0 limits. Three ages are from a
lateral moraine of the Chaii Sur paleoglacier on the east side
(172.6 +2.6, 166.3 +3.7 and 110.8 +3.8 ka) and the other
two are from a lateral moraine in the Quabrada de Chani
sur valley on the west side (156.1 +£3.6 and 133.5+2.3 ka)
(Figs. 3-5 and Table 2).

Two new samples from MG | on the east side of Nevado de
Chani afford ages of 59.5 + 1.6 and 49.1 + 0.7 ka (Figs. 3 and 5).
The two samples are situated on a lateral moraine in the Chani
Sur valley, which is located 200 m above the dated lateral
moraine of the previously deposited MG 0 limit. On the west
side, four recalculated ages for MG | from Martini et al. (2017a)
are 54.5+0.6, 49.0+0.7, 41.2+1.0 and 16.6 + 0.6 ka.

For MG I, four '°Be ages recalculated from Martini et al.
(2017a), from the Quebrada de Chaiii Sur valley on the west side,
yield ages of: 42.2 +£0.5, 38.8 +£0.6 38.7 + 0.5 and 16.5 + 0.4 ka
(Table 2). Finally, we obtained two new ages (32.4+0.6 and
21.1 + 0.4 ka) from the frontal moraine of MG Ill in the Chafii Sur
valley, which complement three ages reported by Mey et al.
(2020) (57.4 +0.7, 38.8 0.7 and 17.7 +£0.2 ka) (Fig. 3).

Discussion
Glacier chronology

The new set of ages presented here provide insight into past
glaciations in the Central Andes and South America prior to

Table 2. 'Be surface exposure ages and internal uncertainty from Nevado de Chafi (see Figs. 3 and 4). Ages are shown using the local production
rate of Kelly et al. (2015) with the time-dependent ‘Lm’ and LSD scaling (Balco et al., 2008).

Lm LSD
Sample 1D Age (ka) Internal uncertainty (ka) Age (ka) Internal uncertainty (ka) MG Source
CH-10-67 166.3 3.7 179.7 4.1 0 This study
CH-10-68* 110.8 3.8 117.3 4.0 0 This study
CH-10-69 172.6 2.6 184.7 2.8 0 This study
CH-12-79 133.5 2.3 142.2 2.5 0 This study
CH-12-80 156.1 3.6 167.5 3.8 0 This study
CH-10-63 49.1 0.7 53.0 0.7 | This study
CH-10-64 59.5 1.6 62.1 1.7 | This study
CH-10-40* 32.4 0.6 35.1 0.6 1] This study
CH-10-41 21.1 0.4 22.2 0.5 1] This study
CH-10-23 49.0 0.7 53.1 0.7 | Martini et al. (2017a)
CH-10-24 54.5 0.6 57.7 0.6 | Martini et al. (2017a)
CH-12-82* 16.6 0.6 17.5 0.6 | Martini et al. (2017a)
CH-12-83* 41.2 1.0 43.1 1.0 | Martini et al. (2017a)
CH-10-17* 16.5 0.4 17.4 0.4 1 Martini et al. (2017a)
CH-10-18 38.8 0.6 40.6 0.7 Il Martini et al. (2017a)
CH-10-19 38.7 0.5 40.5 0.5 1 Martini et al. (2017a)
CH-10-22 42.2 0.5 44.6 0.5 1l Martini et al. (2017a)
NCO1* 17.7 0.2 18.7 0.3 1] Mey et al. (2020)
NC11* 57.4 0.7 60.3 0.8 1] Mey et al. (2020)
NC18* 38.8 0.7 40.5 0.8 11l Mey et al. (2020)

MG: moraine group. Samples marked with an asterisk (*) next to the sample ID are considered outliers.

© 2024 John Wiley & Sons, Ltd.
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MIS 2. They complement and build on chronologies in prior
works around Nevado de Chaii (Martini et al., 2017a; Mey
et al., 2020). In some cases, '°Be ages are not consistent with
other samples in the same moraine group or on crests. It is
possible that inconsistent ages do not represent the timing of
moraine formation, and instead reflect pre-exposure (inheri-
tance) or boulder disturbance after deposition, as we discuss in
this section.

A total of five samples are from the MG 0 limit: three from
the east side and two from the west side of the massif. The two
oldest ages from the east side overlap at 26, whereas the '°Be
age of 110.8 + 3.8 ka is much younger (by >60 kyr) than the
other two, possibly reflecting post-depositional disturbance
and it does not represent the timing of moraine deposition (i.e.
an outlier). On the west side, MG 0 samples were taken from a
small lateral moraine ridge in the Quebrada de Chadi Sur
valley and the ages are 156.1 + 3.6 and 133.5 + 2.3 ka (Figs. 4
and 5). Given these ages are overall younger than those from
the east side (172.6+2.6 and 166.3 +3.7 ka), the MG 0
landforms from the east and west sides could represent two
different (instead of one unique) glacial events, with the former
slightly older. Nevertheless, the younger age from the east side
(166.3 +3.7 ka) and the older age from the west side
(156.1 + 3.6 ka) just overlap if 20 is considered. Given this
is the most expanded glacial event registered as landforms
around Nevado de Chaiii, and the number of ages obtained,
we tentatively assign MG 0 on both sides of the massif to the
same general glaciation between ~173 and ~134 ka. Perhaps
the ~134 ka age reflects the structure (i.e. more than one event)
within the MIS 6 glaciation of the region, which remains to be
tested with additional data. We note that age differences
between the west and east sides are unlikely to be due to
cosmogenic nuclide systematics, as production rate and
scaling are essentially identical. Last, we note that if LSD
scaling is used the ages range from 168-142 ka (west side) to
185-180 ka (east side).

Excluding one outlier (16.6 0.6 ka), the MG | ages range
from 59.5+1.6 to 41.2+1.0 ka (n=5). We note that the
youngest age (41.2 1.0 ka) overlaps with those of MG Il (see
below) and is more than 7 kyr younger than the other four
samples from MG | (Figs. 3 and 4). It is possible that this
boulder has moved or rotated after deposition (there is no
apparent evidence of erosion), and we tentatively suggest that
it does not represent the MG | depositional age. Combining the
east and west side samples for MG |, the age of deposition
ranges from ~59 to ~49 ka (n=4). If LSD scaling is used the
ages of MG | increase by 6% and range from ~62 to ~52 ka.
Regarding MG I, three ages from the west side (excluding one
outlier, 16.5+0.4 ka, perhaps reflecting post-depositional
disturbance), of 42.2 + 0.5, 38.8 + 0.6 and 38.7 + 0.5 ka, form
a coherent cluster. Therefore, the MG Il age (only dated on the
west side) ranges from ~42 to ~39 ka (n=3; 45-40 ka using
LSD scaling).

Inboard of MG 0 and I, the MG 1lI in the Chani Sur valley
exhibit five different '°Be ages that range between 57.4 +0.7
and 17.7 £ 0.2 ka, without a clear cluster (Fig. 3). We note that
one of the ages (38.8+0.7 ka) matches with the MG I
chronology on the west side, and therefore the interpreted MG
Il on the Chadi Sur valley could be part of the MG Il event.
Nevertheless, based on the geomorphology, setting in the valley
and mapping, we correlate this moraine group with the well-
dated lateral and frontal moraines of MG Il in the Refugio
valley, which are constrained in age to between 21 and 25 ka
(n=10, Martini et al., 2017a), that is during the global LGM
(26.5-19 ka, cf. Clark et al., 2009). Considering this interpreta-
tion, the age of 21.1+0.4 ka may indicate the true MG IlI
depositional age. The older ages could be affected by '°Be

© 2024 John Wiley & Sons, Ltd.

inheritance, similar to other samples that exhibit considerably
older ages compared with the main cluster of results from MG IlI
landforms in the Refugio valley (Martini et al., 2017a; Mey
et al., 2020). More data are needed to corroborate these
assumptions and compare the two valleys in detail.

The glacial record around Nevado de Chaii exhibits an
asymmetry between the east and west side of the massif
(Figs. 2-4), in geomorphologic expression and dated events.
Some inferences regarding the moisture trajectory can be
made based on this asymmetry in glacier coverage (and
erosion) and spatial changes in glacier equilibrium line
altitudes (Martini et al., 2017a; Mey et al., 2020). Although
the glacial deposits have been partially eroded on the east side
and therefore the frontal moraines are not preserved, the
paleogeography is still revealed for pre-MIS 2 glacier coverage.
The MIS 6 moraines (MG 0) reach lower elevations and extend
farther from the drainage divide on the east compared to the
west side. This can be explained by the eastward source of
moisture, ultimately from the Atlantic, that facilitates more
precipitation and perhaps less ablation (i.e. when cloudy;
Garreaud et al., 2009) and a lower equilibrium line altitude on
the east side. On the east side, during the formation of MG |
and Il related inferences are not possible based on geomor-
phology alone since MG Il partially eroded the former and
possibly all of the latter MG Il. This implies that the MG Il
event corresponding to the global LGM was relatively more
important on the east side compared to the west side, although
the MG IlI chronology in the Chani Sur valley (east side) can be
better constrained.

Comparison with other glacier and paleoclimate
records

The Nevado de Chafii massif has a rich history of former
glacier activity that extends back to at least ~170 ka and is
represented by six or more main periods of moraine construc-
tion. Before the global LGM, which is locally represented by
MG 1, at least three distinct glacial expansions are still
preserved. The oldest (MG 0) took place during MIS 6
(191-130 ka; Lisiecki and Raymo, 2005) at ~174-134 ka.
Afterwards, successively less extensive glacier expansions are
dated close to the transition from MIS 4 to 3 and slightly after,
~59-49 ka (MG 1), and during MIS 3 between ~42 and ~39 ka
(MG I, only dated on the west side). As we assume ages may
be close to the end of the moraine building phase (see ‘Surface
exposure '°Be cosmogenic dating’), those that overlap
statistically with the end of MIS 4 may reflect this global
glaciation (Doughty et al., 2021). The glacier chronology
presented links the interpretations to the large-scale (>multi-
millennial) paleoclimatic changes that occurred in South
America since MIS 6, which can be compared with regional
and global paleoclimate proxies. The matches with global and
regional events (see next section) are not dependent on
cosmogenic '°Be scaling and production rate chosen (Table 2).

The oldest and most extended glacier expansion, dated to
~173-134 ka (MG 0), occurred before the last glacial cycle,
and was in phase with high Northern Hemisphere ice volume
throughout MIS 6 (Lisiecki and Raymo, 2005) and low
temperatures in the high latitudes of the Southern Hemisphere
(EPICA, 2004) (Fig. 6). Evidence for other glacial advances in
the central Andes during MIS 6 comes from the Tunupa
volcano in the Bolivian Altiplano (20°S; Blard et al., 2009) and
with less confidence in the Tres Lagunas area (Cordillera
Oriental, 22°S; Zech et al., 2009), Quevar massif (Puna, 24°S;
Luna et al., 2018) and Chajnantor Plateau (Chilean Altiplano,
23°S; Ward et al., 2015) (Fig. 1). MIS 6 glacier expansions, also
larger than those during MIS 2, are documented in the
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Figure 6. Nevado de Chafii pre-MIS 2 glacial
chronology and selected paleoclimatic proxies
(panels b—f are north to south; see Fig. 1 for
location). (a) '°Be ages (without outliers) and their
kernel relative density estimates from Nevado de
Chaii moraine groups (MG). Vertical blue bars
indicate the chronology range from each MG. (b)
Glaciation index from Lake Junin (Peruvian Andes,
11°S) as a proxy of the extent of regional ice-cover
(Rodbell et al., 2022). (c) Magnetic susceptibility of
Lake Titicaca (16°S) sediments as a proxy of
surrounding Cordillera sediment input and regional
glaciation (Fritz et al., 2007). (d) Natural gamma
radiation of the Salar de Uyuni (20°S) drill core,
which is a proxy for effective moisture (Fritz
et al., 2004). (e) Stable oxygen isotope of Botuvera
speleothem (27°S, Brazil) (Cruz et al., 2005) and
January solar insolation at 24°S (Nevado de Chani)
(Laskar et al., 2004). (f) Deuterium record from the
Antarctic Dome C (75°S) ice core as a proxy for mid-
high latitude Southern Hemisphere temperature
(EPICA, 2004). (g) The LR04 benthic foraminiferal
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southern sector of the Andes, in Patagonia. In this region, the
MIS 6 glacial activity is represented by one or probably two
distinct events (Peltier et al., 2023; Leger et al., 2023). The
European Ice Sheet also presents two different well-defined
glacier advances (named Drenthe and Warthe) during MIS 6
(Toucanne et al., 2009; Wislon et al., 2021). Given the range
of chronology of this glacial event (MG 0), the Nevado de
Chafi record may contain either one long continuous
expansion, or two distinct events within MIS 6 (see ‘Glacier
chronology’ above) similar to the other sites in both hemi-
spheres; additional data are needed to evaluate the detailed
structure of MG 0.

Other tropical-subtropical proxy records spanning MIS 6
include the glaciation index from lake Junin (a proxy for clastic
sediment flux and the extent of regional ice-cover) in the
Andes of Peru at 11°S (Rodbell et al., 2022). High (positive)
values indicate glacial conditions in phase with the period of
MG 0 formation (Fig. 6). The lake sediment record from Uyuni
in the Bolivian Altiplano shows that during MG 0 time the

© 2024 John Wiley & Sons, Ltd.

climate was predominately dry, but with short periods of
wetter conditions (Fritz et al., 2004). Further evidence of
regional glacial conditions is provided by the Lake Titicaca
record that indicates a freshwater and higher-level paleolake
during MIS 6; observations include carbonate-poor silts and
clay with low calcium carbonate, high abundance of fresh-
water diatoms and high magnetic susceptibility (Fritz
et al.,, 2007; 2012) (Fig. 6). Overall, low- to mid-latitude
paleoclimatic proxies point to favorable conditions (cooler and
wetter) for glacier expansions during MIS 6, in agreement with
the MG 0 chronology at Nevado de Chani massif.

During MIS 5 (130-71 ka), which includes the last
interglacial period (5e), no glacial activity is documented
around Nevado de Chaiii (Fig. 6). If glaciers existed, they were
less extensive than those corresponding to MG | or Il. Glacier
activity in the Central Andes was almost absent during MIS 5
(D'Arcy et al., 2019). Likewise, the Lake Junin glaciation index
exhibits low (mostly negative) values (Fig. 6), evidencing that
adverse conditions for glaciation existed in the region. Lake
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Titicaca shows moments of high salinity denoting episodes of
lake reduction and therefore a dry climate (Fritz
et al.,, 2007, 2012). On the other hand, Salar de Uyuni
sediments record several short-lived intervals of wetter condi-
tions during MIS 5 (Fritz et al., 2004) suggesting that, even if
humid periods occurred in the region, temperatures were not
low enough to support glaciers. In this sense, temperature
reconstructions from subtropical lowlands of southeast Brazil
reveal that MIS 5 was warmer than MIS 6 (Rodriguez-Zorro
et al.,, 2020). Over the Central Andes, glaciers were not
extensive throughout MIS 5 despite at times some of the wettest
conditions and temperatures perhaps not much higher than
other periods during the last glacial cycle (Fig. 6).

Glacier activity returned to Nevado the Chaii around the
MIS 4/3 transition and perhaps late in MIS 4, with '°Be ages
from ~59 to 49 ka, represented by MG | on both sides of the
massif. That is, as surface exposure cosmogenic ages may
reflect close to moraine abandonment, the oldest ages in the
distribution may reflect a late MIS 4 glaciation. Subsequently, a
glacier advance occurred during MIS 3, between ~42 and ~39
ka, with MG 1l as evidence. Interestingly, MG Il is only
documented on the west side, being absent (so far) on the east
side of Nevado de Chani. After the MIS 4-3 glacier advances, a
moraine-building event is recorded by MG Il during MIS 2 or
the global LGM. MG Il marks an important glacier advance on
the east side of the massif, which was less extensive (or even
absent in some valleys) on the west side (Fig. 2). We suggest
that on the east side of Nevado de Chaiii the MG Il event was
slightly more extensive than the MG Il event obliterating
depositional evidence, which explains the absence of MG Il on
the eastern side of the massif.

The Nevado de Chani MG | and Il events coincided with
other glacier records constrained with cosmogenic surface
exposure dating in the Central Andes. For instance, in the
nearby Puna region, lateral moraines from Quevar and Quirén
sites (24°S) exhibit ages between 52 and 40 ka (n=5) (Luna
et al., 2018). Moraines (Stage IlI) from Chajnantor Plateau
(Chilean Altiplano, 23°S) formed between 60 and 45 ka (n=4)
(Ward et al., 2015). Based on the oldest age of moraine M1,
D’arcy et al. (2019) interpreted that the most external moraines
of Sierra de Aconquija (27°S) were deposited at ~40 ka. In the
Bolivian Altiplano, the oldest moraines (M1) from Uturuncu
volcano (22°S) present scattered ages that range between ~65
and 37 ka (n=6) (Blard et al., 2014). Glacier activity matching
the MG Il chronology, which is only dated on the west side of
the massif, is also found elsewhere in the southern Central
Andes, south to the Arid Diagonal (e.g. Zech et al., 2007;
Aguilar et al., 2022; Garcia et al., 2024). In consonance with
our results, world-wide reviews of cosmogenic surface
exposure dating indicate that many glacier systems were more
extensive during MIS 4 (and MIS 3) compared with those
corresponding to MIS 2 (Hughes et al., 2013; Doughty
et al., 2021). Our study also adds to a growing body of
evidence for large MIS 3 glaciations throughout South America
and the Southern Hemisphere (e.g. Denton et al., 2021).

A period of intense glacier activity in the Peruvian Andes (high
values of glaciation index; Rodbell et al., 2022) is coincident with
MG I and Il chronology. The Altiplano lakes record two periods
of higher lake level and wetter conditions during MIS 4 and 3
partially matching with the MG | and Il chronologies (Fig. 6). The
Uyuni salt-lake turned into a long-lived shallow and salty lake
between ~60 and 55 ka, and a long-lived shallow lake between
~46 and 36 ka (Baker and Fritz, 2015), whereas Lake Titicaca
shows moments of fresher and deeper conditions. Close to
Nevado de Chaiii, in the Laguna La Salada (23°S), a deep and
often stratified paleolake stage was reconstructed during the
period just prior to ~34 ka (Guerra et al., 2022).

© 2024 John Wiley & Sons, Ltd.

In sum, from a broad perspective the glacier activity prior to
the global LGM around Nevado de Chafii is well correlated
with low-latitude records, cold conditions and periods of high
Northern Hemisphere ice volume, and low Antarctic (i.e. high
latitude) temperature. More glacier activity recorded by the
glaciation index in Lake Junin, together with other regional
lake and glacier expansions in the Central Andes, is in
agreement with the reconstructions around the Nevado de
Chaiii massif (Fig. 6). Thus, there is a strong link between
tropical and subtropical (Cordillera Oriental) records along the
Andes, which in turn are in phase with Northern Hemisphere
glacial conditions (MIS 6, 4-3 and 2). We hypothesize that
glacier expansions around and just after the MIS 4/3 transition
could be analogies to those around the MIS 2/1 boundary, that
is after the maximum ice volume/sea level low (e.g. Tauca
phase — Heinrich stadial 1 time) (Martini et al., 2017a; Mey
et al., 2020).

Paleoclimatic context

Collectively, records show that multimillennial climate changes
that drive glacier expansions in the Central Andes would have
involved the SASM system variability and intensity, controlling
the hydrological systems in the subtropical Andes. Since at least
MIS 6, the intensification of the SASM would have led to
strengthening of the South America Low Level Jet, increasing the
moisture transport from the Amazon region into northwestern
Argentina and Cordillera Oriental, leading to glacier expansions
at Nevado de Chafii during moments of high Northern
Hemisphere ice volume. This indicates that during periods of
glacier expansions a combination of wetter and cooler
conditions (i.e. global glacial maxima) prevailed, which is also
in agreement with glacial and hydrological modeling studies
throughout the last glacial termination in the subtropical Andes
(Placzek et al., 2013; Martin et al., 2018; Mey et al., 2020).
Furthermore, when cloudy (i.e. wetter), this could have reduced
substantially the impact of shortwave radiation on sublimation
received at such high elevations (>4000 m asl) and dry climate
(Vargo et al., 2018). Cooling during global glaciation maxima
could have involved, in addition, cold fronts that reached the
Cordillera Oriental from the south (e.g. Marengo and Ro-
gers, 2001; Garreaud et al., 2009).

To explore further past glacial-climate drivers in the
subtropical Andes, we compared the lake and glacial activity
with cave records from eastern Brazil, closer to the Atlantic
Ocean, which show strong precessional modulated signals
(Cruz et al., 2005) (Fig. 6). Over at least the past ~300 ka
precessional-scale insolation variations have impacted the
intensity of the SASM and its components, producing major
hydroclimate changes in the Amazonas and Central Andes
superposed on shorter (millennial-scale) fluctuations (Cheng
et al., 2013; Baker and Fritz, 2015; Burns et al., 2019; Hou
et al., 2020). For comparison, glacier and lake records in the
Cordillera Oriental and Altiplano of the Central and tropical
Andes sometimes are in phase with lows and other times with
highs in precessional insolation (see MG | and Il chronology on
Fig. 6). That is, caves far east of the Andes more clearly record
a strong precessional precipitation signal compared with
glacier records. By contrast, glaciers in the high Andes are
also sensitive to temperature reduction in addition to
precipitation, suggesting that glaciers are not exclusively a
proxy of SASM precipitation. In this sense, during the warmer
MIS 5 the Botuvera speleothem record shows the precipitation
signal in consonance with the insolation precession cycles,
exhibiting two clear periods of high precipitation (Fig. 6).
Nevertheless, no glacial activity was recorded in the Nevado
de Chaiii or the Central Andes. Indeed, the MIS 5 precessional
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cycles may have been even slightly wetter than those from MIS
4 to 2. Yet, these high MIS 5 precipitation increases were not
enough to cause glacier advances, which also require reduced
temperatures, as occurred during MIS 6, and MIS 4 to 2.
Therefore, we conclude that glacial expansions in the Central
Andes may have occurred under wetter conditions and during
Northern Hemisphere or global glaciations when temperatures
were reduced.

Conclusions

The Nevado de Chaii presents a rich history of Late
Pleistocene glaciations. Our study reveals that three main
pre-MIS 2 moraine groups are preserved around the massif,
which represent different periods of widespread glacier
expansions. The different moraine group landforms show
contrasting glacier expansions between both sides (east and
west) of the massif. MG 0 is the most expanded glacial event
preserved and has been dated to between ~173 and ~134 ka,
in phase with MIS 6. Afterwards, no glacial activity was
recorded during MIS 5, despite at times high precipitation
recorded in other Andean records and cave speleothems to
the east in the lowlands. Renewed glacial expansions
occurred during MIS 4-3 and 3 represented by MG |
(~59-49 ka) and MG Il (~42-39 ka). Comparison of the
glacier chronology with regional paleoclimate proxies in the
central and low-latitude Andes highlights a strong correlation
between glacial expansions and moments of regional and
global glaciations, low Antarctic temperature, and Andean
lake highstands. We conclude that collectively the lines of
evidence suggest broad synchronicity of ice age conditions
during the Late Pleistocene in the subtropical and tropical
Andes. The multimillennial Nevado de Chaii record, and
other records in the Central Andes and east of the Arid
Diagonal, at times also show glacier advances since MIS 6
during regional wetter phases, probably driven by the intensi-
fication of the SASM and its components, such as the South
America Low Level Jet, acting during periods of Northern
Hemisphere and global cool intervals and glaciations. We posit
that wet periods without significant temperature reductions are
not enough to leave an imprint of glacier expansions in the
subtropical Andes, as evident by the absence of such landforms
during MIS 5 and other (warm and) wet periods.
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