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Abstract

This paper reviews curr>nt Liiderstanding of deglaciation in North, Central and South
America from the Last G acial Maximum to the beginning of the Holocene. Together
with paleoclimatic an.' paleoceanographic data, we compare and contrast the pace of
deglaciation and the response of glaciers to major climate events. During the Global
Last Glacial Maximum (GLGM, 26.5-19 ka), average temperatures decreased 4° to 8°C
in the Americas, but precipitation varied strongly throughout this large region. Many
glaciers in North and Central America achieved their maximum extent during the
GLGM, whereas others advanced even farther during the subsequent Heinrich Stadial 1
(HS-1). Glaciers in the Andes also expanded during the GLGM, but that advance was
not the largest, except on Tierra del Fuego. HS-1 (17.5-14.6 ka) was a time of general
glacier thickening and advance throughout most of North and Central America, and in
the tropical Andes; however, glaciers in the temperate and subpolar Andes thinned and
retreated during this period. During the Bglling-Allergd interstadial (B-A, 14.6-12.9
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ka), glaciers retreated throughout North and Central America and, in some cases,
completely disappeared. Many glaciers advanced during the Antarctic Cold Reversal
(ACR, 14.6-12.9 ka) in the tropical Andes and Patagonia. There were small advances of
glaciers in North America, Central America and in northern South America (Venezuela)
during the Younger Dryas (12.9-11.7 ka), but glaciers in central and southern South
America retreated during this period, except on the Altiplano where advances were
driven by an increase in precipitation. Taken together, we suggest that there was a
climate compensation effect, or ‘seesaw’, between the hemispheres, which affected not
only marine currents and atmospheric circulation, but also the behavior of glaciers. This
seesaw is consistent with the opposing behavior of many g:.~iers in the Northern and

Southern Hemispheres.

Key Words: Deglaciation, Termination-l, Amer’c.~ Late Pleistocene, Glacial

Chronology

1. Introduction

This paper focuses on the evolutioi. of glaciation in the Americas during the Last
Glacial Termination. The America™ continents extend 15,000 km from 70°N to 55°S
and are characterized on their P¢ciii. margins by mountain ranges that are continuous
over this distance and, in mnst voses, now have glaciers or had them during the last
glacial period of the Pleis.~cene. Knowledge of the activity of these glaciers has
increased enormously in vacent years (Palacios, 2017). This knowledge provides us an
opportunity to stud,” hcw American glaciers behaved during the Last Glacial
Termination in the con ext of the asynchronous climatic setting of the two hemispheres.
The largely north-south orientation and nearly continuous extent of mountain ranges in
the Americas provide a unigue opportunity to understand synoptic latitudinal variations

in global paleoclimate.

The Last Glacial Termination is generally considered to span the time period between
the Global Last Glacial Maximum (GLGM) and the beginning of the current interglacial
period, the Holocene (Cheng et al., 2009; Denton et al., 2010). It has also been referred
to as Termination I, given that it is the last in a series of similar transitions between
Pleistocene glacials and interglacials (Emiliani, 1955; Broecker and van Donk, 1970;
Cheng et al., 2009; Deaney et al., 2017).



The motivation for this review paper is that there have been few attempts to summarize,
synthesize, and compare evidence for late Pleistocene glacier activity across the entire
extent of the Americas. Our objective is to review current understanding of the
evolution of glaciers in both North and South America throughout the Last Glacial
Termination and discuss whether the contrasts between the hemispheres implied by
paleoclimatic and paleooceanographic models are reflected in the behavior of the
glaciers. Given the continuous nature of the processes involved in the planet’s recent
glacial history, parsing deglaciation into periods requires simplification of the climatic
mechanisms. Different and opposite changes may occur at different latitudes, with
variable response times. In the present article, we have hov.>ver selected deglaciation

phases in accordance with the current state of knowledge ad w ith scientific tradition.

Section 2 introduces the study regions and then summai:7es how each of the regions has
responded to major climatic changes caused by, the different forcings that drove
deglaciation. Section 3 presents the methods that w> have used in this work to select
study areas, represent graphically the glac a evolution of each area, and compare
glacial chronologies and paleoclimatic ~sp.~ts of areas. Section 4 reviews the spatial
and temporal variability of the GLGN. ‘n the Americas. The next sections review the
behaviors of these glaciers during =glaciation, notably the Heinrich 1 Stadial (HS-1)
(Section 5), the Bglling-Allerac /8-A) interstadial and the Antarctic Cold Reversal
(Section 6), and the Younger ryas (YD) (Section 7). These sections are followed by a
discussion (Section 8) in wh,~h we: 1) consider uncertainties in numeric ages obtained
on glacial landforms (Sc-tion 8.1); 2) summarize knowledge of climate evolution
during the Last G'~ci.! Tzrmination based on research on marine sediments and polar
ice cores (Section 8.2), 3) compare our results with the climatic evolution summarized
in Section 8.2; and 4) compare our results with published research on glacier activity on

other continents during the Last Glacial Termination (Sections 8.3 to 8.5).

2. Study Areas

Our review proceeds from north to south (Figs. 1 and 2). The study begins with the
Laurentide Ice Sheet (LIS) (Fig. 1), which contributed most to sea-level rise during the
Last Glacial Termination (Lambeck et al., 2014) and was capable of greatly disrupting
the coupled ocean-atmosphere system during deglaciation (Broccoli and Manabe,

1987a; Heinrich, 1988; Clark, 1994; Barber et al., 1999; Hemming, 2004). We
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summarize the most recent syntheses about LIS deglaciation (Dyke, 2004; Stokes
2017), enabling comparisons with deglaciation in the American mountains. Alaska is
traversed by high mountains and was only partially glaciated during the GLGM. We
examine this region as an unusual example of mountain glaciation at northern high
latitudes (Briner et al., 2017). We next describe the Cordilleran Ice Sheet (CIS) in
southwestern Canada and adjacent United States, from roughly 48°N to 52°N, which
removed or buried much of the preceding alpine glacial record (Clague, 2017), and the
North Cascades in Washington State from 47°N to 49°N, which provide an excellent
record of the early part of the Last Glacial Termination (Porter, 1976; Porter et al.,
1983; Riedel et al., 2010; Riedel, 2017). The climate «. these areas is strongly
influenced by the location of the northern westerlies.

There was widespread alpine glaciation in the central s.~te. of western North America:
to the west in the Sierra Nevada Mountains in Zd!'tuinia; to the east in the Rocky
Mountain/Yellowstone region, and in between the ~umerous mountain ranges of the
Basin and Range Province (Fig. 1). Glaciaticn «n the western U.S. has been the subject
of numerous recent studies (Licciardi et 2l., 2001, 2004; Munroe et al., 2006; Licciardi
and Pierce, 2008; Refsnider et al., 20u2" Thackray, 2008; Laabs et al., 2009; Young et
al., 2011; Shakun et al., 2015b; Lconard et al., 2017a, 2017b; Licciardi and Pierce,
2018; Dahms et al., 2018, 201)*. .. the interior, we mainly focus on the greater
Yellowstone glacial system &"d avjacent mountain ranges around 44-45°N where new
glacial syntheses are avail~bic (Larsen et al., 2016; Licciardi and Pierce, 2018; Pierce et
al., 2018; Dahms et al.. 2zC"8, 2919); and the Rocky Mountains of Colorado at 37-41°N,
for which there ar~ also some recent contributions (Ward et al., 2009; Young et al.,
2011; Leonard et al., 2)17a, 2017b; Brugger et al., 2019). The Sierra Nevada, from 36°
to 38°N, is one of the most-studied mountain ranges in North America, and numerous
syntheses have been written on its glacial history (Gillespie and Zehfuss, 2004;
Gillespie and Clark, 2011; Phillips, 2016, 2017).

Southward, the combined effects of lower elevation and higher ELA result in the
limited presence of glacial landforms in the southern United States and northern
Mexico. However, in central Mexico, at about 19°N, the high volcanoes (>5000 m
above sea level, asl) of the Trans-Mexican Volcanic Belt were glaciated (Fig. 1).
Elevations decrease again in southern Mexico, and there are two mountain ranges in

Central America (>3800 m asl) that hosted glaciers during the Late Pleistocene: Sierra



Altos Cuchumatanes in Guatemala and the Cordillera de Talamanca in Costa Rica.
There are some recent syntheses of the glacial history of central Mexico (Vazquez-
Selem and Heine, 2011; Vazquez-Selem and Lachniet, 2017) and the Central American
glaciated ranges (Lachniet and Selzer, 2002; Roy and Lachniet, 2010; Cunningham et
al., 2019; Potter et al., 2019). Lachniet and Vazquez-Selem (2005) and Vazquez-Selem
and Lachniet (2017) recently summarized the history of Quaternary glaciation for this

entire region.

In South America (Fig. 2), the crest and high valleys of the Andes from the north at
11°N to the south at 55°S (a distance of over 7200 km) were glaciated during the last
glacial cycle. The northern Andes are located between latitues 11°N and 4°S, and
include ranges in Venezuela, Colombia, and Ecuador. The ‘erezuelan Andes consist of
two main ranges oriented northeast to southwest betv'ecn 7°N and 10° N, named Sierra
de Perija and the Mérida Andes; the latter contui.> adundant glacial landforms and
extant glaciers. Numerous dating studies have be~n ~erformed on glacial landforms in
that region (e.g. Schubert, 1974; Bezada, 19€: 'ahaney et al., 2000; Dirszowsky et al.,
2005; Wesnousky et al., 2012; Angel e* a1., 2013, 2016, 2017; Carcaillet et al., 2013;
Guzman, 2013; Angel, 2016;). The Columbian Andes consist of three parallel ranges
extending from 1°N to 11°N: the Co.illera Occidental (western), Cordillera Central and
Cordillera Oriental (eastern). Stu.li”s \.ave been carried out in the Cordillera Central and
Cordillera Oriental involving rau.ocarbon dating of paleosols and glaciofluvial and
glacial sediments, and more i >eently surface exposure °Be dating (Thouret et al., 1996;
Clapperton, 2000; Helme.rs. 2004, 2011; Jomelli et al., 2014). The Ecuadorian Andes
extend from 1°N *n 4S 7ind include the Eastern and Western Cordilleras. Glaciation
studies in these ranges nave relied mainly on radiocarbon dating of glaciolacustrine and
till sediments (Clapperton et al., 1997a; Rodbell et al., 2002; La Frenierre et al., 2011).

The central Andes extend the length of Peru, western Bolivia and northern Chile, and
comprise two parallel ranges in which the highest areas have glacial landforms and
extant glaciers (Fig. 2). Databases have been compiled to inform paleoclimate modeling
and to compare glacier activity in Peru and Bolivia (e.g. Mark et al., 2005). Cosmogenic
nuclide exposure dating methods have improved knowledge of Late Pleistocene glacial
evolution, but there are significant challenges in interpreting the data (Smith et al.,
2005, 2008; Zech et al., 2008; Glasser et al., 2009; Licciardi et al., 2009; Rodbell et al.,
2009; Smith and Rodbell, 2010; Blard et al., 2013; Jomelli et al., 2011, 2014; Bromley



et al., 2016; Martin et al., 2018). Several other studies in this region focus on the time of
deglaciation (He et al., 2013; Shakun et al., 2015b; Stansell et al., 2015, 2017). A recent
synthesis of Late Pleistocene glacial evolution has been published for the entire region
(Mark et al., 2017), and this review has since been complemented by additional

paleoglacier chronologies (Ward et al., 2017; Martin et al., 2018)

In southern Peru (Fig. 2), western Bolivia and northern Chile, the western Andean range
marks the west edge of the Altiplano and Puna Plateau, a closed basin that contains the
great lakes of Titicaca (3806 m asl), Poop6 (3685 m asl), and Salar de Uyuni (3653 m
asl). Here, typical elevations are 4000-5000 m asl; the hasin is surrounded by the
Western and the Eastern Andes, where large volcanoes reaci, elevations greater than
6000 m asl. In the north of this area, precipitation is de.se,ed mainly by the South
American monsoon in the summer months, but *o the south, this gives way to
extratropical systems related to the southern we.wly winds in austral winter. This
transition region, between 18°S and 30°S, is an a*ec Of persistent aridity known as the
Arid Diagonal (De Martonne, 1934).

The western cordillera of the Andes n nc-thern Chile crosses the Arid Diagonal
between 18°S and 27°S (Fig. 2). Betwe.n Nevado Sajama (18.1°S) and Cerro Tapado
(30.2°S), there are few modern glacie.< because of limited precipitation (Casassa et al.,
2007), but glacial deposits can he in2aped as far south as ~24°S on the north side of the
Arid Diagonal and as far neru as 27°S on the south side (Jenny et al., 1996). A few
small rock glaciers and pe, ma..ent snowfields exist on very high peaks throughout the
Arid Diagonal, where __ &, reach >6000 m asl (Ward et al., 2017).

Moving farther souti, to the northern part of the Argentine Andes between 22°S and
36°S (Fig. 2), there are two different atmospheric circulation patterns, which again are
separated by the Arid Diagonal. The Arid Diagonal crosses this section of the Andes
between 25°S and 27°S. Most of the precipitation north of the Arid Diagonal falls
during the South American summer monsoon season. South of the Arid Diagonal
precipitation falls mainly during the austral winter months and is related to southerly
sourced westerly winds. The locations where most precipitation is related to the South
American summer monsoon are Tres Lagunas (Zech et al., 2009), Nevado de Chafii
(Martini et al., 2017a), Sierra de Quilmes (Zech et al., 2017), and Sierra de Aconquija
(D’Arcy et al., 2019). The locations where most precipitation is related to the southern

westerlies are: the Ansilta range (Terrizzano et al., 2017), Cordon del Plata (Moreiras et
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al., 2017) and Las Lefias valley (Zech et al., 2017). Reviews of the glacial chronology
of the entire region were carried out by Zech et al. (2017) and more recently by D’ Arcy
et al. (2019).

From 36°S to the southernmost tip of South America, the Patagonian Andes are a
complex mountainous region with numerous present-day glaciers and two large ice
fields (Campo de Hielo Patagonico Norte and Sur) (Fig. 2). Mapping of major moraine
systems throughout Patagonia and early geochronological work have provided a broad
framework that underpins our knowledge of the glacial history of this region (e.g.,
Caldenius, 1932; Feruglio, 1950; Flint and Fidalgo, 1964, 1969; Mercer, 1969, 1976).
During the GLGM, there was a large ice sheet, the Patarnnion Ice Sheet (PIS), that
extended 2000 km along the crest of the range, from 38°S *n 55°S. With the exception
of northern Patagonia, the western outlet glaciers of the Pat~.gonian Ice Sheet terminated
in the Pacific Ocean, whereas eastern outlets teii.inated on land. The deglaciation
chronology and pattern of land-terminating outlets v~ the PIS have been the subject of
much research (Denton et al., 1999a; Glass 'r <t al., 2004, 2008; Kaplan et al., 2008;
Moreno et al., 2009; Rabassa and Cor~na.> 2009; Rodbell et al., 2009; Hein et al.,
2010; Harrison and Glasser, 2011; Boe." <t al., 2013; Mendelova et al., 2017).

The southern tip of South Americ.. from the Strait of Magellan to Cape Horn,
comprises hundreds of islands (rin. 2). The largest island, Isla Grande de Tierra del
Fuego, is dominated on its ‘vect side by the Cordillera Darwin, a mountain range with
peaks over 2000 m asl. Thie raiige is currently covered by large glaciers, some of which
reach the sea. The cl...ate of Tierra del Fuego is strongly affected by the southern
westerlies, and prec. tiason declines rapidly from the Pacific to the Atlantic coast. Hall
et al. (2017a) and Hi!: et al. (2019) published recent syntheses of the glacial history of

Tierra del Fuego during Last Glacial Termination and the Holocene, respectively.

3. Methods
3.1 Selection of studies in each area

It is impossible to include all available information on the deglaciation of the Americas
in detail in a single review paper. However, this does not preclude us from carrying out
a comparative analysis of the Late Glacial history of the two continents based on recent

advances in knowledge that we seek to provide here. With this objective in mind, we
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selected regions where studies of Late Glacial history are most advanced and
geographically representative. For each selected region, we review recent publications
that are key to understanding the glacial history from the Last Glacial Maximum to the
beginning of the Holocene, including the most up-to-date review papers or syntheses

from specific regions.
3.2 Graphical expression of glacier extent for each interval

The figures in this paper illustrate generalised glacier extent for each of the intervals
discussed below (Figs. 3, 4, 5, 6, and 7). A common metric is required to compare
glacier advances and extent across the vast area of the /£ mericas. Many researchers
consider the Equilibrium Line Altitude (ELA) to be the brsu measure of climate-driven
changes in glacier extent (Rea, 2009), although it may *...-ouuce errors in paleoclimatic
reconstructions in active tectonic mountain ranges (I'itci.ctl and Humpbhries, 2015) and
is perhaps less helpful for large continental ice sh<ets. \We are unable to use ELA in our
review for three reasons. First, many studies dr, no. report ELAs for glacial events.
Second, the ELAs reported in the papers we surveyed were calculated using different
methods and thus may not be compar.oi > between regions. Third, reported ELAS are
generally local values and may not be i1 nresentative of regional climate. For example,
an ELA reconstructed for a heavily shaded glacier in a north-facing cirque in the
Northern Hemisphere will yield . rauch lower value than one reconstructed for an
exposed glacier on the south cide of the same mountain. To be quantitatively useful,
both of these must be norn.olized to the climatic ELA — the zero-mass-balance elevation
of a horizontal unshari 2 surface. To evaluate the climatic ELA, one must model the
mass balance of u.» y.acier using a digital elevation representation of the basin.
Modeling the physica: mass balance of a large number of glaciers spanning the entire

Americas is beyond the scope of this paper.

We therefore use a simple, easy-to-compute metric that is based on observational data —
the relative extent of a glacier (Et), expressed as a percel642) ntage and quantified as

follows:

L. — 7
E(%) = ——

Ziem — Zp
where Z; is the elevation of the glacier terminus during the period in question, Zp is the

elevation at the end of the Little Ice Age, prior to the anthropogenic period, and Z,gm



is the terminal elevation at the Local Last Glacial Maximum (LLGM). For areas that
have no historic glaciers, we use the highest elevation in the catchment as a default
value for Zp. In the figures, we have grouped E; values for each climate region in 20%
intervals. Some ice masses, notably the Laurentide and Patagonian ice sheets, did not
uniformly descend downslope from high-elevation accumulation areas, but rather
expanded from higher elevation accumulation across vast expanses of relatively flat
terrain. For these areas, we used the terminal position (in kilometers) relative to the late

Holocene, or final, position as a metric of relative extent.
3.3 ELA depression in the Americas

In the text and tables, we refer to the approximate decrease u. =LA for each period with
respect to the current ELA. We acknowledge that gle.icv extents can be affected by
hypsometry, but in this broad review paper and, as n~fea wwove, we are not in a position
to perform original mass-balance modeling of a 'arge number of glaciers spanning the
entire Americas, which itself could be the sub’:ct v7 a large research project. ELA
depression data included in our tables are ~sew on cited peer-reviewed papers. The
values should be considered approxim-acns, sut are useful for comparing how glaciers
in each region responded to climate acring each of the periods we discuss and for

testing hypotheses of the large-scale u:-iving mechanisms.
3.4 Dating glacial landforms

Our work compares chru.oological data obtained over recent decades through
cosmogenic nuclide, su-facz-exposure dating methods. New scaling models and
reference productior. ra.es have considerably changed the interpretation and
chronological framing of many glacial landforms in recent years (e.g. Kaplan et al.,
2011; Blard et al., 2013 a,b; Kelly et al., 2015; Martin et al., 2015, 2017; Borchers et al.,
2016; Marrero et al., 2016, Philips et al., 2016). However, the degree of uncertainty in
the production rates of most terrestrial cosmogenic isotopes, especially those that do not
derive from quartz, can be greater than the amount of time separating many of the
phases of deglaciation (Marrero et al., 2016), making it difficult to relate a glacier
landform to a particular short period in the past. Nevertheless, we account for these
differences by identifying scaling factors explicitly or providing citations to relevant

publications that allow the reader to be informed.
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Other possible problems may compromise the validity of cosmogenic nuclide exposure
ages. Exposure ages can be misleading if the dated glacial landforms are found to have
had previous exposure to radiation or have been eroded out of till subsequent to glacier
retreat (Blard et al., 2014; Briner et al., 2016; Ciner et al., 2017). Many of the dated
glacial landforms discussed in this review are boulders on the crests of moraines, and
their apparent ages must be interpreted in the context of advances or stillstands of
glacier fronts. Care must be taken when interpreting these ages (Kirkbride and Winkler,
2012) because, once constructed, a moraine may not stabilize for a long time (Putkonen
et al.,, 2008; Heyman et al., 2011). Moreover, weathering and exhumation since
stabilization commonly remove grains from the surfaces o: “oulders, leading to ages
that are younger than those of the moraines on which they lie ( 3riner et al., 2005; Hein,
2009; Heyman et al., 2011; Oliva and Ruiz-Fernandez, 201.5). Frequently, glacier fronts
are limited in their advance by previously formed 1. araines and, in such cases, the
glacier may deposit new boulders on old moraines. Th.s process can be repeated several
times and form a single moraine ridge that is u:. product of multiple advances (Osborn,
1986; Winkler and Matthews, 2010; Schi-'meipfennig et al., 2014). The elevation of
sample sites, which have changed fr:qu.ntly through the time on account of glacio-
isostatic adjustments, is essential .0 calcuiating cosmogenic ages. Morever, the pattern
of these changes is very difficur. to know, which also introduces uncertainty in
cosmogenic ages (Jones et a'., 2019). Snow can reduce the exposure of surfaces to
cosmogenic radiation and, i most cases, it is difficult to judge the impact of variations
in snow cover over the thous-inds of years that a surface was exposed (Schildgen et al.,
2005). Finally, in son e ccses, glaciers can advance or retreat independently of climatic
forcing (Quincey et ai., 2011; O Cofaigh et al., 2019).

These potential problems may not necessarily be solved by collecting and analyzing a
larger number of samples from the same glacial landform. If altered boulders or
boulders with prior radiation exposure are sampled, the statistic only increases the error
(Palacios, 2017). Placing the results of cosmogenic nuclide exposure dating within a
suitable geomorphological context is far more important than the statistics themselves.
This context provides grounds for discarding impossible results and preferentially
weighting others. For this reason, this review has relied not only on surface exposure

ages and the most recent production rates, but also on radiocarbon ages and regional

11



geomorphological contexts that strengthen age interpretations and indicate the degree to

which they might be in error.
3.5 Possible errors and uncertainties in ages reported in this review

The studies on which this review is based have been conducted over many decades,
during a period when dating methods and standards have markedly changed. Although
our focus is on recent literature, which is based on current knowledge, we include
pertinent older studies that report ages calculated using earlier protocols. Given the
many hundred studies and tens of thousand ages involved, reconciliation of
chronological differences resulting from different method - would constitute a major
research project and one that is far beyond the scope of *ino review. To that end, we
therefore caution readers that the patterns we draw fru..> uie literature are a starting
point for more detailed comparisons between specific stuuy areas; we encourage readers
to thoroughly evaluate and, if necessary, recomp.ite  ges reported in the literature for

such purposes.

However, as shown below, ages cited it u..s paper are still comparable, because
systematic uncertainties resulting fror. dif.erent methods and production rates are lower
than 5% for most of the ages that we discuss here. Most of the ages cited in the text
have been calculated using the *"™e ;sotope and are derived from rocks containing
quartz. Some ages cited in th- x. nave been calculated using **Cl and *He in rocks
without quartz, commonly /olconic rocks. Recent literature has shown that the ages
derived from these three is.*opes are comparable, albeit with different uncertainties
(Phillips, 2016, 2017; Bai *h et al., 2019).

Balco and Schaefer (20 06), Thompson et al. (2017), Corbett et al., (2019), and Barth et
al. (2019) have recently recalculated **Cl ages cited in the Laurentide sections of this
paper and have concluded that they differ little from previously published ages. All °Be
ages from Alaska have been calculated using similar production rates: the Arctic value
of Young et al. (2013) or the NENA value of Balco et al. (2009). Menounos et al.
(2017) report *°Be ages for the area of the Cordilleran Ice Sheet that are consistent with
both previously and subsequently published ages from this region. Recently, °Be ages
for the Rocky Mountains/Yellowstone region have been calculated or recalculated by
Shakun et al. (2015a), Dahms et al. (2018), Licciardi and Pierce (2018), and Pierce et al.
(2018), and shown to be internally consistent and consistent with the other ages in
North America. Sierra Nevada *°Cl and °Be ages are taken from Phillips (2016) and
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Phillips (2017) and are based on CRONUS-Earth production rates (Borchers et al.,
2016, Marrero et al., 2016a, Phillips et al., 2016). Whole-rock cosmogenic **Cl ages on
moraine boulders and glacially polished rock surfaces in Mexico and Central America
are based on calculations and recalculations using CRONUScalc (Marrero et al., 2016a,
2016b). Ages from Mexico reported by Vazquez-Selem and Lachniet (2017) and
Central America reported by Potter et al. (2019) and Cunningham et al. (2019) are
based on different scaling models, but the age differences are less than 2.5%. In
conclusion, all cosmogenic ages from North and Central America cited in the text have
been calculated or recalculated in the past three years, and possible differences are
likely less than 5%.

Turning to South America, the Late Glacial chronology in \~e .1orthern Andes is mainly
based on radiocarbon and *°Be cosmogenic ages. Ma~v °Be ages were recomputed
using the Cosmic Ray Exposure Program (CRZy, 1.itp://crep.crpg.cnrs-nancy.fr/#/)
(Martin et al., 2017) and the synthetic High Ande. *°Be production rate reported by
Martin et al. (2015). Jomelli et al. (2014) rofib'y homogenized and recalculated 477
published '°Be and *He surface expost’™~ ages from the Peruvian and Bolivian Andes,
spanning the past 15,000 years. Aftte” “ne publication of the paper by Jomelli et al.
(2014), Martin et al. (2015) propuad a new empirical °Be production rate for the
Tropical Andes that is similar, \/i’ni, uncertainties, to those proposed by Blard et al.
(2013a) and Kelly et al. (201% . Jo.nelli et al (2017) and Martin et al (2018) adopted this
new production rate and rrnu.*ed recalculated new ages, which we follow in this paper.
A recent review by Mai.- e al. (2017) provides additional information on the Late
Glacial chronolog:, 0\ the Peruvian and Bolivian Andes. Alcala-Reygosa et al. (2017)
report *°Cl ages from volcanic areas in the Peruvian Andes, which they calculated using
the spreadsheet developed by Schimmelpfennig (2009) and Schimmelpfennig et al.
(2009). Bromley et al. (2011) provide *He ages for the same area. The *Cl, *He, and
radiocarbon ages from the Peruvian Andes are consistent with one another (Blard et al.
2013a, 2013b; Bromley et al., 2019). °Be ages from northern Chile were calculated or
recalculated by Ward et al. (2015, 2017) based on a protocol similar to that used in the
Peruvian and Bolivian Andes. *CI ages from northern Chile (Ward et al., 2017) were
calculated using CRONUS-Earth production rates and the LSDn routine in
CRONUScalc (Marerro et al., 2016b). Recently, D’arcy et al. (2019) recalculated all the

19Be ages from the Central Andes of Argentina using local High Andes production rates
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(Kelly et al., 2015; Martin et al., 2015, 2017). Ages from Patagonia and Tierra del
Fuego were recalculated by the CRONUS-Earth online exposure age calculators (v. 2.2)
(Balco et al., 2008), using the time-dependent Lal/Stone scaling model and the
"Patagonian” production rate of Kaplan et al. (2011). As in North and Central America,
the South American cosmogenic ages differ slightly between some regions, but the

errors do not exceed 5% and thus do not change the overall conclusions of the paper.

We have converted *C ages from all the regions to calendar year ages using CALIB
1.1

4. The Manifestation of the Global Last Glacial Max mum (26.5-19 ka) in the

Americas and the Start of the Last Glacial Terminatior
4.1 The Global Last Glacial Maximum

The first period analyzed covers the time between 2% 5 'za and 19 ka, when most of the
northern ice sheets and many mountain glaciers rec ~ned their maximum extent in the
last glacial cycle (Clark et al., 2009). This p:zruc coincides with the time of minimum
sea level and is characterized by a oua.i-equilibrium between the cryosphere and
climate (Clark et al., 2009). Followiny, st".ndard usage (Clark et al., 2009; Hughes et al.,
2013), we have called this period e ‘Global Last Glacial Maximum’ (GLGM). Clark
et al. (2009) note that many ice ra:ses, especially mountain glaciers, achieved their
maximum extents prior to or atic~ this period, and that the term ‘Local Last Glacial
Maximum’ (LLGM) shoulu be used to describe local maxima in particular regions.
They further proposed z2-19 ka for the beginning of deglaciation, which was the time
when most of the norcerr ice sheets began to retreat, sea level and temperatures started
to increase, followed )y an increase in the concentration of CO, in the atmosphere.
Hughes et al. (2013), in an exhaustive review of the chronology of the LLGM
throughout the world, show that not only did many mountain glaciers achieve their
maximum extents before the GLGM, but some northern ice sheets did as well. They
acknowledge, however, the fundamental role that the Laurentide Ice Sheet played in
deglaciation, where the LLGM broadly coincides with the GLGM.

4.2 Laurentide Ice Sheet

The extent of glaciation during the LGM is summarized in Figure 3. The large extent of
the LIS was the result of planetary cooling, but its very existence also had an effect on

the evolution of mountain glaciers. The GLGM broadly coincides with the maximum
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size of the Laurentide Ice Sheet (LIS) (Dyke et al., 2002; Clark et al., 2009; Stokes,
2017). Despite the difficulty of precisely dating the maximum extent of the ice sheet, it
is widely accepted that different sectors of the LIS reached their local maxima at
different times during the broad interval of the GLGM. For example, it has been
suggested (Dyke et al., 2002) that the northwestern, northeastern and southern margins
likely attained their maximum positions relatively early (~28-27 ka), whereas the
southwestern and northernmost limits were probably reached slightly later (~25-24 ka).
More recently, others have suggested that the northwestern margin, in the vicinity of the
Mackenzie River delta, may have reached its maximum position at less than 20 ka
(Murton et al., 2007; Kennedy et al., 2010; Lacelle et al., 2L ) and possibly as late as
17-15 ka (Murton et al., 2015). If correct, this relatively 'ate advance to a LLGM ice
extent may have been aided by eustatic sea-level risc an' the opening of the Arctic
Ocean along the Beaufort Sea coastline, which nro.ided a source of moisture and

increased precipitation in the region (Lacelle et al., 202.3).

Irrespective of the regional asynchronicity i, ‘ne time of the local glacial maximum, it
is likely that the LIS existed at its nrar- ma<imum extent for several thousand years,
which would indicate that its mass balace was in equilibrium with the climate for a
prolonged period of time (Dyke et a... 2002). Indeed, initial deglaciation is thought to
have been slow prior to 17 ka (Dyle 2t al., 2002), and, as noted above, glaciers in some
regions may have been advenuing (e.g. in the far northwest). Possible exceptions to the
generally slow recession incluua the major lobes of the southern margin of the ice sheet
and the marine-based .2'u.castern margin around the Atlantic Provinces. More rapid
retreat of these maigins wvas likely caused by ice-stream drawdown (Shaw et al., 2006,
2018; Margold et a!., 2018) and, in the southeast, by eustatic sea-level rise (Dyke,
2004). In contrast, retreat of the land-based southern margin is thought to have been
driven mainly by orbital forcing (Clark et al., 2009; Gregoire et al., 2015). Based on 22
19Be surface exposure ages on boulders on GLGM moraines in Wisconsin, Ullman et al.
(2015a) dated the initial retreat of the ice sheet to as early as 23+0.6 ka, which
coincided with a small increase in boreal summer insolation. °Be ages on samples 10-
15 km up-ice from these moraines indicate a marked acceleration in retreat after ca.
20.5 ka that coincided with increased insolation prior to any increase in atmospheric
carbon dioxide. This lends support to the notion that orbital forcing was the primary

trigger for deglaciation of the LIS (see also Gregoire et al., 2015 and Heath et al., 2018).
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Although increased insolation is thought to have triggered the initial retreat of the
southern margin of the ice sheet (Ullman et al., 2015a), it is interesting to note that the
overall net surface mass balance likely remained positive for much of the early part of
deglaciation (Ullman et al., 2015b). However, the ice sheet was clearly shrinking, which
implies that the primary mechanism of mass loss was dynamic discharge/calving from
major marine-based ice streams (Margold et al., 2015, 2018; Ullman et al., 2015b;
Robel and Tziperman, 2016; Stokes et al., 2016). Indeed, ~25% of the ice sheet’s
perimeter was occupied by streaming ice at the global LGM, compared to ~10% at 11
ka (Stokes et al., 2016). Only when summer temperatures increased by 6-7°C relative to
the LGM did the overall net surface mass balance turn increw.‘ngly negative (Ullman et
al., 2015b). Numerical modelling suggests that this occu red soon after ~11.5 ka and
resulted in the rapid retreat of the land-based southern ana western margins of the LIS
(Ullman et al., 2015b). The rapid retreat of these teri_~trial margins contrasts with the
generally slow retreat of the northern and eastern 1,°arine-based margins and resulted in
a highly asymmetric pattern of retreat towarus the major dispersal centers in the east
(Dyke and Prest, 1987; Margold et al., 201%).

4.3 Alaska

Alaska is located at latitudes similar *o the northern LIS, but was covered largely by
mountain glaciers during the GL(GNMI. Thus, it is of interest to understand its glacial
evolution as a first link berac=n the large ice sheet and mountain glaciers. The best
available evidence from Ai~sku suggests that glaciers expanded during Marine Isotope
Stage (MIS) 2 (the Let. W.sconsinan glaciation in local terminology), in step with the
GLGM. Although n.~xi.;um ages constraining the advance phase are sparse, constraints
on LGM culminatior. uate to ~21 ka in several regions spanning the state, including the
Ahklun Mountains (Kaufman et al., 2003), the Alaska Range (Tulenko et al., 2018), the
Brooks Range and Arctic Alaska (Pendleton et al., 2015). The best available maximum
age for the LGM glacier advance in Alaska — ~24 ka — is arguably from the Ahklun
Mountains (Kaufman et al., 2003, 2012). Deglaciation in Alaska commenced as early as
~21 ka. Recognizing that cosmogenic nuclide exposure ages of moraine boulders
represent the culmination of an advance, mean exposure ages of LGM terminal moraine
boulders (~21 ka) mark the transition from maximum glacier conditions to ice retreat
and terminal moraine stabilization. Moraines up-valley of terminal moraines were

formed in the Ahklun Mountains (Manley et al., 2001), and marine sediments were
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deposited within LGM extents in Cooke Inlet (Reger et al., 2007) as early as ~20 ka. In
the Alaska Range, the first moraines up-valley of the LGM terminal moraines were
deposited ~20 ka (Tulenko et al., 2018). In at least one or two valleys in the Brooks
Range that are accurately dated, glaciers receded well up-valley between ~21 ka and
~17 ka (Pendleton et al., 2015).

Climate conditions in Alaska during the GLGM are not well known, but several lines of
evidence indicate that conditions were much more arid than today (e.g. Finkenbinder et
al., 2014; Dorfman et al., 2015). Data on temperature changes during the LGM are
scarce. Some paleoecological evidence exists from the Brooks Range suggesting
summer temperatures 2-4°C colder than the present (Kurek ot a;  2009), and pollen data
from across Beringia suggest summer temperatures wei> ~4°C lower (Viau et al.,
2008). On the other hand, climate modeling indicates r.the. warm conditions in Alaska
during the LGM, associated with persistent shifts . auaospheric circulation related to
Laurentide and Cordilleran ice sheet size (Otto-Rliccner et al., 2006; Lofverstrom and
Liakka, 2016; Liakka and Lofverstréom, 2018 .

The largest gaps in knowledge regardir.g \1e ming of the LGM and initial deglaciation
in Alaska are related to the spatial p.*tern of glacier change across the state and
complex climate forcing. High-resoiction chronologies from moraine sequences from
single valleys are scarce. Furthermr:, few quantitative paleoclimate data exist, and the
existing records of glaciaticn ond snowline depression have yet to be reconciled with

climate modeling results tiict si.ow relatively warm LGM conditions.
4.4 Cordilleran Ice Steet and North Cascades

Glaciers in western C nada were expanding into lowland areas on the flanks of the
Coast and Rocky Mountains during the GLGM, contributing to development of the CIS
(Clague, 2017). The CIS was not fully formed at the GLGM; large areas of southern
British Columbia remained ice-free several thousand years later. Alpine glaciers in the
southern Coast Mountains advanced into lowlands near Vancouver, British Columbia,
after 25.8 ka during the Coquitlam stade in local terminology (Hicock and Armstrong,
1981; Hicock and Lian, 1995; Lian et al., 2001). To the south, alpine glaciers in the
North Cascades achieved their maximum MIS 2 extents between 25.3 ka and 20.9 ka,
about the same time as the GLGM (Kaufman et al., 2004; Riedel et al., 2010). The

alpine advances at these sites ended with the Port Moody interstade sometime after 21.4
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ka, when glaciers in the southern Coast Mountains and the North Cascades retreated
(Hicock et al., 1982, 1999; Hicock and Lian, 1995; Riedel et al., 2010) (Fig. 8).

Regional pollen and macrofossil data and glacier reconstructions indicate that the
climate that led to the alpine glacial advance in the North Cascades was the coldest and
driest period in MIS 2 (Barnosky et al., 1987; Thackray, 2001; Riedel et al., 2010).
Glacier ELAs fell by 750-1000 m from west to east across the range in response to a
reduction in mean annual surface air temperature of ~8°C and a significant reduction in
precipitation (Porter et al., 1983; Bartlein et al., 1998, 2011; Liu et al., 2009). The
primary reasons for the relatively arid climate were likely the lower sea surface
temperatures in the Pacific Ocean, the greater distance to the cnastline and large-scale
changes in the atmosphere caused by formation of contine, *al ice sheets (Hicock et al.,
1999; Grigg and Whitlock, 2002; Thackray, 2008). Pal.acl.matic simulations produced
by global climate models suggest that three large s.~le controls on climate have been
especially important in the Pacific Northwest du-ing Late Glacial time (Broccoli and
Manabe, 1987a, 1987b; COHMAP Member;, +288; Bartlein et al., 1998; Whitlock et
al., 2000). First, the Laurentide Ice Shec.* (LIS) influenced both temperature and
atmospheric circulation. Second, varia..~1s in the seasonal distribution of insolation as a
result of the Earth’s orbital variatio. s affected temperature, effective precipitation and
atmospheric circulation. Third, cl:a'1gws in atmospheric concentrations of CO, and other
greenhouse gases affected tempcratures on centennial and millennial timescales

(Sowers and Bender, 1995).
4.5 Rocky Mountains/V.!'ow.stone region

The Rocky Mountairn. allow us to link glacier behavior from the LIS to the north and
the CIS to the northwest with lower latitudes, where only small glaciers formed during
the period of maximum glacial expansion (Figs. 8, 9, 10, 11, 12, and 13). Recent ages
from Colorado confirm that a number of valley glaciers reached their LLGM extent
~21-20 ka (Brugger et al., 2019) at roughly the same time as the GLGM (known locally
as the Pinedale Glaciation), while in other valleys glaciers continued to advance, re-
advance or remain in the same position for several thousand years until ~17 ka (see

Brugger et al., 2019, and references therein).

In the Greater Yellowstone region, glaciers of the Beartooth Uplift and High Absaroka
Range appear to have reached their maximum extents ~20 ka (Licciardi and Pierce,
2018). A similar pattern is evident on the eastern slope of the Teton Range, where the
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oldest moraines date to 19.4+1.7 ka (Pierce et al., 2018). Differences in the ages of
LLGM limits in valleys surrounding the Yellowstone Plateau are likely due to local
topographic factors at the margins of the Yellowstone Ice Cap rather than general
climate forcing (Young et al., 2011; Leonard et al., 2017a, 2017b; Pierce et al., 2018;

Laabs et al., in preparation).

Ages of ~23-21 ka from terminal moraines of four valley glaciers in the Wind River
Range, about 150 km southeast of Yellowstone Park, show that the LLGM also
generally coincides with the GLGM (Phillips et al., 1997; Shakun et al., 2015a; Dahms
et al., 2018). Deglaciation seems to have been swift here; ice appears to have receded to
2.6 km behind its terminus in the Middle Popo Agie valley hy ~19 ka and 13 km
upvalley from its terminus in the adjacent North Fork vah.s by ~18-17 ka. Glaciers in
both valleys apparently receded 19 km and 27 km tc . eir respective cirque riegels by
17-16 ka (Dahms et al., 2018). The glacier in the ~.e Creek valley receded nearly 30
km from its terminus at Fremont Lake by 14-13 ke (.akun et al., 2015a).

Many glaciers in the Rocky Mountains of "olrrado reached their maximum extents
during the GLGM, with the outermor. 110r.ines abandoned ~22-20 ka (Ward et al.,
2009; Duhnforth and Anderson, 2011; .‘oung et al., 2011; Schweinsberg et al., 2016;
Leonard 2017a, 2017b; Brugger et .'. 2019). In some cases, extensive deglaciation
followed shortly after 20 ka (Warc e al., 2009), but elsewhere glaciers remained at, or
had re-advanced to, near thei, maximum extents as late as 17-16 ka (Briner, 2009;
Young et al., 2011; Leona: ™ e. al., 2017a, 2017b), well after the end of the GLGM. In
some instances, thess *v-16 ka moraines are the outermost moraines of the last

glaciation.

The near complete absence of modern glaciers in the Colorado Rocky Mountains makes
it difficult to estimate ELA depressions at the GLGM, although in the San Juan
Mountains of southwestern Colorado it appears that they were lowered by at least 900
m (Ward et al., 2009). Recent numerical modeling of paleo-glaciers in several Colorado
ranges indicates a rather modest GLGM temperature depression of 4.5°-6.0°C compared
to present-day temperatures, assuming no change in precipitation (Duhnforth and
Anderson, 2011; Leonard et al.,, 2017a, 2017b). In contrast, work in the Mosquito
Range suggests a temperature depression of 7.5°-8.1°C (Brugger et al., 2019). Earlier
work, using different paleo-glaciological approaches, indicates somewhat greater

GLGM temperature depressions in the Colorado Rocky Mountains (Leonard, 1989,
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2007; Brugger and Goldstein, 1999; Brugger, 2006, 2010; Refsnider et al., 2008).
Global and regional climate models suggest that precipitation in the northern Rocky
Mountains was significantly reduced compared to the present. In contrast, the
southernmost Rocky Mountains in New Mexico were wetter at the GLGM than at
present, and the central Rocky Mountains of Colorado and Wyoming experienced close

to modern precipitation (Oster et al., 2015).
4.6 Sierra Nevada

Few moraines from the early GLGM period in the Sierra Nevada have been directly
dated, perhaps because such moraines were less extensive than those built during the
local maximum and were thus obliterated by the later ad* ai.~es (Phillips et al., 2009).
However, there is abundant evidence of a cooling climaic “uiing the early GLGM from
nearby lacustrine records. For example, cores collec'ed .om Owens Lake, just east of
the range (Smith and Bischoff, 1997), record a 1'se in juniper pollen, which is
considered an indicator of cold temperature, b~.iween 30 ka and 25 ka, reaching a
maximum between 25 ka and 20 ka (Wnc'erden, 2003). In the same cores, total
organic carbon, which decreases as .ip.t o glacial rock flour increases, falls from
about 4% to near zero between 30 ka anu 25 ka (Benson, 1998a, b). Similar patterns are
observed in sediments from Mono Lc!e (Benson, 1998a, b), which also received direct
discharge from glaciated vallevs {1 ‘he Sierra Nevada. The inference from lacustrine
records that glaciation reachsu near-maximum extent at about 25 ka is confirmed by a
fortuitously preserved tern.;na: moraine in the valley of Bishop Creek, located at about
95% of the maximum _7Iv: extent and dated to 26.5+1.7 ka (Phillips et al., 2009) (Fig.
14).

Cosmogenic and radiocarbon data for GLGM glaciation in the Sierra Nevada have
recently been compiled and updated by Phillips (2016, 2017). Both °Be and *ClI
surface-exposure dating yields ages ranging from 21 ka to 18 ka for the GLGM
moraines (Tioga 3 in local terminology). Radiocarbon ages are slightly younger (19-18
ka), but this is because they are on organic matter accumulated in depressions behind
the Tioga 3 terminal moraines and thus date to the earliest stages of retreat. The spacing
of recessional moraines indicates that retreat was at first slow, but then accelerated
(Phillips, 2017).

In summary, glaciers advanced in the Sierra Nevada steadily after about 30 ka,
achieving positions slightly short of their maximum extents by 26 ka. They then were
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relatively stable for the next 5 ka, but advanced slightly between 22 ka and 21 ka to
their all-time maximum limits of the last glacial cycle. Minor retreat from this
maximum position began at 19 ka and accelerated rapidly after 18.0 ka to 17.5 ka.
Plummer (2002) attempted to quantify both temperature and precipitation variations in
the Sierra Nevada region during the GLGM by simultaneously solving water and energy
balance equations for glaciers and closed-basin lakes. He concluded that precipitation
during the peak LGM-maximum period (21-18 ka) was about 140% of historical levels
and temperature was 5-6°C colder than today.

4.7 Mexico and Central America

The highest mountains in Mexico and Central America we.c Xacier covered during the
GLGM. There the LLGM overlaps part of the GLGM. ".: 2eiwral Mexico, *°Cl exposure
ages of moraines from the maximum advance are b~tweci1 21 ka and 19 ka. Moraines
were deposited as late as 15-14 ka in the mountair s near the Pacific (Tancitaro, 3840 m
asl) and Gulf of Mexico (Cofre de Perote, 4230 m a.!), but minor recession occurred
around 17 ka in the interior (lztaccihuatl .“8f m asl) (Vazquez-Selem and Heine,
2011). Boulders on recessional morzunes wdJilt inside the moraines from the local
maximum have yielded exposure ages b.ween ~14.5 ka and >13 ka, and exposure ages
on glacial polish associated with rececsion range from 15 ka to 14 ka (Vazquez-Selem
and Lachniet, 2017). In Cerro Chiirir¢ (3819 m asl), Costa Rica, the local maximum is
~25 ka to 23 ka based on %71 2qes (Potter et al., 2019), whereas '°Be exposure ages of
lateral and recessional moicines are between ca. 18.3 ka and ~16.9 ka (Cunningham et
al., 2019). They are t-.~ younger than recessional moraines on mountains in central
Mexico at a simdea” eilvation (e.g. Tancitaro, 3840 m asl). No ages exist for the
glaciated Altos Cuch..natanes (3837 m asl) of Guatemala, although a maximum around
the time of the GLGM is probable based on data from central Mexico and Costa Rica
(Roy and Lachniet, 2010).

ELAs in the region during the LLGM were depressed 1000-1500 m compared to
modern values (equivalent to 6-9°C of cooling), which is consistent with ELA
depression around the world during the GLGM (Lachniet and VVazquez-Selem, 2005).

4.8 Northern Andes

A widespread advance in the Northern Andes during the GLGM is not clear, and the

limited chronological data available preclude robust interpretations. In the Venezuelan
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Andes, temperatures during the GLGM have been estimated to be around 8°C cooler
than present, according to palynological analysis and a paleo-ELA reconstruction
(Schubert and Rinaldi, 1987; Stansell et al., 2007). Some outermost moraines have been
dated to around 21 ka in the Sierra Nevada based on '°Be ages (modified ages from
Angel, 2016; updated ages from Carcaillet et al., 2013). The Las Tapias terminal
moraine at 3100 m asl in the Sierra Santo Domingo, northeastern Sierra Nevada,
yielded ages of 18.2+1.0 ka (n=3) (Angel, 2016), and a glacier advance in the Cordillera
de Trujillo has been dated to around 17 ka (Bezada, 1989; Angel, 2016) (Fig. 15).

Climate in the Colombian Andes during the GLGM was cold and dry (van Geel and van
der Hammen, 1973; Thouret et al., 1996). In this region, there e only a few ages from
scattered valleys and it is difficult to evaluate glacier =v.ent during the GLGM.
However, in Paramo Pefia Negra, close to Bogota, tv.n raoraine complexes between
3000 m and 3550 m asl were built between ~28 ka .nu 16 ka (Helmens, 1988). Paleo-
ELAs were on average 1300 m lower than mode.. likely driven by 6-8°C colder
temperatures (Mark and Helmens, 2005). A ti'; (‘drift 3”) on the western slopes of the
Sierra Nevada del Cocuy may date to th~ .M. The onset of sedimentation in Laguna
Ciega, which is located on this till at 2220 m asl has been radiocarbon-dated to ca. 27.0-
24.5 ka BP (van der Hammen et al., 981).

The glacial chronology of the Ec 1a-Jorian Andes is poorly constrained and does not
allow clear conclusions to b~ u-awn about glacier extent. There are some indications of
possible advances around u>= ume of the GLGM, such as in the Rucu Pichincha and the
Papallacta valley (Hei:.c ai.u Heine, 1996) and in Cajas National Park (Hansen et al.,
2003). Brunschon a4 Coinling (2009) suggest that climate was cold and wet during the
GLGM in the south.cin Ecuadorian Andes based on a pollen record and the upper

timberline position in Podocarpus National Park.
4.9 Peruvian and Bolivian Andes

Evidence for the extent and chronology of past glacier advances in Peru and Bolivia at
the GLGM comes from moraine chronologies and lake sediment records that provide a
suite of ages before and after 21 ka (Clayton and Clapperton, 1997; Blard et al., 2013).
The time of the local maximum glacier expansion, based on the average cosmogenic
ages of moraine groups, is ~25 ka, but there are large uncertainties (up to 7 ka), making
the exact time of the LLGM uncertain. It also remains uncertain whether LLGM

moraines were constructed during a long still-stand or a re-advance that erased the
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previous maximum limit (Mark et al., 2017). A close examination of site records reveals
that, although the LLGM was close to the GLGM, there was, in some places, a larger
local maximum extension of glaciers before the GLGM (Farber et al., 2005; Smith et
al., 2005; Rodbell et al., 2008). In the southern part of the Altiplano, maximum glacier
extents of the last glaciation are probably as old as 60 ka (e.g. Blard et al., 2014) (Figs.
16 and 17). Lakes Titicaca and Junin, which are outside glacial moraines, have
provided sediment records that indicate deglaciation was underway by 22-19.5 ka
(Seltzer et al., 2000, 2002; Baker et al., 2001a, 2001b; Rodbell et al., 2008). On the
Coropuna volcano, located in southern Peru, *He ages indicate that the LLGM happened

~25 ka and deglaciation began at ~19 ka (Bromley et al., 20C.}

Temperatures decreased ~6° C during the GLGM in the + ~ri'vian and Bolivian Andes
(Mark et al., 2005), and precipitation was slightly highe: th.in today, as indicated by the
Sajsi paleo-lake cycle (Seltzer et al., 2002; Bla'u ~t al., 2011, 2013). Therefore, a
temperature increase was probably the main driver ot deglaciation between 19 ka and
17 ka. However, precipitation variations like!v slcyed an important role in some regions
where a late deglaciation is reported, sti'~h a2 in the vicinity of the paleo-lake Tauca, on
the central Altiplano (Martin et al., 20.2".

4.10 Southern Bolivia and Northern Chile

Glacier extent at the GLGM ir e ..estern cordillera of the Andes, adjacent to the Arid
Diagonal, is unclear. Glaci-| acposits and landforms north of the Arid Diagonal that
have been investigated inclue those at Cerro Uturuncu (Blard et al., 2014), El Tatio
and Sairecabur (War1 ev al., 2017), and Cerro La Torta and the Chajnantor Plateau
(Ward et al., 2015). L ~posits in the subtropics south of the Arid Diagonal include those
in Valle de Encierro (Zech et al., 2006) and Cordon de Dofia Rosa (Zech et al., 2007).
At most sites north of the Arid Diagonal, a set of degraded moraines lies 2-5 km outside
one or two sets of closely nested, sharper-crested moraines, which in turn are outside
smaller younger up-valley moraines (Jenny et al., 1996). A few °Be and *°Cl ages
suggest that the outer degraded moraines date to MIS 6 (191-130 ka; Ward et al., 2015).
Greater precision is not possible with available data, but this interval corresponds to the
age of a broad bajada along the Salar de Atacama based on **Cl ages on terrace surfaces
and a depth profile (Cesta and Ward, 2016).
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A set of more prominent moraines inside these degraded moraines marks the maximum
expansion of glaciers after MIS 6 (Ward et al., 2017). Widely scattered '°Be and **Cl
ages, ranging from about 90 to 20 ka (45-35 ka modal age), have been obtained from
boulders on these moraines both north and south of the Arid Diagonal (Ward et al.,
2017) (Fig. 18). Eight boulders on the sharp crest of the LLGM moraine at El Tatio
yielded six **Cl ages between 41 ka and 19.8 ka, with outliers at 82 and 57 ka. At Cerro
La Torta, one LLGM moraine boulder yielded a °Be age of 24.7+1.8 ka and glaciated
bedrock just inside the LLGM limit returned a °Be exposure age of 31+2.4 ka. Similar
ages have been obtained from the terminal moraines at Cerro Uturuncu, south of
paleolake Tauca on the Bolivian Altiplano, with 8 of 12 *He «.es between 46 and 33 ka
(Blard et al., 2014). Similarly, a single boulder on th* ou:er terminal moraine in
Encierro Valley yielded a °Be age of 35+2 ka (Zect: et 1., 2006), and 9 of 13 '°Be
samples from the outermost moraines, drift, and oucvash at Cordén de Dofia Rosa

returned ages ranging from 49 to 36 ka (Zech et al., ?0J7).

If the local LGM moraines date to 49-35 ka, *aey were built at about the same time as
the Incahuasi highstand, during whict a decp lake formed in the Pozuelos Basin in
Argentina (McGlue et al., 2013), and acring a period when glaciers in the subtropical

Argentine Andes expanded (see Secticn 4.11).

Exposure ages on bedrock inside the prominent LLGM moraines (Blard et al., 2014;
Ward et al., 2015) indicate that deglaciation was underway by 20-17 ka. Assuming
these ages are valid, dey.~ciciion of the western cordillera in northern Chile may have

preceded that of the A'tipl ino.

The scatter in cosmoyenic ages on moraines in this region may be due to differences in
dating methods. **Cl production is environmentally sensitive, and production rates are
less certain than those for °Be. However, 1°Be ages on the same features also exhibit
scatter (Ward et al., 2015). For example, the LLGM moraines bordering the former 200
km? ice cap on the Chajnantor Plateau (4500-5500 m asl) have yielded both °Be and
%8Cl ages ranging from 141 to 43 ka. However, °Be and **Cl exposure ages on glaciated
bedrock beneath the most prominent moraines are younger and less scattered (30-18
ka), and one boulder on a small moraine ~1 km inboard of the LLGM margin yielded an
age of 26.7£2.8 ka, similar to the bedrock ages (Ward et al., 2017). Additionally, the

youngest bedrock exposure ages (20-18 ka) are from downvalley sites, near the terminal
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moraines, whereas ages higher on the plateau are older (30-26 ka) (Ward et al., 2015).
This pattern cannot be explained by retreat of the glacier margin; rather it suggests that
the LLGM moraines contain a significant component of older reworked material with
cosmogenic inheritance. It is also consistent with the lesser, but still considerable,

scatter seen in the ages on LLGM valley glacier moraines in the region.

Reliable estimates of temperature and precipitation in northern Chile during the GLGM
will require more precise dating of the glacial deposits there. Kull and Grosjean (2000)
performed glacier-climate modeling to reconstruct precipitation associated with
construction of the major sharp-crested moraine at the ElI Tatio site. They assumed a
regional temperature depression of ~3.5°C, consistent viu> wiat at ca. 17 ka, and
concluded that an additional 1000 mm/yr of precipiw:ion over modern would be
required to generate a glacier of the appropriate si=e. 1. Instead the sharp-crested El
Tatio moraines date to the GLGM, as suggested by WVard et al. (2017), temperatures
were likely 5-7 C lower than today and less 'srecicitation would be required. For
example, assuming a 5.7 C temperature den.”sston typical of the GLGM in this area,
Kull et al. (2002) estimated that a 587 £.50 »am/yr increase over modern precipitation
would be required to explain the LLG: deposits at a different western cordillera site

(Encierro Valley).
4.11 Central Andes of Argentir.c

The maximum expansion ¥ glaciers in the Argentine Andes occurred before the
GLGM, between 50-40 .-a axd before 100 ka (Zech et al., 2009, 2017; Martini et al.,
2017a; Luna et al.. 20'8; ))’Arcy et al., 2019). However, there was a generalized glacier
expansion during the GLGM between 22° and 35° S (Fig. 19). North of the Arid
Diagonal, the LLGM is dated to 25-20 ka based on an average of 10 '°Be ages on both
sides of Nevado de Chafii (Martini et al., 2017a). The advance on the east side of
Nevado de Chafii was less pronounced than that on the west side. Glaciers advanced
between ~22 ka and ~19 ka in the Laguna Grande valley and at ~20 ka in the Pefa
Negra valley, both in the Tres Lagunas area (Zech et al., 2009, 2017). M2 moraines in
the Sierra de Aconquija were built at ~22 ka (D’Arcy et al., 2019). There are no
moraines firmly dated to the GLGM in the Sierra de Quilmes (Zech et al., 2017), but
pronounced undated lateral moraines in the Nevado del Chuscha valley might be of that

age. Based on the geomorphology and chronology of the moraine sequence in the same
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valley, Zech et al. (2017) concluded that these lateral moraines must have been
deposited between 44 ka and 18 ka.

There is no consensus about precipitation levels in the subtropical Andes north of the
Arid Diagonal during the GLGM. Available evidence from the nearby arid Altiplano
suggests climate was only moderately wetter than present (Baker et al., 2001a, 2001b;
Placzek et al., 2006). Speleothem records from the western Amazon, the Peruvian
Andes, the Pantanal and southeastern Brazil all indicate wetter conditions during the
GLGM (Cruz et al., 2005; Wang et al., 2007; Kanner et al., 2012; Cheng et al., 2013;

Novello et al., 2017) due to an intensification of the South American summer monsoon.

The glacial chronology south of the Arid Diagonal is pou:ly constrained. Moraines
coincident with the GLGM have been found in the AnsiiC range and Las Lefias valley.
Lateral moraines in the Ansilta range have been dat-d 1 28-19 ka based on four °Be
ages, and a prominent lateral moraine in Las Lef=s ve'ley was built between 22 ka and
20 ka (Terrizano et al., 2017). Other possible evirence of GLGM glacial activity comes
from the Cordon del Plata range, where cne oculder on the Agostura | moraine was
dated to 19 ka (Moreiras et al., 2017) 1.v/0 °Be ages (31 ka and 23 ka) on a moraine
close to Nahuel Huapi lake, near Bariloc.22 in northern Patagonia, suggest a GLGM age
(Zech et al., 2017). An end moraine 1. the Rucachoroi valley yielded two °Be ages and
Zech et al. (2017) assigned an age to an end moraine in the Rucachoroi valley to 21 ka
based on two '°Be ages. Socth of the Arid Diagonal, there is evidence of wetter
conditions during the GLCM compared to today (Kaiser et al., 2008; Moreno et al.,
2018).

4.12 Patagonia

The time of the LLGM of the Patagonian Ice Sheet (PIS) is, unsurprisingly, variable,
given the broad latitudinal range of the Patagonian Andes (38°-55°S). In most cases,
Patagonian glaciers achieved their maximum extents earlier than the GLGM, during
MIS 3 (Darvill et al., 2015; Garcia et al., 2018). Detailed stratigraphic and chronologic
data exist in the Chilean Lake District (41°S) on the northwest side of the former ice
sheet (Denton et al., 1999a; Moreno et al., 2015, 2018). Here, multiple radiocarbon-
based chronologies bracket the time of local major expansions of piedmont lobes at
~33.6, ~30.8, ~26.9, ~26 and 17.8 ka (Denton et al., 1999a; Moreno et al., 2015). There
is a significant gap in glacial chronologies for the area between 41° and 46°S, except for

the Cisnes valley (44°S) where moraines dating to the end of the GLGM (*°Be mean
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age ~20 ka) are inside more distal moraines that are assumed to date to earlier phases of
the last glacial cycle (de Porras et al., 2014; Garcia et al., 2019). However, the more
distal moraines are undated, consequently it remains unclear whether or not the pattern
of more extensive MIS 3 advances persists southward in central Patagonia. Farther
south, additional studies have been done in the area currently occupied by the cross-
border lakes of Lago General Carrera/Buenos Aires (46.5°S) and Lago
Cochrane/Pueyrredon (47.5°S). In the former area, ages of ~26 ka have been obtained
for the local maximum extent of the PIS (Kaplan et al., 2004, 2011; Douglass et al.,
2006), coincident with the GLGM. However, earlier glacial activity, at 34-31 ka, is
suggested by Optically stimulated Luminescence (OSL) .es on buried sediments
(Smedley et al., 2016). In the latter area (Lago Cochrane Pue srredén), the LLGM has
been dated at ~29 ka, and possibly ~35 ka, with ryora nes of the GLGM located
immediately up-ice (Hein, 2009, 2010, 2017).

Exposure dating in southern Patagonia indicates tha. “ne LLGM was far more extensive
than subsequent GLGM advances. For examjle, the Bahia Inatil-San Sebastian ice lobe
(53°S) expanded 100 km farther at ~45 '»a .nd ~30 ka (Darvill et al., 2015a) than later
advances during the GLGM at ~20 ka “’vIicCulloch et al., 2005a; Kaplan et al., 2008).
The pattern is repeated farther noru. where the Torres del Paine and Ultima Esperanza
ice lobes (51°S) reached their ‘ccar maximum extents at ~48 ka, with subsequent
advances dated to 39.2 ka anc' 34 w3, and a far less extensive GLGM advance at 21.5 ka
(Sagredo et al., 2011; Garcla @t al., 2018). Single exposure ages from the San Martin
valley (49°S) tentativelv cuicgest local maximum glacier expansion at ~39 ka, with a
less extensive GLCM ~dvunce at ~24 ka (Glasser et al., 2011).

Considered together, the chronologies demonstrate that the LLGM in Patagonia
occurred at different times, but largely during MIS 3. Presently, there is no satisfactory
mechanism to adequately explain the timing of this local glacial maximum, although
possible explanations include regional insolation and coupled ocean-atmosphere
interactions, including the influence of the southern westerly winds, sea surface
temperatures, Southern Ocean stratification and Antarctic sea ice extent (Darvill et al.,
2015a, 2016; Moreno et al., 2015; Garcia et al., 2018). Compared to the LLGM, the
onset of deglaciation is more closely coupled throughout Patagonia and centered at 17.8
ka with some local variation, which is concurrent with warming of the mid to high
latitudes in the Southern Hemisphere (Kaplan et al., 2004, 2007; McCulloch et al.,
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2005a; Douglass et al., 2006; Hein et al., 2010, 2017; Sagredo et al., 2011; Murray et
al., 2012; Garcia et al., 2014, 2019; Henriquez et al., 2015; Moreno et al., 2015, 2018,
2019; Bendle et al., 2017; Mendelova et al., 2017; Vilanova et al., 2019).

4.13 Tierra del Fuego

Caldenius (1932) constructed the first map of the Darwin ice field at the LLGM. The
map has not been greatly modified since that time, and the exact position of the ice
limits around large parts of the Cordillera Darwin are poorly constrained. Former ice
extent is best understood where glaciers flowing northeastward from the mountains
contributed to extensive lobes in the Straits of Magellan anc Bahia Inatil (Clapperton et
al., 1995; Rabassa et al., 2000; Bentley et al., 2005; McCr:nc~h et al., 2005a; Coronato
et al., 2009; Darvill et al., 2014) (Fig. 20). Surface exposu.” ayes of glacial landforms in
Tierra del Fuego suggest that these lobes achieved *hen naximum extents by ~25 ka
and remained there until ~18 ka (McCulloch et al 20.5b; Kaplan et al., 2008; Evenson
et al., 2009). However, several belts of ice-me.gina! landforms occur outside these
moraines (Caldenius, 1932; Clapperton et al., 1935; McCulloch et al., 2005a; Evenson
et al., 2009), and existing exposure are cata have yielded conflicting results. Some of
these outer moraines have been assigneu nre-GLGM ages, but an analysis of weathering
of erratic boulders suggests that mns,, if not all, of them may date to the last glaciation
(Darvill et al., 2015b). On the sotthurn flank of the Cordillera Darwin, outlet glaciers
formed an ice stream in Pe.ole Channel that terminated near the Atlantic Ocean
(Caldenius, 1932; Rabassa 2t a.., 2000, 2011; Coronato et al., 2004, 2009), but remains
undated. Moreover, t“.c*e s no convincing evidence on the Pacific Coast for the
position of the G_C™M .le-sheet margin, and reconstructions range from extensive ice
on the continental st..if (Caldenius, 1932) to ice terminating close to the present-day
shoreline (Coronato et al., 2009). Given the uncertainty in GLGM positions around
most of the margin, the time of the onset of glacier recession is difficult to pinpoint.
However, on both the north and south sides of the range, radiocarbon ages from bog
sediments, as well as a limited number of exposure ages from erratics, indicate that
glaciers had receded to the interior of the mountains by ~17 ka (Heusser, 1989; Hall et
al., 2013; Menounos et al., 2013) (Fig. 20).

4.14 Synthesis

Based on current understanding, glaciers in North and Central America during the

GLGM (Table 1 and Fig. 3) appear to have fluctuated near-synchronously and likely
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responded to the same climate drivers. In many sectors, glaciers achieved their LLGM
extents around 26-21 ka. In some cases, glacier fronts remained stable from that time
until shortly after 21 ka, when deglaciation began. This was the case for most of the LIS
and for glaciers in Alaska, the North Cascades, several valleys in the Rocky
Mountain/Yellowstone region, the Sierra Nevada, Central Mexico, and the Cordillera de

Talamanca in Costa Rica.

Key climate forcing common to all these regions is the decrease in temperature during
the GLGM. Based on a decrease in ELAs of approximately 900 m, temperatures
decreased by approximately 7-8°C across much of the North American continent.
However, there are some differences. For example, the EL A u2nression in Alaska was
less than 500 m, and the corresponding summer temperaw're depression was likewise
less than in the western US. The pattern of precipitatic™ during the GLGM apparently
was even less uniform. Evidence shows a trend tov.a, s aridity during the GLGM in the
North Cascades close to the ice sheet and the northe, » Rocky Mountains, and increased
precipitation to the south in the Sierra Nevaca. 81sin and Range Province and southern
Rocky Mountains.

We note that the behavior of glaciers au-ing the GLGM in North and Central America
was also asynchronous. Several glaciars advanced to their maximum positions several
thousand years after the GLGM. & 2aout the time of the HS-1 period. This is the case
for some sectors of the LIS an' CIS, some ranges in southern Alaska, some areas close
to Yellowstone, the Coloradn ocky Mountains, mountains of central Mexico near the
oceans, and some vallz,~ o the Cordillera de Talamanca in Costa Rica. Differences in
glacier activity wia..n u.c same region could be due to local differences in precipitation
stemming from orog:aphic effects, for example in some areas of the Yellowstone
region, or between oceanic and interior mountains in Mexico. Whether or not the
relationship between precipitation and the glacial local maximum is generally

applicable for the entire continent is a subject for future research.

The relative consistency in glacier behavior across North and Central America is not
observed in South America. The lack of synchronicity in glacier growth in the Andes
might possibly be due to the relative scarcity of data in the region or, alternatively, to its
large latitudinal range and complex geography, which lead to large differences in
precipitation. The most arid regions of the southern tropical Andes (southern Bolivia,

northern Chile and Argentina) show the largest temporal variability in the time of the
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LLGM, probably due to strong precipitation control. In any case, the maximum local
expansion of the glaciers in most areas in the Andes does not coincide with the GLGM.
One of the few exceptions is in Tierra del Fuego, where glaciers may have reached their
maximum extents between ~25 ka and ~18 ka. Even there, however, future work may
show that moraines down-ice of this limit may also date to the last glaciation. In the rest
of the Andean Cordillera, moraines were built during the GLGM, but the maximum
advance apparently happened up to several thousands of years earlier; in southern
Patagonia the LLGM may have occurred during MIS 3 as few other southern high
latitude regions such as Kerguelen (Jomelli., et 2018). We also note that the moraines
that coincide with the GLGM are not necessarily the largest, .~ is commonly the case in
North America where glacier fronts remained in the sane ) osition for an extended
period of time.

Glaciers in the central part of the Altiplano, i1 e vicinity of paleo-lake Tauca,
remained close to their LLGM positions until the ~nd of H-1 (Martin et al., 2018).
Elevated precipitation during H-1 apparent!v sustained glaciers until the end of that
period. In summary, throughout the ~Anav~ the GLGM seem to be marked by an
expansion of glaciers, but that advai.>¢ was not the largest everywhere. Across the
Andes, this period coincided with a ~lear drop in temperature of ~3-8°C based on ELA
depressions. Those values are (0'1s otent with temperature reductions inferred from
ELA depressions in North Ar eric.. Some local indicators, for example the Sajsi paleo-
lake on the Altiplano skow that the GLGM was characterized by slightly higher
precipitation than todav (™ 'arzek et al., 2006).

5. The Impact of Heinrich-1 Stadial (HS-1) (17.5-14.6 ka) on American Glaciers
5.1 Heinrich-1 Stadial

The second period analyzed is the Heinrich 1 Stadial (HS-1), which is called the ‘Oldest
Dryas’ in Scandinavia. The term HS-1 comes from records of marine sediments that
show the massive discharge of icebergs into the North Atlantic during this period
(Heinrich, 1988), mainly from the Hudson Bay/Strait region, the main drainage route
for the LIS (Hemming, 2004). The use of the term as a chronological unit has been
criticized (Andrews and Voelker, 2018) from a sedimentological point of view. The

term Oldest Dryas, although widely used, has also been criticized because it is not
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clearly delimited chronologically (Rasmussen et al., 2014). In this paper, we follow the
paleoclimate and paleoglaciological criteria of Denton et al. (2006), who delimit HS-1
between the Heinrich 1 “event” (17.5 ka) and the beginning of the Belling-Allergd
interstadial (14.6 ka). They refer to this period as the ‘Mystery Interval’ due to the fact
that, although CO, concentrations in the atmosphere increased during this time,
temperature dropped sharply in the Northern Hemisphere and in the tropics. In our
study, we opt for the term HS-1 for the same time period, following the standard
differentiation between “event” and “stadial” (Rasmussen et al., 2014; Heath et al.,
2018).

HS-1 is a climate event that interrupted deglaciation. In the North Atlantic region,
temperatures fell drastically in winter, sea ice expanded a1 .he ocean cooled (Barker
et al.,, 2010). Atlantic Meridional Overturning Crelation (AMOC) was sharply
reduced or even collapsed (McManus et al., 2Cu-: Cohm et al., 2015), and many
mountain glaciers advanced in Europe (Gschnitz stau:al in the Alps; Ivy-Ochs, 2015), at
least at the beginning of HS-1. Although tie European ice sheets decreased in size
during this period (Toucanne et al., 20"%), ‘t is clear that climate during HS-1 varied.
There were periods with hot summers *Fat caused massive glacier melting (Thornalley
et al., 2010; Williams et al., 201.) The Asian monsoon disappeared (Wang et al.,
2008), the South American mor sr,0., intensified (Strikis et al., 2015, 2018), and the
Southern Hemisphere weste*lies were displaced polewards (Denton et al., 2010).
Temperatures in Antarctica increased, along with atmospheric CO, concentrations
(Monnin et al., 2001; Ahi, =t 1al., 2012), due to Southern Ocean ventilation (Barker et al.,
2009). HS-1 is the neind hat best demonstrates the close relationships among AMOC,
atmospheric CO, and t.mperatures in Antarctica (Deaney et al., 2017).

5.2 Laurentide Ice Sheet

The extent of glaciers and ice sheets during HS-1 is summarized in Figure 4. Although
explanations of Heinrich events have tended to focus on the Hudson Strait ice stream, it
is clear that there are sedimentological differences both within and between individual
Heinrich ‘layers,” including variable source areas (Andrews et al., 1998, 2012; Piper
and Skene, 1998; Hemming, 2004; Tripsanas and Piper, 2008; Rashid et al., 2012;
Roger et al., 2013; Andrews and Voelker, 2018). Thus, it is likely that other ice streams
along the eastern margin of the LIS, and possibly even farther afield at its northern

margin (Stokes et al., 2005), may have contributed, at least in part, to some Heinrich-

31



like events (Andrews et al., 1998, 2012; Piper and Skene, 1998). However, the extent to
which these events were correlative is unclear, as are the wider impacts of Heinrich
events on the dynamics of the LIS. For example, readvances or stillstands elsewhere in
the Americas have been linked to HS-1, and yet evidence from the LIS is comparatively

Scarce.

Clark (1994) was one of the first to propose a link between Heinrich events in the
Hudson Strait and the advance of ice margins/lobes resting on soft deformable
sediments along the southern margin of the ice sheet. Mooers and Lehr (1997) also
noted the possibility that the advance and rapid retreat of lobes in the western Lake
Superior region may have been correlative with Heinrich ever.:s 2 and 1, but this idea
has since received relatively little attention and there is hi.*!» clear evidence for major
re-advances of the LIS during or soon after HS-1 (Hra.» e al., 2018). Rather, the most
likely impact of HS-1 was to lower the ice surface v.-er Hudson Bay and drive changes
in the location of ice dispersal centers, with suhsecuent effects on ice-flow patterns
(Margold et al., 2018). For example, Dyke «t ul. (2002) suggest that the drawdown of
ice during HS-1 was likely sufficient te dis.lace the Labrador ice divide some 900 km
eastward from the coast of Hudson Ba, 7.nd cause a major flow reorganization (see also
Veillette et al., 1999). There is alsu ~vidence that parts of the ice sheet thinned rapidly
in coastal Maine during the latter pun of HS-1 (Hall et al., 2017b; Koester et al., 2017).

There is also clear evidence fr.m several regions that the ice sheet retreated during HS-
1, punctuated by brief readvai.ces or stillstands. For example, recalculated '°Be data
(Balco and Schaefer, 2226, coupled with the New England varve chronology (Ridge et
al., 2004), indica.e eucdt of the ice margin in the northeastern United States. *°Cl
exposure ages from &.e Adirondack Moutains (Barth et al., 2019) suggest that the ice
sheet may have begun to thin around 19.9£0.5 ka. Thinning continued throughout HS-1
and accelerated between 15.5+£0.4 ka and 14.3+0.4 ka (see also Section 5.2). Rapid ice
sheet thinning has also been inferred in coastal Maine during the latter part of HS-1
(Hall et al, 2017b; Koester et al., 2017).

5.3 Alaska

Although detailed moraine chronologies needed to fully explain glacier change in
Alaska during HS-1 do not exist, there is patchy information on ice extent at that time.
In most locations where recessional moraines have been dated, some stillstands or re-
advances have been inferred during HS-1. In the Brooks Range, a prominent recessional
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moraine has been dated to ~17 ka (Pendleton et al., 2015), and the ElImendorf Moraine
in south-central Alaska dates to ~16.5 ka (Kopczynski et al., 2017). Given the number
of recessional moraines in most valleys, for example throughout the Alaska Range, the
Ahklun Mountains, and the Kenai Peninsula, it is difficult to know if these glacial
stabilizations necessarily relate to cooling triggered in the North Atlantic Ocean. Rather,
they could be related to a number of factors that could cause glacier recession to be
interrupted by re-advances or stillstands (e.g. isostatic rebound, solar variability, glacier
hypsometric effects). Thus, attributing them per se to North Atlantic stadial conditions
at this time is premature. In fact, in spite of some interruptions, there was overall
significant recession of glaciers throughout HS-1 in Alaska. Most glaciers in Alaska

with reasonable chronological constraints experienced net ‘etret during HS-1.
5.4 Cordilleran Ice Sheet and the North Cascades

Alpine glaciers receded from maximum positions acring the Port Moody interstade,
which began after 21.4 ka (Riedel et al., 201C). 1.0 glacial events in this region
correlate with HS-1: construction of alpine g.~cie: end moraines and the advance of the
CIS to its maximum limit. Deposition ot ‘ce-,afted detritus at a deep-sea core site west
of Vancouver Island began about 17 .2 and abruptly terminated at about 16.2 ka,
recording the rapid advance and retrect of the western margin of the CIS (Cosma et al.,
2008). Studies west of Haida Gwai' (Blaise et al., 1990) and near the southwestern
margin of the CIS (Porter a1 Swanson, 1998; Troost, 2016) also indicate that it
reached its maximum exte. 't scveral thousand years after the GLGM. Glaciers in two
mountain valleys in thz 2audiern North Cascades retreated from moraines closely nested
inside the GLGM 1. raires. However, *°Cl ages on the Domerie 11 (17.9-14.7 ka) and
the Leavenworth Il :oraines (17.2-15.0 ka) have large uncertainties, and the moraine
ages may or may not be associated with HS-1 (Porter, 1976; Kaufman et al., 2004;

Porter and Swanson, 2008).

The climate in the North Cascades during HS-1 is not well understood due to a lack of
age control on landforms, limited paleoecological data, and the large influence of the
continental ice sheets on climate. However, glacial ELAs associated with potential HS-
1 moraines located well to the south of the CIS terminus were slightly above the GLGM
maximum (Porter, 1976; Kaufman et al., 2004; Porter and Swanson, 2008). In areas
inundated by the CIS to the north, alpine glaciers retreated to valley heads, presumably

due to lower precipitation as the continental ice sheets expanded to cover most of
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Canada and northern Washington. Climate models and pollen data indicate that at 16 ka
mean annual air temperature was 4-7°C cooler than today (Heusser, 1977; Kutzbach,
1987; Liu et al., 2009).

5.5 Rocky Mountain/Yellowstone region

In some areas of this region, glacier retreat began toward the end of the GLGM; in other
areas, glaciers maintained their fronts or re-advanced at ~16.5 ka, although with a great
degree of local variability, and then immediately retreated. Glaciers in some valleys
near the margins of the Yellowstone Ice Cap reached their local maximum extent at ~17
ka, then rapidly retreated at ca. 15 ka when several externa rlimate forcings coincided
(Licciardi and Pierce, 2018) (Figs. 11 and 12). Moraines ua.”d 0 the HS-1 period are
common in valleys along the eastern slope of the Tet., %aige (Licciardi and Pierce,
2018) and in the Wind River Range (Dahms et al., 2718, ZJ19; Marcott et al., 2019). In
the Wind River Range, these moraines are ~1-2 ¥m a wnvalley from cirque headwalls
in 14 valleys (Dahms et al., 2010). Ages from thzse 1.;oraines in Stough Basin, Cirque
of the Towers and Temple Lake cluster arcu.1 ~15.5 ka (Fig. 10) (Dahms et al., 2018;
Marcott et al., 2019). Subsequently, a se.onu period of regional deglaciation was well
under way after ~15 ka (Larsen et al., 2u_4; Dahms et al., 2018; Pierce et al., 2018).

Glaciers in some valleys in the Z.'orudo Rocky Mountains receded during HS-1. In
contrast, many other valleys cr..*al. end moraines dating to 17-16 ka. Ages on polished
bedrock surfaces up-valley of ‘hese moraines have yielded ages that show that the
glaciers retreated shortly the. ~after (Young et al., 2011; Shakun et al., 2015a; Leonard
etal., 2017a, 2017b; | aau~ et al., 2020, submitted). Ward et al. (2009) suggest that there
was a stillstand or pucsible re-advance around 17-15 ka in the Colorado Front Range,

interrupting overall post-GLGM recession.
5.6 Sierra Nevada

There is strong evidence for an advance of glaciers in the Sierra Nevada during HS-1 —
the Tioga 4 advance in local terminology (Phillips et al., 1996) — but HS-1 was not a
time of extensive glaciation. As described in Section 3.5, retreat from the GLGM
maximum began gradually at about 19 ka. It accelerated rapidly after 18 ka, and glaciers
receded past Tioga 4 glacier margins by about 17 ka (Phillips, 2017). Retreat then
reversed and glaciers readvanced to Tioga 4 positions by 16.2 ka (Fig. 14). The ELA

depression for this advance was about 900 m, compared to the GLGM ELA depression
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of about 1200 m. The Tioga 4 advance apparently was short-lived; by 15.5 ka, the range
was effectively deglaciated. It is clear from the simultaneous expansion of Lake
Lahontan and the Tioga 4 glaciers that increased precipitation played a major role in
glacier expansion at this time.

The fact that Lake Lahontan was relatively small during Tioga 3 (21-19 ka, the LLGM),
while glaciers were more extensive, shows that Tioga 3 was colder and drier than Tioga
4. Plummer (2002) estimated that Tioga 4 precipitation was 160% greater than today
and temperature was 3°C cooler based on the inferred size of Searles Lake at that time.
Had he used the extent of Lake Lahontan in his analysis, the increase in precipitation
would have been even larger. Phillips (2017) suggested that the 'arge extent of sea ice in
the North Atlantic during HS-1 led to greatly increascd precipitation and cooler
temperatures in California through an atmospheric f21cc0rnection. An impediment to
further analysis of these topics is the chronologic.a :ncunsistencies between the dating
of the Sierra glacial record, nearby marine cores, enu *acustrine records (Phillips, 2017).
More confidence in the chronology could il'ov’ researchers to resolve questions of
climate leads and lags, and determine wh=ti,>r the apparent differences in timing are the

result of chronological imprecision or \>t"udinal paleoclimate gradients.
5.7 Mexico and Central America

Glaciers in central Mexico rema.neu at or near their maximum positions throughout HS-
1. In the interior mountains e.g. 'ztaccihuatl), glaciers were slightly smaller during HS-
1 (ELA = 4040 m asl) than ~t the LLGM (ELA = 3940 m asl, from 21 ka to 17 ka)
(Vazquez-Selem and Lachniet, 2017). Recession at this time is not recorded in
mountains near the Fcaific Ocean, where a low ELA persisted until 15-14 ka. Indeed,
during HS-1, ELAs were ca. 400-650 m lower on mountains near the coast than in the
interior, which suggests a strong precipitation gradient from the coast to the interior and
overall drier conditions in the interior during HS-1 (Lachniet et al., 2013). In general,
the end of HS-1 is coeval with the onset of glacier recession ~14.5 ka in central Mexico.
Existing evidence at Cerro Chirripd, Costa Rica, indicates moraine formation between
18.5 ka and 17 ka (Cunningham et al., 2019), potentially during the earlier part of HS-1.
If the summit area was ice-free by 15.2 ka, as suggested by Cunningham et al. (2019),
glacier recession prevailed during the second part of HS-1 (as defined by Hodell et al.,
2017).

5.8 Northern Andes
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Most of the glacier advances in the northern tropical Andes were dated between the end
of the GLGM and the end of HS-1 (~15 ka). In the Sierra Nevada of the Venezuelan
Andes, some valleys were completely deglaciated by ~16.5 ka (Angel et al., 2016). In
others, glaciers advanced ~17 ka (modified ages of Angel, 2016). In the Sierra Santo
Domingo, maximum advances are dated to ~17.5 ka (modified ages from Wesnousky et
al., 2012; Angel, 2016). In the Sierra del Norte they date to between 18 ka and 15.5 ka
(modified ages from Wesnousky et al., 2012; Angel, 2016), and in the Cordillera de
Trujillo, to around 18 ka (*°Be ages modified ages from those of Angel, 2016). Some
advances in the Colombian Andes may be related to HS-1. This is the case in the
Bogotéa Plain, where a moraine complex has been dated to otween 18 ka and 14.5 ka
(Helmens, 1988; Helmens et al., 1997b), and in the Cuntra Cordillera, where peat
overlying a moraine complex yielded a minimum age ¢ 16-15 ka (Thouret et al., 1996).
There are moraines in the Ecuadorian Andes that are *elated to HS-1, for example in
Cajas National Park, vicinity of Pallcacocha lake chcve 3700 m asl, where a moraine
was radiocarbon dated to 17-14.5 cal ka BP (}1a isen et al., 2003).

Most glacier advances in the northern *rop‘cal Andes have been dated to ~18-15 ka
based on °Be ages. However, the sc.city of paleoclimatic information limits our
ability to estimate the regional HS-* climate and to compare it to GLGM conditions.
Rull (1998) proposed a cold ever.: /~, “C cooler than today), locally called as El Caballo
Stadial, at 16.5 ka based on “ pai /nological record from the central Mérida Andes in
Venezuela. Similarly, Hongi.'emstra et al. (1993) proposed the Flaquene Stadial at a
similar time in the Colo.~hian Andes based on a palynological study in the Bogota
Plain. In contrast, Rrusc’ion and Behling (2009) concluded that both temperature and
precipitation in the sot':hern Ecuadorian Andes were higher during the period 16.2-14.7
cal yr BP than during the GLGM.

5.9 Peru and Bolivia

Three moraines near Lake Junin have cosmogenic ages of ~21 ka to 18 ka (Smith et al.,
2005), providing evidence of an advance prior to HS-1. In contrast, the Galeno
moraines in the Cajamarca region have slightly younger ages and have complete inset
lateral/terminal loops with an average age of 19 ka. The Juellesh and Tuco valleys in the
Cordillera Blanca have inner and outer moraine loops that date, respectively, to
~18.8£2.0 ka and ~18.7£1.6 ka (Smith and Rodbell, 2010). Glasser et al. (2009)

presented similar ages (~18.3+1.4 ka) for an outer lateral moraine in the Tuco valley.
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An inner lateral moraine (M4 of Smith and Rodbell, 2010) has been dated to ~18.8+2.3
ka, and Glasser et al. (2009) reported similar ages on the same moraine (~17.9+0.9 ka).
Revised ages on various stages of deglaciation of the Cordillera Huayhuash are centered
on ~17.8-16.5 ka (Hall et al., 2009). Similarly, dated boulders on the Huara Loma,
Coropuna, and Wara Wara moraines in Bolivia may record post-GLGM advances
between 19.4 ka and 18.2 ka (Zech et al., 2010; May et al., 2011; Martin et al., 2018).

Many valleys in central Peru and Bolivia contain evidence of glacier advances or
persistent stillstands during HS-1 (~17.5-14.6 ka) (syntheses in Mark et al., 2017, and
Martin et al., 2018). The mean exposure ages of all groups of moraine boulders in this
region that fall within HS-1 is 16.1+1.1 ka. A stillstand syrch, anous with HS-1 is also
indicated by cosmogenic *He ages of moraines on the Corcma volcano, southern Peru
(Bromley et al., 2009). Radiocarbon and cosmogenic 2g2<s f:om the Cordillera Vilcanota
and the HualcaHualca volcano (Fig. 17) provide *.w~owndent evidence that glaciers in
southern Peru advanced sometime after ~18.0-15.c ka (Mercer and Palacios, 1977;
Alcald-Reygosa et al., 2017), and radiocarica ages from the Altiplano indicate an
advance occurred there from ~17 ka te '5.* ka (Clapperton et al., 1997b; Clapperton,
1998).

Ice core records from Huascaran, Pei. suggest that HS-1 was the coldest period of the
past ~19 ka (Thompson et al., 1997 ). but researchers have argued recently that the [1'%0
signal in tropical ice does nrt crovide a pure temperature signal (Quesada et al., 2015).
The cooling inferred from ,~cuastructions of paleo-ELAs during HS-1 is around 3°C in
the central Altiplano (™ u.. et al., 2018).

The northern equator.o! Andes of Peru appear to have been wetter during most of HS-1
(Mollier-Vogel et al., 2013), whereas speleothem records in central Peru suggest that
the local climate became abruptly drier at ~16 ka (Kanner et al., 2012; Mollier-Vogel et
al., 2013). Lake-level fluctuations provide strong evidence for pronounced shifts in
precipitation across the central Andes during this period (Baker et al., 2001a, 2001b;
Placzek et al., 2006; Blard et al., 2011). Farther south, over the Altiplano, shoreline
reconstructions demonstrate that the first part of HS-1 (~18-16.5 ka) was similar to or
drier than today. However, during the Lake Tauca highstand in the second part of HS-1
(16.5-14.5 ka) precipitation was ca. 130% higher than today (Placzek et al., 2013;
Martin et al., 2018). Some of the GLGM and older moraines in this part of the Altiplano

may have been overridden during this wet phase. Martin et al. (2018) established that
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the downward shift in ELA at this time was amplified in valleys that are near the
latitudinal center of paleo-lake Tauca, resulting from a significant local increase in

precipitation.
5.10 Southern Bolivia and Northern Chile

During HS-1, there was a sharp spatial gradient in climate between Cerro Tunupa,
which is located at the geographic center of Lake Tauca, and Cerro Uturuncu (Bolivia)
and elsewhere north of the Arid Diagonal (Ward et al., 2017; Martin et al., 2018). Blard
et al. (2014) describe a 900 m gradient in ELAs between Cerro Tunupa and Cerro
Uturuncu based on the Tauca-phase moraines at each si‘e. The spatial gradient in
temperature between these sites (Ammann et al., 2001) is n.t sufficient to explain the
ELA difference, which implies the existence of a stronc, 5,.°audl gradient in precipitation
across the southern margin of Lake Tauca. Further work by Martin et al. (2018)
quantified this precipitation gradient, confirming tha. it was significantly drier in the
southern portion of the Lake Tauca basin. The pre.sencc of this drying trend to the south
and west is supported by the lack of a clec” Tauca-phase transgression at Pozuelos
Basin in the Puna region, which is at 7. sy mn- latitude to Cerro Uturuncu and El Tatio
(McGlue et al., 2013). Based on the clus. ring of 1°Be and **CI exposure ages on LLGM
moraines (Section 4.10), Tauca-phas. moraines appear to be either absent or restricted
to higher parts of valleys at El Tat'o Cerro La Torta, and Chajnantor Plateau (Ward et
al., 2017), as well as at seve-a <ites on the central Puna Plateau (Luna et al., 2018) and
the western slope of Nevalo Chafii (24°S) in Argentina (Martini et al., 2017a). The
precipitation gradient ’. ~o:.sistent with paleo-vegetation proxy records that indicate an
approximate doukn..2 v modern precipitation, from ~300 to ~600 mm/yr (Grosjean et
al., 2001; Maldonadc .t al., 2005; Gayo et al., 2012), in the northern Arid Diagonal and
adjacent Andes during the Tauca highstand. South of the Arid Diagonal, at Valle de
Encierro and Cordon de la Rosa, ages of 17 ka from highly recessed locations indicate a
stillstand or minor advance during HS-1, followed by full deglaciation (Ward et al.,
2017).

5.11. Central Andes of Argentina

Initial deglaciation in the Central Andes after the LLGM was followed by renewed
glacier expansion during HS-1. Moraines that mark the HS-1 limit are found up-valley
of those constructed during the GLGM. North of the Arid Diagonal, glacier expansion
during HS-1 coincided with the Tauca paleo-lake (Blard et al., 2011; Placzek et al.,
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2013). Glaciers advanced in the Laguna Grande valley in the Tres Lagunas area
between ~17 ka and ~15 ka (Zech et al., 2017), the east and west sides of Nevado de
Charii ~15 ka (Fig. 19) (Martini et al., 2017a), and in the Sierra de Quilmes, between
~18 ka and ~15 ka (Zech et al., 2017). An exception to these findings comes from Sierra
de Aconquija where renewed glacier growth appears to have occurred after the HS-1
stadial (D’Arcy et al., 2019). South of the Arid Diagonal, there is almost no evidence of
glacial limits dating to HS-1. Just one sample from the La Angostura | moraine in the
Cordon del Plata has been dated to ~15 ka (Moreiras et al., 2017). Moraines up-valley
of the GLGM limit in the Las Lefas valley and Ansilta Range have not yet been dated
(Terrizzano et al., 2017; Zech et al., 2017).

5.12 Patagonia

At the time of the HS-1 stadial, the Patagonian rezton was experiencing widespread
warming and deglaciation (Moreno et al., 2015; F.erti \nd et al., 2008). Rapid warming
began at 17.8 ka in northwestern Patagonia .nd approached average interglacial
temperatures by 16.8 ka (Moreno et al., 25", Glaciers in northwestern Patagonia
retreated out of the lowlands shortly Leiore -17.8 ka and into high mountain cirques
above 800 m asl by 16.7 ka (Denton et «. 1999a; Moreno et al., 2015). The abrupt and
synchronous withdrawal of manv alacier lobes in northwestern Patagonia was
contemporaneous with the rapia »x)ansion of temperate rainforests (Heusser et al.,
1999; Moreno et al., 1999), suaesting pronounced warming at 17.8 ka coupled with a
poleward shift of the souer.i westerlies between 17.8 ka and 16.8 ka (Pesce and
Moreno, 2014; Morers ~t ., 2018). However, on the east flank of the Andes (Cisnes
valley, 44°S), it has hecr: suggested that glaciers started retreating somewhat earlier, at
~19 ka. At this site, i nas been estimated that the ice had diminished to 40% of its local
maximum extent by ~16.9 ka (Weller et al., 2017; Garcia et al., 2019).

Farther south, in central Patagonia, lake cores from two small basin (Villa-Martinez et
al., 2012; Henriquez et al., 2017) show that the Lago Cochrane/Pueyrredén ice lobe
(47.5°S) retreated over 90 km into the Chacabuco Valley between ~21 ka (Rio Blanco
moraines; Hein et al., 2010a) and 19.4 ka. Ice receded an additional ~60 km to reach a
position close to modern glacier limits by around 16-15 ka (Turner et al., 2005; Hein et
al., 2010; Boex et al., 2013; Mendelova et al., 2017; Davies et al., 2018; Thorndycraft et
al., 2019). Retreat east of the shrinking ice sheet in the Lago Cochrane sector of central

Patagonia occurred without discernable warming (Henriquez et al., 2017). Almost
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certainly, however, this retreat was facilitated by calving in deep proglacial lakes that
formed in the over-deepened Cochrane/Pueyrredon and General Carrera/Buenos Aires
basins as the glaciers withdrew (Turner et al., 2005; Bell, 2008; Hein et al., 2010;
Borgois et al., 2016; Glasser et al., 2016; Davies et al., 2018; Thorndycraft et al., 2019).
At Lago General Carrera/Buenos Aires (46.5°S), glacier retreat from the Fenix |
moraine commenced ~18 ka, but was interrupted by a readvance to the Menucos
moraines at ~17.7 ka. An annually resolved lake sediment record, tied to a calendar-
year timescale by the presence of the well dated Ho tephra erupted from Volcan Hudson
(17,378+118 cal yr BP), indicates that ice remained close to the east end of the lake
until after 16.9 ka, before retreating back into the mount.ins (Kaplan et al., 2004;
Douglass et al., 2006; Bendle et al., 2017, 2019). Bendle =t a. (2019) suggest that the
onset of deglaciation in central Patagonia was a direc res ilt of the HS-1 event. They
hypothesize that warming at the start of HS-1 occurreu due to rapid poleward migration
of southern westerly winds, which increased solar , >d:ation and ablation at the ice sheet
surface. They linked warming and acceler.:d deglaciation to the oceanic bipolar
seesaw, which delayed Southern Hemispk:~re warming following the slowdown of the

Atlantic meridional overturning at the star. of HS-1 (Bendle et al., 2019).

Determining whether “early LGM" ~nd “early deglaciation” are correct interpretations
of glacier activity in central Patagc.1x (44°-49°S) (Van Daele et al., 2016; Garcia et al.,
2019) is important for determin.ag whether local (glaciological, reworking of old
organic matter) or regirna: (climatic) mechanisms are responsible for apparent
differences in timing, rate, ard magnitude of glacier fluctuations prior to and during the
GLGM and Term™a.on | (Vilanova et al., 2019). Another problem emerges from
studies of lake sediments from the eastern slopes of the Andes in central Patagonia.
Based on an analysis of seismic data and lake sediment cores from Lago Castor (Fig. 1),
Van Daele et al. (2016) concluded that the Coyhaique glacier lobe achieved its
maximum extent and retreated before the GLGM. The concepts of ‘early LGM* and
’early deglaciation® rely heavily on the interpretation and selective rejection of
anomalously old radiocarbon ages, which include results as old as 43,100+3600 **C yr
BP in the clastic-dominated and intensely reworked portion of the Lago Castor cores
beneath the HO tephra, which has been radiocarbon dated to 17,300 cal yr BP (Weller et
al., 2014). This enigmatic radiocarbon chronology has not been corroborated by more

recent studies in the Rio Pollux valley, where Moreno et al. (2019) and Vilanova et al.
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(2019) have reported stratigraphic, geochronologic, and palynological results from
small, closed-basin lakes to constrain the timing and extent of the Coyhaique glacier
lobe during Termination I. These studies point to the abandonment of the final LLGM
margins at ~17.9 ka, ~600 years before the reported age of the HO tephra. The
similarities between northern and southern Patagonia (see below), and contrasts with the
Rio Cisnes and Lago Cochrane/Pueyrreddn glacier lobes, suggest that the different
behavior of the latter might arise from differences in their topographic setting, ice
divide migration (Mendelova et al., 2019), or differential calving in large proglacial

lakes in the Central Patagonian Andes during the final stage of the LLGM.

In southern Patagonia, the Lago Argentino lobe (50°S) retreate at least 60 km from its
LLGM by 16.2 ka (Strelin et al., 2011). A nearby motr.2ir, glacier at Rio Guanaco
(50°S) retreated to half its extent between 18.9 ka ard *7 '.a, suggesting a temperature
increase of ~1.5°C, or about one-third of the tota’ uxmiucial warming relative to today
(Murray et al., 2012). Similarly, the Ultima Esperai.~a ice lobe retreated after 17.5 Ka,
but with a short period of stabilization at ~16 9- L€.2 ka (Sagredo et al., 2011).

5.13 Tierra del Fuego

HS-1 in the Cordillera Darwin was charac.2rized by very rapid glacier recession with no
evidence of stillstands (Hall et #i., 2013, 2017a). Surface exposure ages on boulders
indicate that ice was at the inn~,.mo.. GLGM moraine at the shore of Bahia Inutil at ~18
ka (McCulloch et al., 2005 Kaplan et al., 2008; Hall et al., 2013), but retreated shortly
thereafter (McCulloch et al., 2005b). Radiocarbon ages from peat bogs near present-day
sea level indicate that the ordillera Darwin icefield had retreated inside fjords by 16.8
ka (Hall et al., 2013, 2917b). On the north side of the Cordillera Darwin, this recession
was ~130 km from its LLGL. In the Fuegian Andes, two *°Be ages from glacially
eroded bedrock in front of an alpine glacier indicate that recession was well underway
by ~17.8 ka and had reached the late-glacial position as early as ~16.7 ka (Menounos et
al., 2013). Whether this glacier was part of the Cordillera Darwin icefield or a separate
ice mass at the GLGM remains uncertain (Coronato, 1995; Menounos et al., 2013). In
any case, glaciers in the region responded to HS-1 by rapidly retreating, as was the case

at some other Southern Hemisphere locations (Putnam et al., 2013).

41



5.14 Synthesis

Glaciers in most of North and Central America began to retreat from their GLGM
positions by about 21 ka (Table 2 and Fig. 4). In some areas (e.g. Wind River Range),
they suffered the same mass losses after ~21 ka as other glaciers, but apparently re-
advanced during HS-1. In other regions (e.g. Yellowstone Ice Cap, the Colorado Rocky
Mountains and on some Mexican volcanoes), glaciers reached their maximum extents
during HS-1. Some of these glaciers may have advanced from the GLGM to HS-1 and
surpassed their GLGM limits. This possibility, however, must be considered

hypothetical, as it is inherently difficult to verify.

Interestingly, one of the Northern Hemisphere regions th7.. «npears to have been least
affected by the HS-1 event, at least in terms of the ice-r..«.-unial fluctuations, is the LIS.
Rather, the ice sheet thinned and retreated during ths period. It is likely that internal
flow patterns and ice divides were impacted by dr: wa. wn induced by the Hudson Strait
ice stream. There are few data from Alaska to evaluaw the effects of HS-1 on glaciers,
but there is some evidence of advances intar.”of'ng overall retreat during this interval.
The southern sector of the CIS and a n.m.er f glaciers in Colorado and those proximal
to the Yellowstone Ice Cap area reacheu their maximum extents during HS-1. In a few
valleys in the North Cascades snuu: of the CIS limit, possible HS-1 moraines lie
upvalley of GLGM moraines, altl o1 gh data are sparse. A clear advance immediately
following HS-1 has been dozu.mented in the Sierra Nevada and the Wind River Range.
In the Sierra, HS-1 morains, socally termed Tioga 4, lie well inside GLGM moraines.
These moraines recorr o1 C A depression of 900 m, which is 300 m less than during
the GLGM. In the "Mi.& River Range, the Older Dryas/HS-1 moraines lie 19-27 km
upvalley of LLGM/C_GM moraines. In the interior mountains of Central Mexico and
Costa Rica, moraines dating to near HS-1 lie inside GLGM moraines. However,
glaciers in mountains close to the oceans remained at, or advanced past, their GLGM
limits until the end of HS-1.

In the Sierra Nevada, temperatures were 3°C lower than today during HS-1, but clearly
precipitation was increased. In other regions, data appear to confirm the decrease in

temperature in the Sierra Nevada, but there is little information on precipitation.

Glaciers in the tropical Andes built significant moraine complexes during HS-1,
attesting to a significant stillstand or readvance. In the northern Andes, numerous
moraines have been dated to this period, reflecting an interruption of the longer-term of
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trend glacier retreat. HS-1 advances are widespread and significant in central and
southern Peru and in Bolivia. Although the first part of the HS-1 stadial in these areas
was dry, the second part was wet, with, on average, a two-fold increase in precipitation
above modern values. The precipitation increase may have been five-fold around the
Altiplano paleo-lakes (Tauca highstand from 16.5 ka to 14.5 ka). This precipitation
control on glacier mass balance is a strong driver of the spatial variability of ELA
reductions during HS-1. Several of the HS-1 moraines in the region appear to have been
constructed by glaciers that were very close to LLGM moraines. HS-1 moraines are also
present in the Arid Diagonal, although aridity increased towards the south, resulting in a
more limited glacier extent in that area. In some cases, gla.iers in the Arid Diagonal
disappeared during HS-1. Glaciers advanced during H<-1 11 the Central Andes of
Argentina after a long period of retreat, and at the same time as the Tauca highstand.

In contrast, glaciers in the temperate and subr.u.>r Andes abandoned their LGM
positions and underwent sustained or step-wise rece.~ion during HS-1. In northwestern
Patagonia, climate warmed rapidly and ~xperienced a significant decline in
precipitation, driven by a southward sk*ft of the southern westerly winds (Pesce and
Moreno, 2014; Moreno et al., 2015, ?7518; Henriquez et al., 2017; Vilanova et al.,
2019). The magnitude of these chai.es appears to decline south of 45°S, modulated by
the regional cooling effect of ros’dual ice masses in sectors adjacent to the eastern
margins of the Patagonian ic~ shect (Henriquez et al., 2017). The difference in glacier
behavior between the tropica: Andes and Patagonia and Tierra del Fuego during HS-1
could be due to two causc~ First, the significant increase in precipitation in the tropical
Andes during HS * cnulr be the main cause of the glacier advances in that region.
Second, Patagonia anr Tierra del Fuego may have been too distant from the events
responsible for HS-1, which are closely related to North Atlantic circulation; rather they
may have been more affected by Antarctica and southern westerly winds. The two
effects may have even converged, dividing the continent into two different glacial
regimes during HS-1 (Sugden et al., 2005).

6. Evolution of American Glaciers during the Bglling-Allergd Interstadial (B-A)
and the Antarctic Cold Reversal (ACR) (14.6-12.9 ka)

6.1 Balling-Allergd Interstadial and the Antarctic Cold Reversal
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The term ‘Bolling-Allered’ (B-A) is derived from recognition of two warm Late Glacial
palynological zones (the Bglling and the Allergd) between the HS-1 and Younger
Dryas. The use of this term for a chronological period has been criticized from a
palynological point of view (De Klerk, 2004). Nevertheless, warming during this period
has been identified (Lowe et al., 2001) and firmly dated in the GI-1 Greenland ice core
to 14.6 ka to 12.9 ka (Rasmussen et al., 2014), and the term Bglling-Allergd interstadial
(abbreviated *B-A*) is customarily applied to this period.

The B-A period began with reinforcement of the AMOC (McManus et al., 2004) and a
marked increase in atmospheric CO, (Chen et al., 2015) and methane (Rosen et al.,
2014); these conditions persisted through this period (Menni~ et al., 2001). Climate
rapidly warmed, at least around the North Atlantic (Clai.- . al., 2012). The AMOC
remained vigorous throughout the B-A period (Deane, et al., 2017), and only a few
cold events interrupted it in the Northern Hemisptecic (rasmussen et al., 2014). Sea ice
retreated to the north (Denton et al., 2005), and glacicrs in Europe thinned and retreated
(for example in the Alps; Ivy-Ochs, 2015). 7 h~. Asian monsoon strengthened to a level
similar to the present (Sinha et al., 200%: \w"ng et al., 2008). It seems that the changes
in the oceans preceded changes in > atmosphere, and the oceans had a decisive
influence on Northern Hemisphere .rarming (Thiagarajan et al., 2014). The changes in
the oceans were possibly caused .\ a period of intense melt in Antarctica just before the
B-A (Weaver et al., 2003; W«ber 2t al., 2014). The process that drove the B-A would
then be the opposite of that .+hich caused HS-1, when the melting of the northern ice
sheets led to warming in w2 $outhern Hemisphere (Zhang et al., 2016). During the B-A,
cooling in Antarct’~a ~auced increased sea ice cover in the surrounding ocean, causing
the southern westerlies and the Intertropical Convergence Zone (ITCZ) to migrate
northward, and strengthening the AMOC, which in turn caused warming in the
Northern Hemisphere (Pedro et al., 2015; Zhang et al., 2016).

The cold period in the south has been called the Antarctic Cold Reversal (ACR). We
analyze the B-A and ACR together because they occurred around the same time,
although the boundary between cooling in the south and the warming in the north is not
well defined (Pedro et al., 2015). The ACR has been well documented in Antarctic ice
cores, and a clear bipolar seesaw is observed in relation to Greenland ice cores (Blunier
et al., 1997, 1998; Pedro et al., 2011). Cooling in the Southern Hemisphere is apparent

up to 40° S (Pedro et al., 2015), resulting in widespread glacier advance (Putnam et al.,
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2010; Shulmeister et al., 2019). There is also a clear cooling signal in tropical areas, at
least in high Andean regions (Jomelli et al., 2014, 2016).

6.2 Laurentide Ice Sheet

The hemispheric extent of glaciation during the B-A is summarized in Figure 5. The
Balling-Allergd interstadial is characterized by enhanced ablation in marginal areas of
the LIS (Ullman et al., 2015b) and a marked acceleration in the rate of retreat, most
notably along the southern and western margins, but with minimal retreat along its
northern margin (Dyke and Prest, 1987; Dyke, 2004; Stokes, 2017). As a result, the LIS
is likely to have fully separated from the CIS by the end f the interstadial, although
precise dating of the opening of the ‘ice-free corridor’ reniains a challenge (Dyke and
Prest, 1987; Gowan, 2013; Dixon, 2015; Pedersen ef «! 016). It is worth noting,
however, that positive feedback mechanisms related ' 1Le surface lowering and surface
mass balance are likely to have resulted in the rapid ‘c.llapse’ of the saddle between the
LIS and the CIS, which some have hypothesized was .1e source of Meltwater Pulse 1A
(Gregoire et al., 2012).

The rapid retreat of the southern and wes.ern margins of the LIS was also likely aided
by the development of proglacial lakes u.at facilitated calving and the draw-down of
ice, particularly at the southern m=.xin (Andrews, 1973; Dyke and Prest, 1987; Cutler et
al., 2001). Moreover, the rapiz eticat of the LIS during this time period led to major
changes in the trajectory nr ice streams at the western and southern margins, with
associated changes in tha loc>tion of the major ice divide in Keewatin, which migrated
several hundred kilor iete.s east towards Hudson Bay (Dyke and Prest, 1987; Margold
etal., 2018).

There is also clear evidence for an overall acceleration in the rate of retreat and thinning
of the ice sheet in the southeastern sector. This has been characterized as a two-phase
pattern of deglaciation (Barth et al., 2019), with steady retreat starting ~20 ka and then
increasing around 14.5 ka, coincident with the B-A warming. A clear example of this is
seen in an extensive suite of 21 *°Cl ages from boulder and bedrock samples along
vertical transects spanning ~1000 m of relief in the Adirondack Mountains of the
northeastern USA (Barth et al., 2019). These data suggest gradual ice sheet thinning of
200 m initiated around 20 ka, followed by a rapid surface lowering of 1000 m,
coincident with the onset of the B-A warming (Barth et al., 2019). Similarly high rates
of thinning are also recorded on Mt. Mansfield, Vermont’s highest peak, although they

45



appear to have initiated around 13.9+0.6 ka, which slightly post-dates the abrupt onset
of the B-A (Corbett et al., 2019).

Despite an acceleration in the overall rate of recession, there appears to have been
minimal recession of the LIS along its northern margin (Dyke, 2004). Also, there is
evidence for readvances/oscillations of some of the lobes in the vicinity of the Great
Lakes (Dyke, 2004), perhaps related to internal ‘surge’ dynamics and short-lived ice
stream activity, rather than any external climatic forcing (Clayton et al., 1985;
Patterson, 1997; Cutler et al., 2001; Margold et al., 2015, 2018; Stokes et al., 2016).
There is also some evidence of climatically induced readvances of parts of the LIS
during the B-A. For example, recession of the ice margin in 1.orthern New Hampshire
was interrupted by the Littleton-Bethlehem readvance anu deposition of the extensive
White Mountain moraine system (Thompson et 7l., 21,17). Based on a suite of
approaches (glacial stratigraphy and sedimeniui™gy, radiocarbon dating, varve
chronology, and cosmogenic-nuclide exposure ucting), Thompson et al. (2017)
constrained the age of this readvance to ~14 -"3.8 ka, coincident with Older Dryas
cooling.

6.3 Alaska

Glaciers in the Brooks Range wer: ~ma:ler than today by 15 ka in some valleys and ~14
ka in others (Badding et al. 27.C, Pendleton et al., 2015), suggesting widespread
glacier retreat around the rime of the B-A onset. In southeast Alaska, there was
widespread glacier collanse ‘“roughout fjords and sounds during this period (Baichtal,
2010; Carlson and 3aichtal, 2015; J. Baichtal, unpublished data). Whether this
recession was relateu to an abrupt increase in temperature or to a steady temperature
increase during this broader time period is unknown. However, rising lake levels and
decreasing aridity at ~15 ka (Abbott et al., 2000; Finkenbinder et al., 2014; Dorfman et

al., 2015) suggest that there was a major climate shift in Alaska at this time.
6.4 Cordilleran Ice Sheet and North Cascades

The B-A interstadial began with the rapid disintegration of the CIS and deglaciation in
the North Cascades from 14.5 ka to 13.5 ka (Clague, 2017; Menounos et al., 2017;
Riedel, 2017). Recent glacio-isostatic adjustment models supported by data calibration
from records of sea level, paleo-lake shorelines, and present-day geodetic measurements
confirm more than 500 m of thinning of the CIS between 14.5 ka and 14.0 ka (Peltier et
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al., 2015; Lambeck et al., 2017). The pattern of CIS deglaciation was complex due to
the influences of mountain topography, marine waters and regional climate variability.
Early deglaciation was marked by rapid eastward frontal retreat across the British
Columbia continental shelf and northward retreat up Puget Sound. Rapid down-wasting
exposed high-elevation hydrologic divides and led to the isolation of large ice masses in
mountain valleys (Riedel, 2017). Lakeman et al. (2008) presented evidence that the CIS
in north-central British Columbia thinned and in some areas transformed into a
labyrinth of dead or dying ice tongues in valleys. The presence of ice-marginal
landforms in most North Cascade valleys is likely related to temporary stillstands of the
wasting remnants of the CIS, but the ages of most of thesc landforms are unknown
(Riedel, 2017).

Ice sheet deglaciation temporarily rearranged regione! cvairage patterns. Frontal retreat
of ice back to the north from hydrologic divides leu . uie formation of proglacial lakes
in southern British Columbia and northern Waskingron (Fulton, 1967; Riedel, 2007).
The lakes generally drained to the south, anc szv~ral major valleys carried Late Glacial
outburst floods that crossed low hv~+oicnic divides, connecting rivers and fish
migration pathways that later became \>~.ated. The Sumas advances of the CIS diverted
Chilliwack and Nooksack rivers tu the south into lower Skagit valley (Clague et al.,
1997). Fish genetics and geomc pai. evidence, including perched deltas and boulder
gravel deposits, indicate that the .ower Fraser River may have been diverted through

Skagit valley at this time.

CIS deglaciation durir.y the B-A was interrupted by minor advances of the CIS, and
some alpine glac.ei: a.su advanced. The Sumas | advance of the CIS across Fraser
Lowland occurred biiween 13.6 ka and 13.3 ka (Clague et al., 1997; Kovanen and
Easterbrook, 2002). Top-down deglaciation of the ice sheet from mountain divides led
to exposure of valley heads and cirques before adjacent valley floors. This set the stage
for the formation of new cirque and valley moraines from Yukon Territory to the North
Cascades during the B-A (Clague, 2017; Riedel, 2017). Menounos et al. (2017) report
76 '°Be surface exposure ages on bedrock and boulders associated with lateral and end
moraines at 26 locations in high mountains of British Columbia and Yukon Territory.
At some of these sites, they also obtained radiocarbon ages from lakes impounded by
moraines or till. Three older moraines have a combined median age of 13.9 ka, which

the authors assigned to the B-A. A moraine near Rocky Creek at Mount Baker was built
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before 13.4-13.3 ka based on the age of volcanic ash and charcoal on the moraine
surface. The Hyak | and Rat Creek | moraines have **Cl surface exposure ages of 14.6—
12.8 ka, but uncertainty in the *°Cl surface exposure ages precludes a definitive
correlation with this event (Weaver et al., 2003).

There is sparse geological and paleoecological data on climate during the B-A interval
from North Cascades and CIS region. In the North Cascades, the tentatively dated Rat
Creek and Hyak alpine glacial moraines had ELAs ~500-700 m below those of modern
glaciers or about 200 m above the GLGM advances (Porter et al., 1983). The lower
ELAs were caused, in part, by mean July temperatures about 4-6°C below modern
values (Heusser, 1977; Kutzbach, 1987; Liu et al., 2009). Ra,id loss of the CIS was
driven by a positive temperature anomaly of 1-2°C earlv .~ tlie B-A, while a regional
increase in mean annual precipitation of 250 mm ard brief cold periods with
temperature reductions of 1.5 °C caused the small .. ~te, advances later in the B-A (Liu
et al., 2009).

6.5 Rocky Mountain/Yellowstone region

Although glaciers in some southweste.n v illeys continued to advance after 16 ka due to
their exposure to greater orographic preciuitation, the Yellowstone ice cap experienced
intense deglaciation from 15 ka *v 14 «a in response to a warming climate (Licciardi
and Pierce, 2018; Pierce et 7., «C18). Glaciers in the Wind River Range retreated
behind their HS-1 moraines at u.is time, possibly as far as cirque headwalls (Dahms et
al., 2018; Marcott et al . 2.*9) before they began to readvance during the YD (see
below). Deglaciation ocu irred in all ranges in the Colorado Rocky Mountains after
about 16 ka, and by .? ka most glaciers had disappeared (Laabs et al., 2009; Young et
al., 2011; Shakun et al., 2015a; Leonard et al, 2017a, 2017b).

6.6 Sierra Nevada

Glaciers in the Sierra Nevada retreated to cirque headwalls by about 15.5 ka, well
before the start of the B-A (Phillips, 2016, 2017). This relatively early disappearance is
attributable to the southerly latitude and summer-warm, high-insolation Mediterranean
climate of the Sierra Nevada. Following the B-A transition, glaciers reappeared for a
very short interval prior to the Holocene. This event, named the ‘Recess Peak advance’,
resulted from an approximate 150 m decrease in the ELA, in comparison to a 1200 m

decrease during the GLGM maximum advance (Clark and Gillespie, 1997).
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Unfortunately, the chronological control for the time of this advance is imprecise. Three
radiocarbon ages from bulk organic matter in lake cores from two different lake basins
that overlie Recess Peak till fall between 14 ka and 13 ka, suggesting correlation with
both the Inter-Allerad Cold Period and the ACR (Bowerman and Clark, 2011).
However, cosmogenic ages (both °Be and *CI), although somewhat scattered and
imprecise, tend to cluster in the 12.7-11.3 ka range, which would be correlative with the
Younger Dryas. More recently, Marcott et al. (2019) averaged six new °Be ages to
obtain a date of 12.4+0.8 ka for the Recess Peak advance, which is consistent with the
previous cosmogenic ages but does not definitively establish whether it was a YD or
ACR event. Most indirect regional indicators of cooling aloo fall within the Younger
Dryas age range. Phillips (2016) performed an in-depth stucy of this issue, but was
unable to arrive at any definitive conclusion. In surymayy, there is no unequivocal
evidence for any glacier presence in the Sierra Nevada during the B-A. It is possible
that there was a brief minor advance toward the €.4 of the B-A, but the dating of this

event has yet to establish this with any certair.y
6.7 Mexico and Central America

Data from central Mexico, and to some v‘tent Costa Rica, indicate that glaciers receded
during the B-A, consistent with warr.ing in the American tropics (Vazquez-Selem and
Lachniet, 2017). In central Mexic . slow initial deglaciation from 15 ka to 14 ka was
accompanied by the forma*iu> ot small recessional moraines close to those of the
maximum advance (Vazg'le.-Selem and Lachniet, 2017). Subsequently, glacier
recession accelerated, <. =v.uenced by exposure ages on glacially abraded surfaces from
14 to 13 ka. The = A i icreased by at least 200 m during that period (Vazquez-Selem
and Lachniet, 2017). .xccording to Cunningham et al. (2019), Cerro Chirrip6 , in Costa
Rica, was ice-free by 15.2 ka, before the onset of the B-A. However, also in Cerro
Chirripd, Potter et al. (2019) proposed periods of glacier retreat and stillstand from 15
ka to 10 ka.

6.8 Northern Andes

An advance of Ritacuba Negro Glacier in the Sierra Nevada de Cocuy, Colombia, has
been linked to the ACR and an ELA decrease of about 500 m (Jomelli et al., 2014). A
model simulation of the last deglaciation in Colombia (Liu et al., 2009; He et al., 2013)
suggests a temperature 2.9°£0.8°C lower than today during the ACR, with a 10%
increase in annual precipitation (Jomelli et al., 2016). Bracketing radiocarbon ages on
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laminated proglacial lake sediments indicate that glaciers retreated in the central Mérida
Andes of Venezuela under warmer and wetter conditions at the start of the Bglling (14.6
ka) (Rull et al., 2010). Glaciers then briefly advanced under colder conditions from 14.1
ka to 13.9 ka), followed by warm and dry conditions during the Allergd (13.9-12.9 ka)
(Stansell et al., 2010).

6.9 Peru and Bolivia

There is evidence for glacier advance at many sites in Peru and Bolivia during the ACR
(Jomelli et al., 2014). Mean surface exposure ages on moraines built during this
advance are 14.4-12.7 ka; at some sites there is an apparent yimodal distribution of ages
(Jomelli et al., 2014). A glacier advance at Nevado Fiucauuncho in the Eastern
Cordillera of the Peruvian Andes has been dated to 14.]..C 4 wa, based on both exposure
ages on moraines and radiocarbon ages on lake sedienw, and was followed by retreat
by 13.7£0.4 ka (Stansell et al., 2015). Two sets ¢ mc-aine ridges in valleys within the
Cordillera Huayhuash date to the ACR (Hall et a'., 2uC9). However, moraine ages from
the Queshque valley in the nearby Cordillera “.1ar.ca are at the end of the ACR (Stansell
et al., 2017). In Bolivia, the two mora‘.ie. frum Wara Wara and Tres Lagunas (Zech et
al., 2009, 2010) may have been construc.~d during the ACR, but could be older (Jomelli
et al., 2014). A moraine of Telata C'acier in Zongo Valley formed during either the
ACR or YD (Jomelli et al., 2014). Th2 ACR advance exceeded all subsequent Holocene
advances, with an ELA est’n.oted to be 450-550 m below its current level based on
glaciological modeling (Jo.nen: et al., 2014, 2016, 2017). Some glacial valleys contain
at least two sets of mc.~u.cs attributed to the ACR (Jomelli et al., 2014), suggesting
multiple advances 1>lawu to possible centennial-scale climate fluctuations during this
period. However, suc!. patterns must be better documented in other mountain ranges to

establish a robust climate interpretation (Figs. 21 and 22).

Paleoclimate records suggest that the central tropical Andes were cold during the ACR
(Jomelli et al., 2014), although some contradictory evidence exists. Moreover, fluvial
sediment records suggest that northern Peru was wet at the start of the ACR but
subsequently became drier (Mollier-Vogel et al., 2013); and speleothem records from
Brazil suggest that the ACR was a period of drier monsoon conditions (Novello et al.,
2017). Farther south on the Altiplano, lake sediment records also indicate that the ACR
was likely a drier interval (Sylvestre et al., 1999; Baker et al., 2001b), as does the
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shoreline stratigraphy, indicating that Lake Tauca had vanished (Placzek et al., 2006;
Blard et al., 2011).

Climate forcings responsible for such glacier trends during the ACR were analyzed
using transient simulations with a coupled global climate model (Jomelli et al., 2014).
Results suggest that glacial behavior in the tropical Andes was mostly driven by
temperature changes related to the AMOC variability superimposed on a deglacial CO,
rise. During the ACR, temperature fluctuations in the tropical Andes are significantly
correlated with other Southern Hemisphere regions (Jomelli et al., 2014), in particular
with the southern high-latitudes and the eastern equatorial Pacific. Cold SSTs in the

eastern equatorial Pacific were associated with glacier advanrce.
6.10 Southern Bolivia and Northern Chile

There are no glacial landforms in the Arid Diagonal u.~t have been dated with sufficient
precision to permit an ACR age assignment (Wa.q e. al., 2015). There are, however,
small undated moraines in the upper headwatr:- at EI Tatio that may date to this period,
or perhaps to the Younger Dryas (Ward et al., 2J17). Sites to the south and west, even

those north of the Arid Diagonal, apprar t*, have been fully deglaciated by this time.
6.11 Central Andes of Argentina

As of yet, there are no firmly docu nented glacier advances in the Argentine Andes after
HS-1. In the Sierra de Aconau’ia, however, D’Arcy et al. (2019) obtained two ages on a
moraine (M3a) that fall withi: the B-A/ACR. At Tres Lagunas, there are no moraines
younger than HS-1 (Z~~h -~ al., 2009). Possible B-A/AC moraines at other locations
(Sierra de Quilme,, Ai.~i'a Range and Las Lefias) have not yet been dated (Terrizzano
etal., 2017; Zech et 2!, 2017).

6.12 Patagonia

Many researchers have identified B-A/ACR glacier advances in central and southern
Patagonia (Turner et al., 2005; Ackert et al., 2008; Kaplan et al., 2008; Moreno et al.,
2009; Glasser et al., 2011; Sagredo et al., 2011, 2018; Strelin et al., 2011; Garcia et al.,
2012; Nimick et al., 2016; Davies et al., 2018; Mendelova et al., 2020). Past research on
glacier fluctuations in northwestern Patagonia did not focus on the last termination,
consequently no evidence of an advance of ACR age has yet been reported. However,
paleoecological records from sectors as far north as 41°S suggest cooling during this

interval (Hajdas et al., 2003). For example, records from northwestern Patagonia (40°-
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44°S) show declines in relatively thermophilous trees and increases in the cold-
tolerant/hygrophilous conifer Podocarpus nubigena during ACR time, suggesting a
shift to cold/wet conditions (Jara and Moreno, 2014; Pesce and Moreno, 2014; Moreno
and Videla, 2016; Moreno et al., 2018). There is a gap in well-dated glacial geologic
studies along a ~600 km length of the Andes between 40°S and 47°S (Fig. 23) covering
the time span of the ACR. The only existing study reports a glacial advance in the
Cisnes valley (44°S) sometime between 16.9 and 12.3 ka (Garcia et al. 2019), however,

the chronological constrains are too broad to reach further conclusions.

Detailed geomorphic studies suggest that glaciers in central and southwestern Patagonia
experienced repeated expansion or marginal fluctuations duriny *the ACR period (Strelin
et al.,, 2011; Garcia et al., 2012; Sagredo et al., ?0.%° Reynhout et al., 2019;
Thorndycraft et al., 2019). Multiple 1°Be ages from mcrairies deposited by glaciers on
the Mt. San Lorenzo massif (47°S) indicate that ciacters there reached their maximum
Late Glacial extents at 13.8+£0.5 ka (Tranquilo Glac.~r; Sagredo et al., 2018), 13.2+0.2
ka (Callugueo Glacier; Davies et al., 2018, and 13.1+0.6 ka (Lacteo and Belgrano
glaciers; Mendelova et al., 2020). Ar ELA reconstruction based on the data from
Tranquilo valley suggests that tempera:’.es were 1.6-1.8°C lower than at present at the
peak of the ACR (Sagredo et al., ?018). Garcia et al. (2012) report a mean age of
14.2+0.6 ka for a sequence of morwnes farther south, in the Torres del Paine area
(51°S). The latter findings stpoi: the conclusions of Moreno et al. (2009), based on
radiocarbon-dated ice-dammicd lake records, that the Rio Paine Glacier was near its

maximum extent durina u.» /.CR.
6.13 Tierra del Fueyn

Relatively little work has been done on ACR ice extent on Tierra del Fuego. McCulloch
et al. (2005a) propose extensive ice in the Cordillera Darwin as far north as the Isla
Dawson adjacent to the Strait of Magellan during the ACR, but subsequent work has
failed to support this hypothesis. Rather, evidence from bogs located near sea level up-
ice of Isla Dawson suggests that there has not been any major re-expansion of
Cordillera Darwin ice towards the Strait of Magellan since initial deglaciation during
HS-1 (Hall et al., 2013). Similarly, a radiocarbon age from a bog on the south side of
the mountains in front of Ventisquero Holanda indicates that the glacier has not reached
more than 2 km beyond its present limit in the past ~15 ka (Hall et al., 2013). In the

only confirmed case of ACR moraines in the region, Menounos et al. (2013) used *°Be
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surface exposure ages of boulders to document an age of ~14 ka for a cirque moraine in
the nearby Fuegian Andes. Other moraines in the Cordillera Darwin may date to the

same period (Hall, unpublished data), but none has yet been dated adequately.
6.14 Synthesis

Glacier activity in North and Central America was very different from that in South
America during the B-A interstadial (Table 3 and Fig. 5). This period was generally a
time of rapid glacier retreat throughout North and Central America. Indeed, in many
regions, glaciers completely disappeared during the B-A interstadial. Although evidence
has been presented in some areas for minor advances duri::c the B-A, uncertainties in
numeric ages on which the conclusions are based do not pr:..:'de the possibility that the

advances happened during the ACR.

The LIS experienced rapid retreat along much of its margin during the B-A.
Documented local advances may be related mor. to surge processes than to climate,
although there may be exceptions related *= cooling during the Older Dryas (e.g.
Thompson et al., 2017). Glaciers in Alas<a .cwreated significantly, even beyond the
limits they achieved in the late Holoc:ne In western Canada and in Washington State,
the CIS retreated rapidly, especielly froni 14.5 ka to 13.5 ka. During this period of
general retreat, however, the CIS «~d nany alpine glaciers advanced between 13.9 ka
and 13.3 ka. In the Central anr: Cauiern Rocky Mountains of Wyoming and Colorado,
deglaciation had begun by 14.C ka, and most glaciers had disappeared by 13.5 ka.
Although single-boulder *"b: ages associated with moraines fall between 14.5 ka and
13.3 ka, no evidenc: o, synchronous glacier advances within the B-A have been
reported from these a.2as. In the Sierra Nevada, glaciers retreated to cirque headwalls
by about 15.5 ka. Some moraines within Sierra cirques indicate that there were
relatively minor advances, but again, it is not known if they date to the Inter-Allergd
Cold Period, the ACR, or even the YD. In central Mexico, recessional moraines close to
moraines of the maximum advance date to 15-14 ka; after 14 ka, there was rapid glacier
recession. Glaciers in Costa Rica disappeared by 15.2 ka.

Glaciers in the Venezuelan Andes retreated during the B-A, whereas glaciers in several
regions of Central and Southern South America advanced during this period. In most
cases, these advances have been assigned to the ACR. For example, ACR advances
have been proposed in the Colombian Andes, with temperatures about 3°C lower than

today. Multiple ACR advances have also been reported in the Peruvian and Bolivian
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Andes under a cold and relatively dry climate. There are no conclusive data from
northern Chile or the central Andes of Argentina, but it appears that there was a trend
towards deglaciation during the B-A. Existing data do not resolve whether minor glacier
advances that have been recognized occurred during the ACR or the YD. There were
several ACR-related glacier advances in Patagonia, with temperatures almost 2°C below

current levels. Only limited evidence of the ACR has been found in Tierra del Fuego.

7. The Impact of the Younger Dryas (YD) (12.9-11.7 ka) and the Final Stages of

Deglaciation
7.1 Younger Dryas concept

The last period we consider in our review extends fron. the end of the B-A (12.9 ka) to
the beginning of the Holocene (11.7 ka). Again, £ = ..ame coined by palynologists —
Younger Dryas (YD) — is now widely used. Althouzi the chronological limits derived
from palynology are controversial, this cold i itc.nal has now been defined in Greenland
ice cores (Rasmussen et al., 2014). Undouw*edly, it is the most widely studied deglacial
period. Although climate varied ext ~ordinarily during this period (Naughton et al.,
2019), its effects in the Northei.> Hemisphere are clear — the AMOC weakened
(Meissner, 2007; Muschitiello e 7., 2019), sea ice expanded, and winter and spring
temperatures dropped drastically (Steffensen et al., 2008; Mangerud et al., 2016);
summers remained relativer, warm (Schenk et al., 2018). Glaciers in Europe advanced
(Ivy-Ochs, 2015; Mange."d =t al., 2016), and the Asian monsoon weakened (Wang et
al., 2008). Althourh t~e I "CZ migrated southward, precipitation changes in the tropics
during the YD were co nplex (Partin et al., 2015). Like HS-1, the YD was accompanied
by warming in Antarctica and an increase in atmospheric CO, (Broecker et al., 2010;
Beeman et al., 2019). The southern continents appear to have cooled slightly (Renssen
et al., 2018), although glaciers in New Zealand and Patagonia clearly retreated, an
apparent contradiction that has not been resolved (Kaplan et al. 2008, 2011; Martin et
al., 2019; Shulmeister et al., 2019).

The causes of the abrupt YD anomaly continue to be a topic of debate. Changes in
deep-water circulation in the Nordic seas, weakening of the AMOC (Muschitiello et al.,
2019), moderate negative radiative forcing and altered atmospheric circulation (Renseen

et al., 2015; Naughton et al., 2019) likely played a role. Draining of Glacial Lake
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Agassiz after intense melting of the Laurentide Ice Sheet during the B-A would have
weakened the AMOC and is supported by geomorphic evidence of this lake draining
into the Gulf of St. Lawrence and the North Atlantic at the end of the B-A (Leydet et
al., 2018). Additionally or alternatively, Glacial Lake Agassiz may have drained via the
Mackenzie River into the Arctic Ocean, also weakening the AMOC (Keigwin et al.,
2018). The hypothesis that the cause was external to the planet has recently attracted
renewed interest (Wolbach et al., 2018). In any case, the YD ended abruptly, with a 7 °C
warming of some regions in the Northern Hemisphere in only 50 years (Dansgaard et
al., 1989; Steffensen et al., 2008).

7.2 Laurentide Ice Sheet

The hemispheric extent of glaciation during the YD is sw."marized in Figure 6, and that
of the early Holocene is shown in Figure 7. The *2spu.ise of the LIS to the abrupt
cooling of the YD is complex and difficult to g<nerclize, but most records appear to
indicate that recession slowed and that some ma’or n.oraine systems were built, likely
as a result of marginal readvances (Dyke, 2C°4) For example, the largest end moraine
belt along the northwestern margin of . icc sheet, encompassing the Bluenose Lake
moraine system on the Arctic mainlanu and its correlative on Victoria Island, is now
thought to have formed due to YD cocling (Dyke and Savelle, 2000; Dyke et al., 2003).
Similarly, there are examples cf readvances on Baffin Island, most notably in
Cumberland Sound (Jennings ot al. 1996; Andrews et al. 1998). The large Gold Cove
readvance of Labrador ice >aruss the mouth of Hudson Strait has also been assigned to
the late stage of the *"D, uossibly in response to the rapid retreat of ice along the
Hudson Strait (Minc~ a.a Kaufmann, 1990; Miller et al., 1999).

It has also been noted that several ice streams switched on during the YD, perhaps in
response to a more positive ice sheet mass balance in some sectors (Stokes et al., 2016;
Margold et al., 2018). Examples are two large lobes southwest of Hudson Bay (the
Hayes and Rainy lobes), which readvanced towards the end of the YD. However, the
precise trigger is uncertain; climatic forcing and dynamic instabilities related to
meltwater lubrication and/or proglacial lake-level flucutations are possibities (Margold
et al.,, 2018). Elsewhere, the M’Clintock Channel ice stream in the Canadian Arctic
Archipelago (Clark and Stokes, 2001) is thought to have been activated during the early
part of the YD and may have generated a large (60,000 km?) ice shelf that occupied
Viscount Melville Sound (Hodgson, 1994; Dyke, 2004; Stokes et al., 2009). In contrast,
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the nearby Amundsen Gulf ice stream appears to have retreated rapidly during the early
part of the YD, perhaps triggered by glacier retreat from a bathymetric pinning point

into a wider and deeper channel (Lakeman et al., 2018).

The above examples highlight the difficulty of attempting to relate ice stream activity to
external climate forcing. Overall, it appears that the LIS receded throughout the YD, but
that the pace of recession slowed and there were notable readvances at the scale of
individual lobes or ice streams. It should also be noted that while several moraine
systems have been robustly linked to YD advances or stillstands, many others might
also be correlative but have not yet been precisely dated (Dyke, 2004).

Following the YD, the LIS retreated rapidly in responsz > Loth increased summer
insolation and increasing levels of carbon dioxide (Cariscn et al., 2007, 2008; Marcott
et al., 2013). Retreat proceeded back towards the p:sitiuis of the major ice dispersal
centers in the Foxe-Baffin sector, Labrador and K«ew.tin (Dyke and Prest, 1987; Dyke,
2004; Stokes, 2017). The final retreat of the Law-ador Dome has recently been
constrained by Ullman et al. (2016) using * “.e urface exposure dating of a series of
end moraines that likely relate to Nort". ~*lan.tic cooling (Bond et al., 1997; Rasmussen
et al., 2006). Following the last of these cnld events at 8.2 ka (Alley et al., 1997; Barber
et al., 1999), Hudson Bay became secsonally ice-free and deglaciation was completed
by 6.7+0.4 ka (Ullman et al., 2010,

7.3 Alaska

The existing literature o.%ers rimited evidence for glacier readvances in Alaska during
the YD. There ma*/ b. may moraines that were deposited during or at the culmination
of the YD, but they have not been dated. One way to assess the possibility of there
being YD moraines in Alaska is to consider whether or not glaciers extended beyond
their present limits during the YD. Of the 14 glaciers throughout Alaska discussed by
Briner et al. (2017), nine had retreated up-valley of their late Holocene positions prior to
the YD. Thus, in some cases, it appears that glaciers did indeed extend down-valley of
modern limits during the YD. This was the case in Denali National Park and several
sites in southern Alaska. A notable site that provides the best evidence to date of YD
glaciation in the state is at Waskey Mountain in the Ahklun Mountains. The chronology
of the moraines at this locality has been updated since the work of Briner et al. (2002).
Young et al. (2019) report evidence for an early YD glacier culmination, followed by

minor retreat through the remainder of the interval.
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In terms of climate, Kokorowski et al. (2008) conclude that evidence for YD cooling is
mainly restricted to southern Alaska. Kaufman et al. (2010) argue that the coldest
temperatures in southern Alaska were at the beginning of the YD and that warming
occurred subsequently. This climatic pattern is consistent with the revised glacier
chronology of the Waskey Mountain moraines. Denton et al. (2005) hypothesized that
YD cooling was mostly a wintertime phenomenon and hence may have had limited
effect on glacier mass balance. This hypothesis is supported in Arctic Alaska with the
documentation of extreme winter temperature depression during the YD (Meyer et al.,
2010). Most of the pollen records summarized by Kokorowski et al. (2008) show no
significant cooling during the YD. In addition to the climaw. forcing transmitted from
the North Atlantic region, the Bering Land Bridge was flode 1 around the time of the
YD (England and Furze, 2008), although it may not have heen completely covered by
the sea until about 11 ka (Jakobsson, 2017). This fiu~ding event may have led to an
increase in precipitation due to more northerly s.orr tracks (Kaufman et al., 2010),
which may have influenced glacier mass bala’ ... Additionally, the decreasing influence
of LIS-induced atmospheric reorganizatic:: may have affected summer temperature in
Beringia during the Late Pleistocene -He.ocene transition. Of course, there may have
been more glacier fluctuations during the vD than is currently envisioned, because they
may have occurred under a climz.e thau was similar to, or warmer than, that of the late
Holocene (Kurek et al., 2009; . minan et al., 2016), in which case moraines may have

been destroyed by Holocenc alac.er advances.
7.4 Cordilleran Ice Sheet onr' the North Cascades

Many alpine glac.~ a.u at least two remnant lobes of the CIS advanced during the
YD. In all cases, the cuvances were much smaller than those during the LGM and HS-1.
At alpine sites, most glaciers reached only several hundred meters beyond late
Holocene maximum positions attained during the Little Ice Age (Osborn et al., 2012;
Menounos et al., 2017). Other glaciers advanced and came into contact with stagnant
CIS ice at lower elevations (Lakeman et al., 2008). In the western North Cascades, there
are multiple, closely spaced moraines constructed during the YD (Riedel 2017).
Radiocarbon dating constrains the time of an advance on Mount Baker in the North
Cascades to 13.0-12.3 ka (K. Scott, written communication; Kovanen and Easterbrook,
2001). The Hyak Il advance in the southernmost North Cascades near Snoqualmie Pass
occurred after 13 ka (Porter, 1976). Menounos et al. (2017) established '°Be ages on 12
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high-elevation moraines in western Canada with a median age of 11.4 ka. A lobe of the
CIS advanced across central Fraser Lowland one or two times after 12.9 ka (Saunders et
al., 1987; Clague et al., 1997; Kovanen and Easterbrook, 2001; Kovanen, 2002), and the
final advance of the glacier in the Squamish River valley in the southern Coast
Mountains north of Vancouver has been dated to about 12.5 ka (Friele and Clague,
2002). It is not clear how long the CIS persisted in each North Cascade mountain
valley, but the middle reaches of Silver Creek were ice-free by 11.6 ka, as were many
sites in western Canada (Clague, 2017; Riedel, 2017). By the beginning of the Holocene
or shortly thereafter, ice cover in British Columbia was no more extensive than it is
today. A radiocarbon age from basal sediments in a pond cdjacent to the outermost
Holocene moraine at Tiedemann Glacier in the southern Coast Mountains shows that
ice cover in one of the highest mountain areas in Brit sh ¢ olumbia was, at most, only
slightly more extensive at 11 ka than today (Clague 1281; Arsenault et al., 2007). This
conclusion is supported by an age of 11.8-11.3 ka on « piece of wood recovered from a
placer gold mine near Quesnel, British Columu 1, which is located near the center of the
former CIS (Lowdon and Blake, 1980).

Alpine glacial ELAs associated with YO advances were 200-400 m below modern
values in the North Cascades, but 1..'ctuated 100-200 m (Riedel, 2007). The colder YD
climate is also recorded in changes 1., loss-on-ignition carbon in lake bed sediments in
the eastern North Cascades ‘Riecel, 2017). Changes in pollen zone boundaries led
Heusser (1977) to conclude \hat YD mean July air temperature was 2-3°C cooler than
today. Liu et al. (2009) suor.sted that annual precipitation increased by 250 mm, while
mean annual air trmprature was 4°C colder compared to the 1960-1990 average, and
fluctuated by +0.5°C dr.ring the YD interval.

7.5 Rocky Mountain/Yellowstone region

A YD glacier advance or stillstand has been documented in the Lake Solitude cirque in
the Teton Range. Boulders perched on the small cirque lip date to 12.9+0.7 ka
(Licciardi and Pierce, 2008). Glaciers in cirques in the Wind River Range advanced to
form moraines or rock glaciers 50-300 m upvalley of Older Dryas/ HS-1 deposits (Fig.
10). Ages on these moraines in Stough Basin, Cirque of the Towers and Titcomb Basin
are between 13.3 ka and 11.4 ka (Shakun et al., 2015a; Dahms et al., 2018; Marcott et

al., 2019) and provide clear evidence of a glacier advance during the YD period. It is
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uncertain whether or not these glaciers disappeared prior to re-advancing to their YD

positions.

There is clear evidence of a significant glacier advance in the Colorado Mountains
during the YD (Marcott et al., 2019), confirming previous age assignments (Menounos
and Reasoner, 1997; Benson et al., 2007). Pollen studies (Jiménez-Moreno et al., 2011;
Briles et al., 2012) also indicate Younger Dryas cooling in the Colorado Rocky
Mountains, as does a study of lacustrine sediment (Yuan et al., 2013) in the San Luis
Valley of southern Colorado (Leonard et al., 2017a).

7.6 Sierra Nevada

The only known glacier advance between the retreat of th: Ticga 4 glaciers at ~15.5 ka
and the late Holocene Matthes (‘Little Ice Age’) adv:nce in the Sierra Nevada is the
Recess Peak advance (Bowerman and Clark, 2011). o 1th cosmogenic surface exposure
ages and independent regional climate records favr 7 YD age for this minor advance.
However, limiting radiocarbon ages on bulk ~:~anic matter just above the Recess Peak
till in lacustrine cores are between 14 ka a1d .2 ka (Philips, 2017), suggesting that the
advance may be older than the YD. T.e w 2ight of the evidence appears to still favor the
YD age assignment, but the replicated dncct radiocarbon measurements are difficult to
dismiss. Confirmation of a YD ar;c *~ould support the model that the YD cooling had a
detectable, although not maje:, in..act on the deglacial climate of the west coast of
North America. Confirmat’n o° a slightly older age would suggest that there was a
brief, but significant episoac of cooling there late during the B-A. In either case, the
climate signal is smeil compared to that of the GLGM. The linked glacial/lacustrine
modeling of Plumme. (2002) yields a match to Recess Peak glacier extent and lake
surface area in the paleo-Owens River watershed, with a temperature reduction of 1°C
and 140% of modern precipitation. This local combination of glacial and closed-basin
lacustrine records offers an unusual opportunity to assess the paleoclimatic drivers of
Recess Peak event, but the significance of the event cannot be understood until the
chronology is secure. Clearly, additional radiocarbon and high-precision cosmogenic

dating of the Recess Peak deposits is a priority.
7.7 Mexico and Central America

Glaciers constructed a distinctive group of closely spaced end moraines in the
mountains of central Mexico at 3800-3900 m asl from 13-12 ka to ~10.5 ka (Vazquez-
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Selem and Lachniet, 2017). ELAs were 4100-4250 m asl, which is 650-800 m below
the modern ELA, suggesting temperatures ~4-5°C below modern values. Considering
that other proxies generally show relatively dry conditions (Lachniet et al., 2013), the
relatively low ELAs were likely controlled by temperature.

The terminal Pleistocene moraines of central Mexico provide clear evidence for
Younger Dryas glaciation in the northern tropics. The moraines are closely spaced and
relatively small (in general <6 m high near their front), but are well preserved in most
mountain valleys at elevations of 3800-3900 m asl. They suggest that glaciers remained
near 3800-3900 m asl for 1000-2000 years at the close nf the Pleistocene, forming
several small ridges only tens of meters apart from one arou.~r (Vazquez-Selem and
Lachniet, 2017). Cosmogenic ages on glacially abraded st /~c2s indicate that mountains
<4000 m asl in central Mexico were ice-free by 11.5 .-a. und mountains <4200 m asl
became ice-free between 10.5 ka and 10 ka. Sot'u: fauing valleys were ice-free even
earlier (12 ka) (Vazquez-Selem and Lachniet, ‘017). Glaciers on high peaks
(Iztaccihuatl, Nevado de Toluca, La Malir:he) receded, exposing polished bedrock
surfaces below 4100 m asl, from 10.5 k= to > ka. A brief, but distinctive glacier advance
is recorded later, from ca. 8.5 ka to 7% ka, on the highest peaks of central Mexico
(>4400 m asl) (Vazquez-Selem ana : achniet, 2017) (Fig. 24).

Cosmogenic exposure ages from tr @ cummit of Cerro Chirripd, Costa Rica, indicate that
the mountain was ice-free by 5.2 ka (Cunningham et al., 2019). However, other ages
suggest moraine formatic~ «ound YD time (Potter et al., 2019) and complete
deglaciation thereafter (Orv.s and Horn, 2000). The mountains of Costa Rica and likely

Guatemala were ice frec uefore 9.7 ka (Orvis and Horn, 2000).
7.8 Northern Andes

The evidence of possible YD glacier advances in the northern Andes is limited and
mainly restricted to elevations above 3800 m asl (Angel et al., 2017). Glacier advances
in some valleys in the Venezuelan Andes seem to be related to cooling during the YD.
In the Sierra Nevada, climate was dry, but temperatures were 2.2-3.8°C colder than
today between 12.9 ka and 11.6 ka (Salgado-Labouriau et al., 1977; Carrillo et al.,
2008; Rull et al., 2010; Stansell et al., 2010). Mahaney et al. (2008) suggest glaciers
advanced in the Humboldt Massif of this mountain range at 12.4 ka. In the Mucubaji
valley, also in this range, small moraines located at elevations higher than 3800 m asl
have yielded °Be ages of 12.22+0.60 ka and 12.42+1.05 ka (modified ages from Angel,
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2016) and may be related to the YD. Glacier advances have been linked to the YD in
the Sierra Nevada del Cocuy, Colombia, based on *°Be dating (Jomelli et al., 2014), and
on the Bogota Plain based on ages on lacustrine sediments behind the moraines
(Helmens, 1988). There are also moraines that might date to the YD in the Ecuadorian
Andes. For example, in the Chimborazo-Carihuairazo Massif, two moraine complexes
have been radiocarbon-dated to 13.4-12.7 cal ka BP (Clapperton and McEwan, 1985).

7.9 Peru and Bolivia

The weight of evidence suggests that glaciers were generally in retreat during the YD in
Peru and Bolivia. In the Cordillera Oriental of northern T evu, lake sediment records
show some evidence of readvance and reoccupation of higi.or cirques by glaciers, but
no moraines have been dated (Rodbell, 1993). Simila: .*quence from Vilcabamba in
southern Peru suggests glaciers advanced at the begi-niny of the YD, but then retreated
(Licciardi et al., 2009). Mercer and Palacios (“97:\ present evidence that glaciers
advanced near Quelccaya near the beginning and znd .f the YD. Similarly, Rodbell and
Seltzer (2000) and Kelly et al. (2012) proviu- radiocarbon-based evidence that sites in
the Cordillera Blanca and the Quelccaya ‘ce Cap advanced either just prior to or at the
start of the YD, followed by retreat. A cirque lake in Bolivia (16°S, headwall 5650 m
asl) formed before 12.7 ka, suggesting that ice had retreated by that time (Abbott et al.,
1997). According to Bromley et al. (2011), the ice cap on the Coropuna volcano
experienced a strong advance ~t ~13 ka. Similar glacier activity has been reported at
Hualca Hualca volcano (A:~aii-Reygosa et al., 2017) and Sajama (Smith et al., 2009)
volcanoes. These adv~..~es coincide with the highest level of the Coipasa paleo-lake
cycle, confirming 0.~ hngn sensitivity of the glaciers in this region to shifts in humidity
(Blard et al., 2009; P:.czek et al., 2013) (Fig. 17).

Many glaciers advanced or experienced stillstands in the Central Andes during the early
Holocene. The mean age of all Holocene moraine boulders is 11.0+0.4 ka (Mark et al.,
2017). In the Cordillera Huayhuash, °Be samples from moraine boulders date from
11.4 ka to 10.5 ka (Hall et al., 2009). Early Holocene (11.6-10.5 ka) moraines are also
present on Nevado Huaguruncho (Stansell et al., 2015), and a moraine in the Cordillera
Vilcabamba in southern Peru has been dated to ~10.5 ka (Licciardi et al., 2009). Basal
radiocarbon ages from lake sediments in the Cordillera Raura suggest ice-free
conditions after 9.4 ka (Stansell et al., 2013). At Quelccaya in the Cordillera Vilcanota,
peat overlain by till has been dated to 11.1 ka and 10.9 ka (Mercer and Palacios, 1977).
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Similarly, the Taptapa moraine on the Junin plain has been radiocarbon-dated to ~10.1
cal ka BP (Wright, 1984). The Quelccaya Ice Cap reached its present extent by10 cal ka
BP, based on dated peat at its margin (Mercer, 1984). Glaciers in Peru seem not to have
advanced throughout the remainder of the early Holocene. In Bolivia, however, °Be
ages suggest several advances during the early Holocene period (Jomelli et al., 2011,
2014).

7.10 Southern Bolivia and Northern Chile

As in the case of the ACR, there are no confirmed YD glacial landforms in the Arid
Diagonal, but the chronology is insufficent to exclude mincr glacial fluctuations in the
high headwaters at this time (Ward et al., 2017).

7.11 Central Andes of Argentina

Published evidence of YD glacier activity exists % ~ni,’ two sites in the central Andes
of Argentina. In the Nevado de Chafi, glaciers re-=ated after HS-1, followed by an
advance during the YD (Martini et al., 20171) Four ‘°Be ages from lateral and frontal
moraines in the Chafii Chico valley ave,~qe 12.1+0.6 ka (Fig. 19) (Martini et al.,
2017a). The ELA during the YD adva.~e was at ~5023 m asl, which is 315 m above the
GLGM ELA (Martini et al., 2017, Moraines assigned to the YD have been found in
two valleys in the Sierra de Acor iy > (D’Arcy et al., 2019). According to D’ Arcy et al.
(2019), one moraine (M3a) w=s acnosited at 12.5 ka and a second (M3b) at 12.3 ka. YD
glacier advances coincided \ ‘ith a period of higher-than-present precipitation at paleo-
lake Coipasa on the Alti.'anc (Blard et al., 2011; Placzek et al., 2013). No general early
Holocene glacier actvity has been reported for the region, although two moraine
boulders from Sierra dr Aconquija yielded '°Be ages of 8.5 ka and 7.9 ka (D’Arcy et al.,
2019). In northwestern Argentina, the presence of relict rock glaciers in cirques
suggests that YD or early Holocene cooling may have activated rock glaciers instead of

causing glaciers to re-form (Martini et al., 2013, 2017D).
7.12 Patagonia

After reaching their maximum Late Glacial extents during the ACR, Patagonian glaciers
receded during the YD period. In some regions (47°-52°S), this general trend was
interrupted by stillstands or minor readvances that deposited small moraines upvalley
from the much larger ACR moraines (Moreno et al., 2009; Sagredo et al., 2011, 2018;
Strelin et al., 2011; Glasser et al., 2012; Mendelova et al., 2020). Some of these
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advances may relate to the end of terminal calving following the draining of paleo-lakes
in the region (Davies et al., 2018; Thorndycraft et al., 2019). Again, no evidence of
glacier advances during the YD has been reported north of 47°S.

Paleo-vegetation records indicate a decline in precipitation during the YD in
northwestern Patagonia (Jara and Moreno, 2014; Pesce and Moreno, 2014; Moreno et
al., 2018), warm/wet conditions in central-western sectors (44°-48°S) (Villa-Martinez et
al., 2012; Henriquez et al., 2017), and increased precipitation in southwestern sectors
(48°-54°S) (Moreno et al., 2012, 2018). A widespread warm/dry interval is evident
between 11 ka and 8 ka (Moreno et al., 2010). Although, most studies suggest that
Patagonian glaciers retreated through the early Holocene, annruching their present-day
configurations (Strelin et al., 2011; Kaplan et al., 2016) rc-er.t finding by Reynhout et
al. (2019) at Torre glacier (49°S) show robust evidence >f rarly renewed glacial activity

during the early Holocene.
7.13 Tierra del Fuego

To our knowledge, there are no published «ate. Sn glacier behavior during the Northern
Hemisphere YD or at the start of the Ho ocene in the Cordillera Darwin. Glaciers are
assumed to be restricted to the inner Jjords. In the adjacent Fuegian Andes, an
excavation just upvalley of an AC™ n.oraine yielded a calibrated radiocarbon age on
peat of ~12.2 ka, indicating th.. the glacier had receded by that time (Menounos et al.,
2013), possibly during the */D. !n the same cirque, the presence of the Hudson tephra
(7.96-7.34 ka) within ~10u m of Little Ice Age moraines suggests the glacier had

receded to the Little I.e ~7e limit by the early Holocene.
7.14 Synthesis

Information on glacier activity in the Americas during the YD is limited, but has been

improving in recent years (Table 4 and Figs. 6 and 7).

The LIS continued to thin and retreat throughout the YD, although at a lower rate than
earlier. Some major moraine systems were built during YD stillstands or re-advances,
but it is uncertain if they are a consequence of climate forcing or glacier dynamics
related to internally driven instabilities. Evidence for YD advances is sparse in Alaska,
and it seems that glacier retreat dominated there. In southern Alaska, however,
temperatures decreased during the YD. It is possible that glaciers advanced during this

period, but if so, the evidence was destroyed by late Holocene advances. There is
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evidence of YD glacier advances at the southwestern margin of the CIS and in the
North Cascades, where a significant reduction in temperature and an increase in
precipitation have been detected. In the Wyoming and Colorado Rocky Mountains,
moraines in several cirque basins, which once were thought to be mid-Holocene
('Neoglacial’) age, are now attributed to the YD. In the Sierra Nevada a minor advance
may be attributed to the YD, although the dating is problematic. Many other small
moraine complexes in the western mountains of the U.S. have yet to be dated.

One of the few regions with obvious YD moraines is central Mexico, where
reconstructed ELAS suggest temperatures were ~4-5°C below modern values in an
environment that was drier than today. The evidence for YD ai.~iation in the mountains
of Costa Rica is inconclusive, but in the Northern Andes -t ~levations above 3800 m
asl, some glaciers advanced during the YD due to ¢ uerzase in temperatures of 2.2-

3.8°C below present values under a dry climate.

Glaciers continued to retreat in Peru and Bolivia r.uriny the YD, except on the Altiplano
where the YD coincided with the highest lev! of the Coipasa paleo-lake cycle and with
advances of glaciers in numerous r.ountan ranges and on high volcanoes. It is
questionable whether some late advance. in northern Chile occurred during the ACR or
the YD, but most of the Arid Dianonc! was already ice-free in the YD. Some evidence
for YD advances has been found 'n the central Andes of Argentina, but in Patagonia
glacier retreat continued throuchout the YD and was interrupted only by stillstands or
minor readvances that depc=ited small moraines. Glacier retreat also dominated during

the YD on Tierra del Fu2o, where there is no evidence for advances during this period.

Deglaciation acceler.*ed after the YD in nearly all of North, Central and South
America, and most small glaciers reached their current size or disappeared during the
early Holocene. In the area of the LIS, deglaciation occurred rapidly following the YD
and was largely complete by 7 ka. In Alaska, glaciers reached sizes similar to today in
the early Holocene. The CIS had disappeared by the beginning of the Holocene. Most
glaciers in the Yellowstone region and the Colorado Rocky Mountains disappeared
before the Holocene, and in the Sierra Nevada glaciers were about their current size at
that time. In central Mexico, glaciers probably reached their current size or disappeared
by the beginning of the Holocene, although a minor advance, probably related to the 8.2
ka event, is recorded on the highest volcanoes. Many glaciers advanced or experienced

stillstands in the Central Andes under a wetter climate during the early Holocene,
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although these glaciers apparently rapidly retreated a short time thereafter. In Patagonia
and Tierra del Fuego, glaciers retreated during the early Holocene and most glaciers

approached their present size at that time.

8. Discussion
8.1. The climatic meaning of the Last Glacial Termination

Before comparing glacier behavior in the different regions of the Americas, we first
summarize the state of knowledge of global climate evolution during the Last Glacial
Termination and the mechanisms that caused it. An immeadia:® problem in attempting
such a summary is that it is difficult to even define the s.>rt 7.nd end of this period. It
encompasses a set of events that do not begin or end at *he '.ame time around the world.
In addition, deglaciation may be caused, not onl:; Yy <hanges in orbital forcing that
regulate the amount of insolation that Earth receiv.~ (Broecker and van Donk, 1970),
but also by internal forcing mechanism« und feedbacks, including changes in
atmospheric circulation and compositinn, especially in CO, and CH, (Sigman and
Boyle, 2000; Monnin et al., 2001; Siym7.n et al., 2010; Shakun et al., 2012; Deaney et
al., 2017), changes in ocean circu'ation, the composition of the oceans and sea ice
extent (Bereiter et al., 2018), ad >z interplay between the atmosphere and oceans
(Schmittner and Galbraith, “00C: Fogwill et al., 2017). Finally, the Last Glacial
Termination is difficult to =fine because the two hemispheres experience opposing
external forcing and pote.~tiahy opposing internal forcing mechanisms that might induce
a climate compensatin effect between the hemispheres termed the “bipolar seesaw”
(Broecker and Denton, 1990).

Broadly speaking, glacial terminations initiate when the ice sheets of the Northern
Hemisphere are at their maximum extent and with global sea level at its lowest
(Birchfield and Broecker, 1990; Imbrie et al., 1993; Raymo, 1997; Paillard, 1998).
Additionally, global deglaciation during each termination operates over approximately
the same length of time during each glacial cycle and is characterised by short-lived
fluctuations of rapid glacier retreat and occasional re-advances (Lea et al., 2003). Given
these observations, it is important to determine the mechanisms responsible for the
climatic and glacial changes that accompany deglaciations. To that end, several

hypotheses have been proposed that are mainly based on the temperatures of the oceans
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(Voelker, 2002) and the composition of the atmosphere (Severinghaus and Brook, 1999;
Stolper et al., 2016).

Any attempt to closely examine the Last Glacial Termination must account for changes
in ocean temperature throughout this period. These temperature changes are
simultaneous in the two hemispheres, but can shift in opposite directions, for example
in the Atlantic Ocean. They are determined by the greater or lesser intensity of the
AMOC (see syntheses in Barker et al., 2009, 2010). Even though these changes occur
throughout deglaciation, the amount of CO, in the atmosphere tends to increase more or
less continuously. A possible explanation for this apparent enigma is that the oceans in
one hemisphere may cool while those in the other hemisnrhe,» warm and emit more

CO,, redistributing heat across the planet (Barker et al., 200

Building on previous work (Cheng et al., 2009), D«ntu:. et al. (2010) propose that a
concatenation of processes, with multiple positiv¢: fec1backs, drive deglaciation. They
argue that deglaciation is initiated by coincid.nt ‘excessive” growth of Northern
Hemisphere ice sheets and increasing boreal ~ur.mer insolation due to orbital forcing.
The large volume of ice on northern crauends results in maximum isostatic depression
and an increase in the extent of the 1L> sheets that are marine-based. Even a small
increase in insolation could, under tricse conditions, enlarge ablation zones and initiate
the collapse of Northern Hemispl ar: ice sheets. Marine-based ice sheets can also be
more vulnerable to collapse au= to positive feedbacks associated with sea-level rise at
the grounding line. Outbuicts  f meltwater and icebergs from these ice sheets cool the
North Atlantic Ocean ~..7 v.caken the AMOC, leading to an expansion of winter sea ice
and very cold wincrs ¢ the adjacent continents (Denton et al., 2010). Under these
conditions, the nort:crn polar front expands, driving the ITCZ, the southern trade
winds, and the southern westerlies to the south (Denton et al., 2010). The Asian
monsoon weakens, while the cooling over the North Atlantic intensifies the South
American monsoon (Novello et al., 2017) and the southern westerlies. The result is an
increase in upwelling in the southern oceans, accompanied by enhanced ocean
ventilation and a rise in atmospheric CO,. During deglaciation, the Southern
Hemisphere warms first, followed by warming over the rest of the planet (Broecker,
1998). Southward migration of the southern westerlies also contributes to a temperature
rise in the southern oceans, which transfer heat to the south (Denton et al., 2010). The

intensive cooling in the Northern Hemisphere ends due to a reduction in meltwater

66



input, northward retreat of sea ice, and renewed warming of the northern oceans, which
reestablish the AMOC. Subsequently, the ITCZ returns northward and the Asian
monsoon intensifies. The northward migration of the southern westerlies and the
intensification of the AMOC cool the southern oceans, completing a cycle in the

recurrent bipolar seesaw that ultimately tends toward equilibrium (Denton et al., 2010).

The hypothesis for climate evolution during Last Glacial Termination summarized
above can be tested with our dataset on the behavior of glaciers in the Americas. It is
clear that sea level depends on how water is distributed between the ocean and Northern
Hemisphere ice sheets during glacials and also on the effects of land-based glacier ice
cover on the isostatic balance of the northern continents (! aiheck et al., 2014). The
hypothesis that deglaciation begins when northern ice shee:= 2e extremely large is still
supported (Abe-Ouchi et al., 2013; Deaney et al., 20627) According to Cheng et al.
(2016), for example, ice sheets reach their maximw.> s.ze after five precession cycles,
which may explain why glacial cycles finished afte: similar durations of about 115 ka
(Paillard, 1998). In addition, it seems that tl e «re needed for ice sheets to reach this
extreme size increased throughout the P'~is.~cene (Clark et al., 2006), and successively
more insolation energy was required 1 <.art deglaciation. This might explain why each
glacial cycle is longer than its preac~essor (Tzedakis et al., 2017). Deglaciation begins
when the excessive size of thc acidern ice sheets coincides with: (i) increasing
insolation in boreal summer ' the Northern Hemisphere, mainly at 65° N, the average
latitude of large northern ice cheets (Kawamura et al., 2007; Brook and Buizert, 2018);
(if) minimum CO; in the ~trm.osphere (Shakun et al., 2012); and (iii) maximum sea ice
extent (Gildor et ~l., 20".4). These conditions induce aridity and reduce vegetation
cover, which in turn increases atmospheric dust, reducing albedo on northern ice sheets
(Ellis and Palmer, 2016). Better knowledge of the activity of glaciers throughout the
Americas may confirm the hypothesis that is central to these models, namely that

deglaciation begins in the North and is transmitted to the South.

New information from ocean and polar ice cores reinforces the idea of climate
compensation between the two hemispheres (the bipolar seesaw) during the Last Glacial
Termination. Intensive sea-level rise occurs within the first 2 kyr of deglaciation,
inducing retreat of marine-based ice sheets, and acts as a positive feedback for
deglaciation (Grant et al., 2014). Fogwill et al. (2017) argue that, once deglaciation

starts, it is driven by global oceanic and atmospheric teleconnections. New data support

67



the idea that meltwater cooling of the Northern Hemisphere reduced the AMOC
strength (Deaney et al., 2017; Muschitiello et al., 2019) and pushed the northern
westerlies southward in Asia (Chen et al., 2019), Europe (Naughton et al., 2019), and
North America (Hudson et al., 2019). The Asian summer monsoon weakened during
these cold periods in the Northern Hemisphere (Cheng et al., 2016; Chen et al., 2019),
and the Indian summer monsoon transferred Southern Hemisphere heat northward,

promoting subsequent Northern Hemisphere deglaciation (Nilsson-Kerr et al., 2019).

New data have also highlighted the importance of CO, storage in the dense deep waters
of the Southern Hemisphere during glacials (Fogwill et al. 2017; Clementi and Sikes,
2019). Ventilation of these waters during deglaciation emits a 1\orge amount of CO; into
the atmosphere and significantly warms the planet (Swenbens and Keeling, 2000;
Anderson et al., 2009; Skinner et al., 2010; Brook a.1 Fuizert, 2018; Clementi and
Sikes, 2019), favoring deglaciation (Lee et al., 201 +, Shukun et al., 2012). This increase
in CO, overrides the cooling effect from orbital var.ctions in the Southern Hemisphere
(He et al., 2013).

Recent high-resolution data from ice coi2s .12 Antarctica and Greenland have helped
verify the opposite temperature trends i *he two polar areas during deglaciation, at least
on a large scale. Moreover, these da? confirm that the rise in CO, was synchronous
with the increase in Antarctic ter.'ocratures (Ahn et al., 2012; Beeman et al., 2019).
Antarctic temperature seems .~ be more closely linked to changes in tropical ocean
currents, whereas Greenlai.7 1. less affected by this phenomenon (Wolff et al., 2009;
Landais et al., 2015). ' i>we ver, the intimate relationship between AMOC intensity and
atmospheric CO, cunceaations has been clearly demonstrated (Deaney et al., 2017),
and deglaciation largc.y represents a period of imbalance between these two parameters.
Therefore, when the AMOC stabilizes, atmospheric CO, concentrations stabilize and
the interglacial period begins (Deaney et al., 2017). That said, some exceptions have
been detected on a centennial scale (Bohm et al., 2015). A sudden surge in the AMOC
may cause a large release of CO, into the atmosphere, although only for a few centuries
(Chen et al., 2015). New studies propose that mean ocean temperature and the
temperature of Antarctica are closely related, underlining the importance of the
Southern Hemisphere ocean in orchestrating deglaciation (Bereiter et al., 2018), as it is
the main contributor of CO, to the atmosphere (Beeman et al.,, 2019). Inverse

temperature evolution and the latitudinal migration of atmospheric circulation systems
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(fronts, ITCZ, trade winds and westerlies) may have the greatest impact on the planet’s

glaciers and ice sheets, albeit in opposite directions.

Improved knowledge of the changing extent of glaciers throughout the Americas is
necessary to understand how glaciers are affected by the above-described evolution of
the climate system during the Last Glacial Termination. However, little attention has
been focussed on the differing behavior of glaciers between the hemispheres and how
this might reflect global ocean and atmospheric teleconnections during the last
deglaciation. Is there a glacial bipolar seesaw reflected in the behavior of mountain
glaciers? In that sense, it is necessary to consider that mountain glaciers today
contribute about one-third of the ice melt to the oceans (Gardne: et al., 2013; Bamber et
al., 2018). One of the few studies that compares the beha ‘in; of mountain glaciers in
both hemispheres is that of Shakun et al. (2015¢). Thase authors analyzed 1116
cosmogenic nuclide exposure ages (mostly °Be “y.<) from glacial landforms located
between 50°N and 55°S on different continents, bi't . ~ostly from the Americas. Inferred
glacier behavior was evaluated using a variety of climate forcings. Their results
demonstrate that glaciers responded syr~hrunously throughout deglaciation, mainly due
to the global increase of CO, in u.~ atmosphere and the subsequent increase in
temperature. They note important i1cqional differences related to other factors, such as
insolation in the Northern Hemic<pte ¢, a seesaw response to changes in the AMOC in
the Southern Hemisphere, anc' chai.ges in precipitation distribution and in tropical ocean

currents.
8.2 Glaciers in the Amz.*a, during GLGM in a global context

We note the similari, in the times of glacier advances in North and Central America
during the GLGM. Most mountain glaciers reached their maximum extent before or
during the GLGM, although in some areas (e.g. Teton Range and portions of the
Yellowstone Ice Cap), the maximum may also have encompassed HS-1. However, there
were many local differences within each region. Similarly, the LIS did not exhibit
uniform evolution along all parts of its margin, although it did reach its maximum
extent during the GLGM. Based on our synthesis, the LIS began to retreat about 21 ka
ago at the same time as the majority of the North and Central American glaciers, as well
as European glaciers. The Scandinavian Ice Sheet reached its maximum extent in the
GLGM and also started its retreat about 21 ka (Toucanne et al., 2015; Cuzzone et al.,
2016; Hughes A.L.C. et al., 2016; Hughes, P. et al., 2016; Stroeven et al., 2016; Patton
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et al., 2017). As in the case of the LIS, the margins of the Scandinavian Ice Sheet
retreated at different times; retreat in some areas was delayed until HS-1. The same
timing and behavior has been reported for the Barents, British-Irish, and Icelandic ice
sheets (Hormes et al., 2013; Pétursson et al., 2015; Hughes A.L.C. et al., 2016). In all
three cases, the maximum was reached during the GLGM and deglaciation began about
21-20 ka, although retreat did not begin in some areas until HS-1. Some sectors of the
British-Irish Ice Sheet began their retreat very early in the GLGM, although for reasons
related to the dynamics of the ice sheet rather than climate (O Cofaigh et al., 2019). In
the case of the Icelandic Ice Sheet, sea-level rise caused it to collapse after 19 ka
(Pétursson et al., 2015). In summary, the Last Glacial :c*mination started almost

simultaneously in areas covered by the LIS and the Eurasicn ici sheets.

Similarities are also evident between North and Central Araerican and many European
mountain glaciers. The glacial maximum in Eurup~ vxtended from 30 ka until the
beginning of deglaciation 21-19 ka, for examnic in the Alps (lvy-Ochs, 2015),
Apennines (Giraudi et al., 2015), Trata Mot n*ains (Makos, 2015; Makos et al., 2018)
and the Anatolia peninsula mountains / “ky2r et al., 2017). However, glaciers in some
mid-latitude mountains in Europe ach.™ ed their maximum size much earlier, between
MIS 5 to MIS 3, for example, y'aciers in the Cantabrian Mountains and central
Pyrenees on the Iberian Peninstlz (Oliva et al., 2019) and the High Atlas in North
Africa (Hughes et al., 2018). In contrast, glaciers in the eastern Pyrenees, the Central
Range and the Sierra Nevaa. an the Iberian Peninsula, which are also located in mid-
latitudes, clearly attainea :he'r maximum size during the GLGM (Oliva et al., 2019). In
summary, mounta’™ g:2cisrs in Europe and North America evolved in a similar way, in

spite of the local differ.nces within each region.

Comparing glacial behavior in South America to glaciers in other continents at similar
latitudes is more difficult. The extra-American glaciers of the Southern Hemisphere are
located in isolated mountains of Africa and Oceania and, with one exception, have not
been well studied. The exception is the Southern Alps of New Zealand, which are

located at the about the same latitudes as northern Patagonia.

Unlike most of North and Central America, the maximum advance of the last glacial
cycle throughout South America, except perhaps in Tierra del Fuego and in some
mountains of Patagonia, was reached long before the GLGM, which is between

approximately 60 ka and 40 ka. A similar pattern is also evident in mountains of East
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Africa (Shanahan and Zreda, 2000; Mahaney, 2011), New Zealand (Schaefer et al.,
2015; Darvill et al., 2016) and Kerguelen (Jomelli et al., 2018). Outside the Southern
Hemisphere, an early maximum advance during the last glacial cycle has also been
proposed in some mountains in Mexico (Heine, 1988), in the central Pyrenees, the
Cantabrian Mountains (Oliva et al., 2019), and in the High Atlas (Hughes et al., 2018).
However, these cases are exceptional and are not located in any latitudinal zone; rather
they are purely regional. Some authors have suggested the idea of an aborted
termination around 65-45 ka in the Southern Hemisphere, after glaciers had achieved

their maximum extents (Schaefer et al., 2015).

Although the GLGM was not the last time that glaciers au.anced in the Southern
Hemisphere, it was a period of widespread glacier expans.~n under a mainly cold and
wet climate. As in the Andes, many glaciers in the mau~taias of East Africa (Shanahan
and Zreda, 2000; Mahaney, 2011) and New Zeal-a..! (cchaefer et al., 2015; Darvill et
al., 2016; Shulmeister et al., 2019) advanced duriny “he GLGM and left outer moraine
systems. This advance has been attributed t) « couthward migration of the ITCZ and
westerlies in response to strong coolirz 1. the Northern Hemisphere (Kanner et al.,
2012; Schaefer et al., 2015; Darvill * al., 2016). Paleoclimate records from central
Chile, northwestern Patagonia, ana *he southeast Pacific, however, imply a northward
shift in southwesterly winds during the GLGM (Heusser, 1990; Villagran, 1988a,
1988b; Heusser et al., 1999; L xmy 2t al., 1999; Moreno et al., 1999, 2018).

Deglaciation in the Patagu.~iai. Andes began at 17.8 ka, consistent with Antarctic ice
core records (Erb et 2., 2u18) and New Zealand glacial chronologies (Schaefer et al.,
2015; Darvill et a.., 20.C, Barrell et al., 2019; Shulmeister et al., 2019). It occurred two
or three millennia &fer the inception of deglaciation in the Northern Hemisphere,
although researchers have noted that ice recession and moderate warming took place
during the Varas Interstade, between ~24 and ~19 ka (Mercer, 1972, 1976; Lowell et
al., 1995; Denton et al., 1999; Hein et al., 2010; Mendelova et al., 2017).

The GLGM was more than a climatic period; it was the time when the world’s glaciers
achieved their maximum extent after the previous interglacial. However, ice masses did
not all behave in the same way because their activity was affected by topography,
regional changes in ocean and atmospheric circulation, local climatic conditions and
climate feedbacks (Liakka et al., 2016; Patton et al., 2017; Liakka and Lofverstrom,

2018; Licciardi and Pierce, 2018). Although many glaciers reached their maximum
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extent well before the GLGM, especially in the Southern Hemisphere, the northern ice
sheets grew more-or-less continuously towards the GLGM. Many glaciers, also in the
Northern Hemisphere, achieved their largest size just before the GLGM. Within each
region, glaciers advanced many times, conditioned by the geographical constraints
arising from their own expansion. When the next warm orbital cycle began to affect the
Northern Hemisphere, around 21 ka, deglaciation started in all areas, although it was
somewhat delayed in the Southern Hemisphere. Again, the duration and intensity of
deglaciation after the GLGM differed greatly and was regional rather than latitudinal.

8.3 Glaciers in the Americas during HS-1 in a global contex*

Records of glacier behavior in the Americas during HS-". .2 consistent with records
from other continents, albeit with considerable local varia:tuwy in each region. HS-1 did
not have a strong impact on the LIS and Europea' ice sheets (Patton et al., 2017).
Around 17.8 ka, however, some of the margins ¢ these ice sheets stabilized or
advanced and moraines were built at their margn.s. Retreat began again shortly
thereafter, around 17.5 ka, with some local ¢. :illations superimposed on overall retreat
through the rest of HS-1 (Cuzzone et 2'., . 01C; Hughes A.L.C. et al., 2016; Peters et al.,
2016; Stroeven et al., 2016; Gump et al., ?017; Patton et al., 2017). Although there may
have been an internal reorganization, of flow patterns and ice sheet geometry at this
time, we note that there is little € sirJence for any major readvance of the LIS during
during HS-1, and retreat like!y ~ontinued in most regions including the southern margin
(Heath et al., 2018). The E.vop.2an ice sheets evolved in a similar manner (Toucanne et
al., 2015), with deglar.ctiu., beginning between 21 ka and 19 ka (Patton et al., 2017)
and rapidly leading .~ nuye ice losses. The meltwater contribution to the North Atlantic,
mainly from the LIS, was enough to drastically reduce the AMOC (Toucanne et al.,
2015; Stroeven et al., 2016).

Knowledge of the impacts of HS-1 on mountain glaciers in Europe is stronger than in
North and Central America. Glaciers advanced in the Alps during HS-1 (Gschnitz
stadial), occupying valley bottoms that had been deglaciated earlier. The main advance
was at the beginning of HS-1, around 17-16 ka, and its moraines are recognized in
many valleys (lvy-Ochs, 2015). An advance of the same age has been documented in
the Tatra Mountains, (Makos, 2015; Makos et al., 2018). Up to three readvances have
been recognized in the Appenines during HS-1 (Giraudi et al., 2015), and glaciers
advanced on the Anatolian Peninsula near the end of HS-1 (Sarikaya et al., 2014, 2017).
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Glacial advances around 17-16 ka are recognized in almost all mountain ranges on the
Iberian Peninsula (Oliva et al., 2019). As in the Alps, glaciers on the Iberian Peninsula
reoccupied the lower reaches of valleys, approaching the moraines of the GLGM
(Palacios et al., 2017a). This was the case in the central and eastern Pyrenees, the
Central Range and the Sierra Nevada (Oliva et al., 2019). All of these European
advances happened at about the same time as the HS-1 glacier advances in North and
Central America. In the Rocky Mountains, Mexico and Central America, maximum
GLGM advances appear to have extended into HS-1, although it is possible that glaciers
readvanced during HS-1, surpassing and erasing GLGM glacial landforms. The most
recent summaries of the glacial chronology of the Califorr.c Sierra Nevada (Phillips,
2017), Wyoming’s Wind River Range (Dahms et al., 201{ 2019; Marcott et al., 2019),
the European Alps (lvy-Ochs, 2015), and Iberian Sieria Nt vada (Palacios et al., 2016)
indicate that the glaciers in these mountain systems he,>aved in similar ways during HS-
1.

The marked glacier advances in the tropical Ar.des during HS-1 have been attributed to
an intensification of the South Americar mu:2soon under a colder climate (Kanner et al.,
2012). The monsoon produced a weu »zriod on the Altiplano and caused glaciers to
advance in the surrounding mounta:ns, in many cases beyond the limits of the GLGM
moraines. Again, it is difficult 1> cc.npare South American tropical glaciers to other
glaciers at similar latitudes. " here is little information on the glaciers of East Africa;
ages bearing on deglaciatio.. have a large margin of error that precludes assigning
events to HS-1 with coni.er.ce, although many of the glaciers show evidence of large

late-glacial oscilla**an. (S'ianahan and Zreda, 2000; Mahaney, 2011).

It is much easier to .ompare glacier behavior between temperate southern latitudes,
such as Patagonia and the Southern Alps of New Zealand and Kerguelen Archipelago.
In these mountain ranges, deglaciation accelerated during HS-1 (Darvill et al., 2016).
The glaciers retreated throughout the entire HS-1 period in the Southern Alps (Putnam
et al., 2013; Koffman et al., 2017), Kerguelen (Jomelli et al., 2018) and the same
happened in Patagonia (Mendelova et al., 2017) and Tierra del Fuego (Hall et al., 2013).
Moraines in some valleys of the Southern Alps dated to 17 ka were built at the end of a
prolonged GLGM and mark the beginning of large-scale deglaciation (Barrell et al.,
2019; Shulmeister et al., 2019).
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On both continents, deglaciation began about 21 ka and became much more widespread
after 19-18 ka, resulting in a steady rise in sea level, cooling of the North Atlantic, and
reduction of the AMOC. HS-1 was a short period of stabilization and reduction in ice
loss. Strong cooling occurred in temperate northern latitudes, and mountain glaciers
advanced close to the limits reached during the GLGM, in some cases even surpassing
them. This happened in spite of increased aridity, which was a consequence of the
southward migration of the polar front. The ITCZ also migrated southward, particularly
over the tropical Atlantic, thereby intensifying the South American monsoon and
increasing precipitation in tropical latitudes, where glaciers advanced considerably. In
contrast, in the temperate latitudes of the Southern Hemischere, HS-1 was a warm
period and glaciers began or continued their rapid retreat uxder a climate that was
opposite that in the temperate latitudes of the Northern den’sphere.

-~

8.4 Glaciers in the Americas during the B-A and AZ" in a global context

We have seen above that the southern and weste’n mergins of the LIS retreated during
the B-A, whereas there was minimal retreav lo.ag its northern margin. In the rest of
North and Central America, many (iatieis retreated significantly or disappeared
altogether by the end of HS-1 and uc.ring the B-A. However, some studies have
suggested that there were short nei.nds of glacier advance in Europe, as in North
America, during this period of ge e’al deglaciation. The European ice sheet retreated
from the sea and through c21.val Europe during the B-A (Cuzzone et al., 2016) and
separated into smaller ice shees centered on the Scandinavian Peninsula, Svalbard and
Novaya Zemlya (Hug* .~ ~.L.C. et al., 2016; Patton et al., 2017). Along the southern
and northwestern .n.ai..5 of the Scandinavian Peninsula, there are moraine systems that
mark the end of GS-Z.1, and other moraines inboard of them relate to the cold stage of
Gl-1d, called the Older Dryas (Mangerud et al., 2016, 2017; Stroeven et al., 2016;
Romundset et al., 2017). Moraines were built at the margin of the British-Irish ice sheet
about 14 ka in the Older Dryas, but that ice sheet had nearly disappeared along the B-A
(Ballantyne et al., 2009; Hughes A.L.C. et al., 2016; Wilson et al., 2019). The ice sheet
covering Iceland retreated and left important parts of the interior of the island free of ice
during the B-A, with a climate similar to that of today (Pétursson et al., 2015). In
summary, we conclude that European ice-sheets behaved in a similar manner to

American glaciers during the B-A.
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Glaciers in the European Alps experienced the same rapid deglaciation during the B-A
as in North and Central America. After advances during HS-1, alpine glaciers retreated
considerably during the B-A and had practically disappeared by the end of this period
(Ivy-Ochs, 2015). Older Dryas (Daun stadial) moraines have been identified in many
alpine valleys, indicating stagnation or an advance of glaciers between the two
interstadials (Ivy-Ochs, 2015). After an advance in the Tatra Mountains at about 15 Kka,
glaciers retreated rapidly (Makos, 2015; Makos et al., 2018). This retreat was
interrupted by readvances of glaciers during the Older Dryas (Marks et al., 2019).
Glaciers also rapidly retreated in the eastern Mediterranean during the B-A (Dede et al.,
2017; Sarikaya and Ciner, 2017; Sarikaya et al., 2017). The >ame pattern is evident in
the Balkans (Styllas et al., 2018), the Apennines (Giraudi et a ., 2015), and the Iberian
Peninsula where glaciers disappeared from some moun ain systems or retreated into the
interior of cirques (Oliva et al., 2019). Some morau2s in these mountains may have
been built in the Older Dryas cold period, but uncc t2.nties in the cosmogenic ages are
sufficiently large that this possibility cannot ue confirmed. Examples are found in the

central Pyrenees (Palacios et al., 2017b).

Conditions were warmer in Venezue.> and glaciers retreated, during B-A. The B-A
warm interstadial is not reflectea ‘n Central and Southern South American glacier
behavior. Rather, there is clear fviuence from the northern and tropical Andes of
advances during the ACR. Tnese advances occurred under cold and arid conditions
caused mainly by temperaw.ve changes related to the strengthening of the AMOC
(Jomelli et al., 2014). Arthcugh there is currently no evidence of these advances in
northern Chile anr' tho ceatral Andes of Argentina, they are clear in Patagonia, where
after a retreat of glacie s during HS-1, there was an advance during the ACR (Strelin et
al., 2011; Garcia et al., 2012). Evidence has been found also of a glacier advance during
the ACR in the Fuegian Andes on Tierra del Fuego (Menounos et al., 2013), although
there is no conclusive evidence of an ACR event in the adjacent Cordillera Darwin
(Hall et al., 2019).

Again, a comparison of the behavior of South American glaciers to glaciers in other
areas of the Southern Hemisphere is almost impossible. In East Africa, as is the case on
other continents, it is very difficult to place the ages of some moraines within the ACR
or YD (Mahaney, 2011). However, in the Southern Alps of New Zealand, at Kerguelen

(Jomelli et al., 2018) as in Patagonia, there is evidence of glacier advances during the
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ACR, but with large regional variations, possibly related to the westerlies (Darvill et al.,
2016). In any case, most of the possible ACR moraines in New Zealand have been
dated to 13 ka, at the boundary between the ACR and the YD (Shulmeister et al., 2019).
There are indications of a decrease in temperature of 2-3°C at that time, at least in some
areas of the Southern Alps (Doughty et al., 2013). In spite of the limited knowledge of
glacier evolution over much of this region, we conclude that South American glaciers
evolved in a similar way to glaciers at similar latitudes on other continents and opposite

to that of glaciers in the Northern Hemisphere.

Deglaciation of the Northern Hemisphere accelerated under a warm climate in the lead-
up to the interglacial period. Again, we observe differences . qlacial behavior within
each region, in both North America and Europe, but thee uifferences are local and
relate to the geography of ice sheets and mountain gl~c.~rs and not to latitudinal trends.
In the best-studied regions where glacial landforr. ~re well preserved, the impacts of
short cold intervals on glaciers have been deteste~ especially in the Older Dryas.
However, in most cases, uncertainties in dat nr, preclude correctly assigning landforms
to brief climatic periods. Thus, it is not * "2t passible to determine whether any moraines
in the Northern Hemisphere belong to :»: ACR or the Older Dryas. Glacier behavior in
the Southern Hemisphere is differei,* from that in North America and on other northern
continents. The impact of cooling, r.ui.ng the ACR is clear in some of its regions. In the
Southern Hemisphere, there wvas no massive, continuous glacier melt, but rather a
tendency towards stagnatinn .+ glacier advance. As was the case for HS-1, the north and

the south responded in oy, ns.te ways to climate change during the B-A/ACR period.
8.5 Glaciers in th¢ »me.icas during the YD in a Global Context

In many cases, the glaciers in North and Central America responded to the YD by
advancing. Retreat of the LIS slowed, and some sectors advanced. At the end of the YD
period, the LIS renewed its retreat. Similarly, several fronts of the Fennoscandian Ice
Sheet advanced during the YD, although there was great variability in its different
margins (Cuzzone et al., 2016; Hughes A.L.C. et al., 2016; Mangerud et al., 2016;
Stroeven et al., 2016; Patton et al., 2017; Romundset et al., 2017). It appears that the
maximum advance occurred at the end of the YD period, at least at some margins
(Mangerud et al., 2016; Romundset et al., 2017). At the beginning of the Holocene,
retreat of the Fennoscandian Ice Sheet began anew, although this was interrupted during

the short-lived Preboreal oscillation, at 11.4 ka. Afterwards, retreat continued until the

76



ice sheet disappearance at 10-9 ka (Cuzzone et al., 2016; Hughes A.L.C. et al., 2016;
Stroeven et al., 2016). During the YD, ice caps in some sectors of Britain, Franz Josef
Land and Novaya Zemlya also expanded (Hughes A.L.C. et al., 2016; Patton et al.,
2017; Bickerdike et al., 2018). The glaciers in Iceland recovered during the YD and
again brought their fronts close to the present shoreline and, in some cases, beyond it
(Pétursson et al., 2015). With the Holocene came rapid retreat, interrupted by the
Preboreal oscillation at 11.4 ka (Andrés et al., 2019). In summary, the remnant
European ice sheets grew during the YD, but similar growth is less evident for the LIS.

The impact on glaciers of the YD is currently being studied in the mountains of North
and Central America. In Alaska, the only clear evidence repnnc to date is in the south.
However, it is evident that there were small advances durir,> the YD in many valleys of
British Columbia and the North Cascades. Recent a.tiny has provided much more
evidence of small advances in the Wyoming e.iu tne Colorado Rocky Mountains
(Leonard et al., 2017a; Dahms et al., 2018, 2019) ond possibly the California Sierra
Nevada (Phillips, 2017). YD advances are c!za" in central Mexico and increasingly
certain in Central America. Glaciers adv~ncod throughout the European Alps during the
YD (Egesen stadial) and built morainc< intermediate in position between those of the
Oldest Dryas and those of the Littic Ice Age (lvy-Ochs, 2015). In some valleys, there
are moraines dating to the Prebor 2¢¢ vocillation that lie between those of the YD and the
Little Ice Age (Ivy-Ochs, 202 3). rvom glacier ELA depressions, it can be inferred that
the annual temperature ‘va. 3-5°C cooler in the Alps, the Tatra Mountains and
elsewhere in the Carp.thians (Rinterknecht et al.,, 2012; Makos, 2015). New
information showr thcot o'aciers advanced in cirques in the Mediterranean mountains,
for example in the Ane.olian Peninsula (Sarikaya and Ciner, 2017), the Balkans (Styllas
et al., 2018), the Apennines (Giraudi et al., 2015), the Iberian mountains (Garcia-Ruiz et
al., 2016; Oliva et al., 2019), the French Pyrenées (Jomelli et al., under review) and the
High Atlas (Hughes et al., 2018). At this time, we can conclude that the activity of
glaciers in North America and Europe during the YD is more similar than it appeared a

few years ago.

Glaciers also apparently advanced in the northern Andes during the YD. However, in
the central Andes, the YD was a period of glacier retreat, with the exception of the
Altiplano where the Coipasa wet phase coincided with advances in the surrounding

mountains. Glaciers may also have advanced in these mountains at the beginning of the
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Holocene, around 11 ka, but they all retreated after 10 ka. Glaciers in Patagonia and on
Tierra del Fuego retreated after the ACR, in the latter area probably beyond the limits of
the Little Ice Age. Glaciers in East Africa retreated immediately after constructing ACR
or YD moraines (Mahaney, 2011). In the Southern Alps, as in Patagonia, the YD was a
period of glacier retreat (Shulmeister et al., 2019) with temperatures about 1°C warmer
than today (Koffman et al., 2017).

Glaciers in the Northern Hemisphere responded synchronously to YD cooling by either
stabilizing or advancing, but the timing of the maximum extent differs spatially, as does
the magnitude of advance; in many areas, there is no evidence for YD glacier activity.
In the Southern Hemisphere, the South American monsuan intensified, thereby
increasing humidity, which caused tropical glaciers to advance. However, in the
temperate latitudes of this hemisphere, glaciers ret-ected, once again showing their

antiphase behavior compared to those in the north.

9. Conclusions

The decrease in temperature in the An.~ricas during the GLGM was 4-8 °C, but changes
in precipitation differed considerau:\’ throughout this large region. Consequently, many
glaciers of North and Central Ar:vica reached their maximum extent during the
GLGM, whereas others reacliea *t later, during the HS-1 period. In the Andes, for
example, glaciers advancea Juring the GLGM, but this advance was not the largest of
the Last Glacial, excep. nossibly on Tierra del Fuego. HS-1 was a time of glacier
growth throughout rrost of North and Central America; some glaciers built new
moraines beyond thos: of the GLGM. Glaciers in the tropical Andes stabilized or
advanced during HS-1 and, in many cases, overrode GLGM moraines. However,
glaciers in the temperate and subpolar Andes retreated during this period. Glaciers
retreated throughout North and Central America during the B-A interstadial and, in
some cases, disappeared. Glaciers advanced during the ACR in some parts of the
tropical Andes and in the south of South America. This advance was strong in
Patagonia. Limited advances have been documented in high mountain valleys in North
and Central America during the YD. In contrast, glaciers retreated during this interval in
South America, except in some sectors of the northern Andes and on the Altiplano

where glacier advances coincided with the highest level of the Coipasa paleo-lake cycle.
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In summary, the GLGM was the culmination of glacier growth during the last glacial
cycle. Glaciers achieved their maximum extent in many sectors before the GLGM, and
even in individual sectors at different times, but the main northern ice sheets were
largest within the GLGM. The latter explains why orbital forcing triggered deglaciation
beginning about 21 ka across the Northern Hemisphere and somewhat later in the

Southern Hemisphere.

Glaciers in North America and Europe exhibit common behavior at all latitudes through
the Last Glacial Termination. This synchronous behavior extended almost to the
Equator. This commonality was clearly influenced by pronounced shifts in ocean
circulation (e.g. the AMOC), but probably also reflected provin.‘ty to the great Northern
Hemisphere ice sheets that profoundly affected auo<pheric circulation and

temperature.

Glaciers at temperate latitudes in the Southern Femiphere fluctuated synchronously,
especially those in Patagonia and the Southern A’ps o New Zealand. Their behavior is
generally opposite to that of Northern Hen.*.prere glaciers during HS-1 and the B-
AJACR, but the two are similar at the Feg.1m.>g and end of Last Glacial Termination.

Glaciers at tropical latitudes in the Southe.n Hemisphere show greater diversity in their
behavior, which is most likely rric*ea to shifts in the ITCZ. A striking feature of the
glacial history of Central Ame’.c2 «..d the tropical Andes is the persistence of relatively
extensive mountain glacier: th.ough the Younger Dryas, long after those in North
America and Europe har rev~ated close to Holocene limits. One significant difference
between much of the AnJes and the Northern Hemisphere is that the combination of
extreme elevation anu aridity produces a larger sensitivity to precipitation than for the

lower and wetter mountain ranges of North America and Europe.

Once deglaciation began, there was a seesaw between the hemispheres, which affected
not only marine currents but also atmospheric circulation and glacier behavior. This
seesaw explains the opposing behavior of many glaciers in the Northern and Southern
Hemispheres during HS-1 and the B-A/ACR. At the end of the B-A, it appears that
many mountain glaciers and minor ice sheets had achieved sizes similar to those of the
early Holocene. Subsequently, the YD ended deglaciation in the south and led to the re-

advance of some glaciers in the north.
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Figure captions
Figure 1. Locations of the main sites in North and Central America cited in the text.
Figure 2. Locations of the main sites in South America cited in the text.

Figure 3. Glacier extent during the Global Last Glacial Maximum in the Americas.
Coloured areas represent regions containing glaciated mountain ranges and in many
cases are, for purposes of visibility, much larger than actual glaciated areas. AK =
Alaska, BC = British Columbia (Cordilleran Ice Sheet and northern Cascades), CS =
central/southern Cascades, SN = Sierra Nevada, NRM = northern Rocky Mountains,
SRM = southern Rocky Mountains, MX = Mexico, CA - Central America, NA =
Northern Andes, PB = Peru/Bolivia, NCA = north-centre ¢ Ai des, ACA = arid central
Andes, PA = Patagonia, TdF = Tierra del Fuego. Te coastline corresponds to the
GLGM sea-level low. Figure information comes from author interpretations and

refecences cited in Table 1.

Figure 4. Glacier extent during H-1 in the A:n=ricas. See Figure 3 for full caption.

Figure information come from author intery. -etations and refecences cited in Table 2.

Figure 5. Glacier extent during the B-A nd ACR in the Americas. See Figure 3 for full
caption. Figure information comes \.am author interpretations and refecences cited in
Table 3.

Figure 6. Glacier extent during *he YD in the Americas. See Figure 3 for full caption.
Figure information comes 11.om author interpretations and references cited in Table 4.

Figure 7. Glacier exte 1t during the early Holocene in the Americas. See Figure 3 for full
caption. Figure inforn ation comes from author interpretation and references cited in
Table 4.

Figure 8. Glacial landforms at Deming Glacier on Mount Baker in the North Cascade
Range, Washington State. Late-glacial moraines below the present-day terminus of
Deming Glacier are numbered 1 through 7. Moraines 1 and 7 and the dashed black line
represent the maximum late glacial (Bglling?) limit of Deming Glacier. Moraine
number 4 marks the YD limit with its associated adiocarbon ages. Note Neoglacial -

Little Ice Age terminus.
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Figure 9. GLGM moraines in in the Beartooth Range, Rocky Mountains, Montana. A)
Location of the photos. B) Moraines; view west. C) Moraines; view east. The moraines
have been dated to 19.8 ka (Licciardi and Pierce, 2018). Photos by Nuria Andres.

Figure 10. A) Location of the Wind River Range in the Rocky Mountains of Wyoming,
Montana and Idaho, and the Middle and North forks of the Popo Agie River (red box)
on the southeast flank of the range. B) Overview of LLGM and Late-glacial (pre-
Holocene) moraines in the Middle and North fork catchments of the Popo Agie River.
Only the farthest extents of the dated moraines are indicated in the main valleys. Yellow
— Positions and *°Be ages of terminal LGM and post-LGM (Pinedale and post-Pinedale)
moraines. Green — Positions and '°Be ages of moraines assnci.ted with glacial activity
during the H-1/Oldest Dryas period. Red — Positions .nd °Be ages of moraines
associated with the YD period. The glacial geology ai.? caronology of this area were
originally described by Dahms (2002, 2004) a'w DLuhms et al. (2010), and were
subsequently revised by Dahms et al. (2018, 2019). »~urce: Google Earth images.

Figure 11. LLGM moraines on the east s\”e +f the Teton Range, Wyoming, near
Taggart and Jenny lakes. A) Locations o1 nhutos. B) Moraines east of Taggart Lake. C)
Moraines west of Jenny Lake. The mora:nes have been dated to between 14.4 and 15.2
ka (Licciardi and Pierce, 2018). Phntu: by Nuria Andrés.

Figure 12. Recessional morairc. aicng the Yellowstone River in the Rocky Mountains
of Montana. A) Locations ot nhoto. B) Moraines; view from the northeast. The
moraines have been dated . between 14.4 and 15.1 ka (Licciardi and Pierce, 2018).
Photo by Nuria Andrés.

Figure 13. GLGM mu raines in the Clear Creek watershed, Sawatch Range, central
Colorado Rocky Mountains). A) Location of photos. B) Moraines; view to the West. C)
Moraines; view to the east. The moraines have been dated to between 19.1 and 21.7 ka
(Young et al., 2011). Photos by Nuria Andrés.

Figure 14. Overview of late Pleistocene moraines at Bishop Creek, eastern Sierra
Nevada, California. Extents of preserved moraines are indicated for the Tioga 1 (early
GLGM), Tioga 2/3 (late GLGM), and Tioga 4 (H-1) advances. Recess Peak moraines
(B-A or YD) are numerous throughout the headwaters area, but only one representative

moraine is shown. The obvious terminal moraines northeast of the Tioga 1 moraine date
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to MIS 6 age. The geology and chronology of this drainage are described in Phillips et
al. (2009) and updated in Phillips (2017).

Figure 15. Glacial landforms between ~3100 and 4200 m a.s.l. in Gavidia Valley in the
Mérida Andes The valley has a U-shaped cross-profile, and has numerous outcrops of
striated and polished bedrock (roches moutonnées). Deglaciation happened in two
stages: slow retreat between ~22 and 16.5 ka, followed by the complete deglaciation at
~16 ka (Angel et al., 2016). Photo by Eduardo Barreto.

Figure 16. LLGM and H-1 glacial landforms at the top of Cerro Tunupa (19.8°S,
67.6°W; 5110 m asl); view toward the southeast (Blard °f al, 2013a; Martin et al.,
2018). In the background is the Salar de Uyuni. Photo by Piei. = rienri Blard.

Figure 17. Glacial landforms on Hualcahualca volcanc socthern Peru. A) Locations of
photos. B) Prominent well-preserved LLGM moraine an the east flank of the volcano.
C) H-1 and YD moraines on the north flank o1 the volcano (Alcala-Reygosa et al.,

2017). Photos by Jesus Alcala-Reygosa.

Figure 18. Glacial landforms in the arid Ci..'ean Andes, from north to south: A) Glacial
valley at El Tatio (22.3° S), view upv.'ley from the LGM right-lateral moraine that has
yielded *°Cl ages of 20-35 ka (Word et al., 2017). Truck circled for scale. B) View
upvalley from LGM right-lateral fru *al moraine near Co. La Torta (22.45° S) dated to
25-30 ka (Ward et al., 2015). On. track visible for scale. C) Inner ridge of the western
terminal complex of the fu-mer Chajnantor ice cap (23.0° S), last occupied at the
LLGM (Ward et al., 2012 2('L7). View to the southwest; backpack circled for scale. D)
Eastern terminal moi3ine complex at Chajnantor, likely MIS 3 (Ward et al., 2015,
2017). View to the ncrth; largest visible boulders are ~1.5 m in diameter. E) View
upvalley from likely MIS 6 terminal moraine of the southern outlet glacier of the former
ice field at Cordon de Puntas Negras (23.85° S). Sharper inner lateral/frontal moraines
have yielded ages that support an LGM and/or MIS 3 age (Thornton, 2019). Locations
of photos: 1 - A; 2-B, 3 -CandD, 4 - E. Photos by Dylan J. Ward.

Figure 19. Glacial landforms on the east side of Nevado de Chafii in the central
Argentina Andes. A) Locations of the photos. B) View to the east (down-valley) of
Refugio Valley showing the GLGM I (red) and H-1 (purple) moraines. The green circle

marks a hut for scale. C) YD lateral/frontal moraines in the Chafi Chico valley, which
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is a tributary of Refugio Valley. These moraines are located inboard of those shown in

panel A. Photos by Mateo Martini.

Figure 20. Glacial landforms on Tierra de Fuego. A) Locations of photos B-E. B) The
inner LGM-age moraine at Bahia Inutil, southern Chile. View to the east, parallel to the
moraine (marked by the white dashed line). The large boulders are granite derived from
the Cordillera Darwin. C) Ice-scoured terrain in the Cordillera Darwin characteristic of
areas deglaciated during H-1. View to the north along the Beagle Channel. D) Aerial
view to the southwest of Marinelli fjord. The dashed line shows the location of a late
Holocene moraine, marking a historic glacial margin. The white dot shows the
approximate location of a core site that provides evidence .ot ice receded from the
Strait of Magellan and back into the fjord by ~17 ka. The >!a.k dot shows the location
of photo E. E) Bog in Marinelli fjord; view to the sou.> Tae late Holocene moraine is
visible in the background. Ice had cleared this site, v.itr.n view of the historic position,
by 16 ka. Photos by Brenda Hall.

Figure 21. ACR moraine in Gueshgue valley n (he Cordillera Blanca, Peru (dated by
Stansell et al., 2017). Photo by Joseph "_ic >iaili.

Figure 22. ACR moraine at Nev2do Hucguruncho in the Eastern Cordillera of Peru
(dated by Stansell et al., 2015). Pr.u:n by Joseph Licciardi.

Figure 23. ACR (continuous whi:= line) and Holocene (dashed line) moraines in the
Tranquilo Valley, close to M. ~unt San Lorenzo, Patagonia. Photo by Esteban Salgedo.

Figure 24. Glacial lanfa1.>, in Alcalican Valley, southwest of Iztaccihuatl in central
Mexico. Moraine «.2n, the Late Pleistocene-Holocene transition. Elevations are ~3865
m at the bottom of tr.e valley at the end of the moraine and ~5200 m a.s.l. on the
mountain summit. Moraines of this group have been **Cl-dated at 13-12 to ~10.5 ka and
could be YD in age. Note the three moraine ridges on the right side of the valley. Photo

by Lorenzo Vazquez.

Table captions

Table 1. The main climate and glacial evolution features during the Global Last Glacial
Maximum (26.5-19 ka) in the Americas.
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Table 2. The main climate and glacial evolution features during the Heinrich 1 Stadial
(17.5-14.6 ka) in the Americas.

Table 3. The main climate and glacial evolution features during the Bglling-Allerad
interstadial and Antarctic Cold Reversal (14.6-12.9 ka) in the Americas.

Table 4. The main climate and glacial evolution features during the Younger Dryas
(12.9-11.7 ka) in the Americas.
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Table 1. The main climate and glacial evolution features during the Global Last Glacial Maximum (26.5
to 19 ka) in the Americas

Climate during d ELA. Local Last itial
GLGM in depression |\ ximum Ice Initial 1 ey
REGION . in LGM in . X deglaciation
relation to relation to Extension and its chronolo References
present relation to GLGM 9y
present
Dyke et al.,
2002;
During GLGM Ullman et
Probably from 28 to al., 2015b;
6-7 °C colder and 20 ka (even 17 ka) Zj’et‘;ggn’f&’ Robel and
Laurentia great local with great local on grea bgt Tziperman,
variability in variability slow ri’or o 2016; Stokes
precipitation LIS near-maximur: 17p ka etal., 2016;
extent for several Margold et
thousand years al., 2015;
2018;
N Stokes, 2017
Kaufman et
al., 2003;
Tulenko et
al., 2018;
More arid and Duriag' GM 20 Ka Pendleton et
Alaska relatively warm 200-500m | F.uwi24to2lkain al., 2015;
conditions * e v/hole region 2012,
Putnam et
al., 2013;
Briner et al.,
2017
CIS in the north Clague
40% lower mean 1007 -750 ' From21to | etal.2010;
and | later up to 16 ka .
annual m . ) 16 ka Bartlein et al.
North recipitation During LGM in 2011; Riedel
Cascades prectp North Cascades, 2017’ '
from 25 to 21 ka
Around Z.1°C During GLGM ~20k;o 17 Licciardi and
Yellowstone- | colder ar.1 sim lar 900 m From ~22 ka, but in de enain Pierce, 2018;
Tetons precipition as at some valleys up to gf the g Pierce, et al.,
prese 1t 17-16 ka valleys 2018
Dahms 2004;
(Est.) > 5.4°C . Dahms et al
Wind River | colder and similar During GLGM
s ~900 m <22 ka 2018, 2019;
Range, WY | precipitation as at From ~24-22 ka Shakun et
present al. 2015
N Young et al.,
Around 5.4-8°C During GLGM 20k;o 7 2011
Colorado colder and similar 900 m From ~24 ka, but de enéjin Leonard et
precipitation as at some valleys up to gf the g al., 20173,
present 17-16 ka vallevs b ; Brugger
YS | etal, 2019
Began at 19 Plummer
_RO 0 !
Sierra 5-6°C Iqwer, 140% During GLGM ka and 2002:
higher 1200 m accelerated S
Nevada e From 26 to 20 ka . Phillips,
precipitation rapidly after 2016. 2017
18 ka ’
Mexico 6 - 9°C colder, 1000 min During GLGM. 15to 14 ka | Vazquez-
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precipitation lower the Interior part of Selem and
than modern interior; central Mexico at 21- Heine, 2011;
1200-1500 | 19 ka, extending to Vazquez-
m near the 20-14 ka near the Selem and
coasts coasts Lachniet,
2017
During GLGM and
post-LGM
Maximum at~25-23 Roy and
ka in Cordillera Lachniet,
Central 6 - 9°C colder 1100-1400 Talamanca; ~17 ka 2010;
America m Cunningham,
subsequent .
deglaciation and 2019; Potter
. - etal., 2019
moraines formation
ca. 18-16 ka
van der
Hammen, T.,
1981,
Schubert and
Rinaldi,
1987,
Pre-GI G, 1 but ;hofgg%?t
Northern 8°C colder 1420-850 durina the SLGM, | From ~21 to ! '
. ! Stansell et
Andes and wetter m ~21 Ka 7 sierra 16 ka ;
: al., 2007;
Nevar.a, Ve .ezuela .
Brunschon
and Behling,
2009; Angel,
2016; Angel
etal., 2016;
Angel et al.,
2017
Seltzer et al.,
. 2002; Mark
Peru and ~5-8° C colder | anwwility, P;eagLi?ﬂéEé‘ﬁM From 22 to | €t @l 2005;
L precipitation was from 800 ndap ' Rodbell et
Bolivia . . with average of 25 ~17 ka )
slightly higher | 11200 m o Trom 300 17 oy al., 2008:
’ Mark, 2017
) Ward et al.,
Colcer ~nu tong Pre-GLGM 45-35 ka . 2015; Cesta
. .. ; North Arid | and Ward,
spatial gracients in 30-25 ka and GLGM ) }
Northern - Diagonal, up | 2016; Ward
. MOoisure 900 m ~22-19 ka, and in ]
Chile RN to<15ka. | etal., 2017;
availability from some sectors 17-15 !
South 17 ka | Martinet al.,
north to south ka,
2018
Martini et
al., 2017,
Pre-GLGM (~40-50 Moreiras et
Central ka), with LGM al., 2017,
Colder and slightly S . From~21 | ZechJ.etal.,
Andes of L 800 m minor and variable .
. wetter conditions . ka 2017;
Argentina expansion: between Terri
26 and ~19 ka errizano et
al., 2017,
D’Arcy et
al., 2019
6-7° C colder and Pre-GLGM (~48 and between Moreno et al.
Patagonia wetter in northern | ca. 900 m ~30 ka), with LGM 2015; Darvill
. h . 19.5-17.5-ka .
Patagonia minor expansion and et al., 2016;
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variable: between Hein et al.,
~26.9 and 18.8 ka 2017; Garcia
etal., 2018;
Hubbard et
al., 2005;
Denton et al.,
1999
Pre GLGM? GLGM
expansion by ~25 ka Hall etal.,
Tierra del 6-7°Ccolder | ~1000m? | but pre-GLGM “18ka | 20132017
Fuego - Menounos et
moraines may be al. 2013

more extensive
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Table 2. The main climate and glacial evolution features during the Heinrich 1 Stadial (17.5 to 14.6 ka) in

the Americas.

ELA
Climate during | depression Ke
REGION H-1 in relation inH1in Glacial evolution during H-1 y
; References
to present relation to
present
No clear evidence for major glacial
readvances during or soon after H-
1.
Important changes in the location gé%kse_s etal,
LAURENTIA of ice dispersal centres, with !
. Koester et al.,
subsequent effects on ice flow .
2017,
patterns and some lobe advances.
In general, ice cheet thinning
tender. ’
Identified som¢ star 'stills or re- Pendletop et
. e al., 2015;
advances in o'ac, ' fonts at ~17- Konczynski
ALASKA Cold, mild 200-500 m 16.5 ka, buf there was significant ot aFI) 5/017,
recession Hf .22 of glaciers over S I,
a. this period Briner etal.,
N 2017
Cosmaet al.,
2008;
6-7 °C colder and “’hr. ic2 sheet reached its maximum Troost, 2016;
. 1000-750 m - Clague,
Cordillera Ice | 40% lower mean ‘ extent during H-1 )
few hundred | . . . 2017,
Sheet and annual i Jome glaciers left moraines closely
L mete’ s . . Kaufman et
North precipitation . nested inside the LGM moraines, .
Cascades influenced by aboveng that could belong to the H-1 al., 2004;
. LGM ) Porter and
CIS expansion expansion s
wanson,
2008; Riedel
M @ etal., 2010
Colder and 90U m, with Sor_ne val_leys reach their local L_|CC|ard| anq
Yellowstone- S _ maximum ice advance at ~17 ka, | Pierce, 2018;
similar ‘ creat local i ; ) .
Tetons S s while others experienced extensive | Pierce et al.,
precipitatic. | variability recession 2018
Stagnant ice remains w/in 13 km of | Shakun et al.,
Est cc'der\// LLGM max in some trunk valleys | 2015a;
Wwind River s il 60-170m while riegels become ice-free, Dahms et al.,
Range, WY rec'i. ) jtlion (S-to-N) suggesting de-coupling of cirque | 2018, 2019;
precip from valley ice ~18-17 ka. ‘Temple | Marcott et
Lake’ moraines form 15-14 ka al., 2019.
Laabs et al.,
Some valleys reach their local itoglg ; ;(OCJlulng
. maximum ice advance at ~17-16 " '
Colder and 900 m, with . . Shakun et al.,
L ka, while others experienced )
Colorado similar great local . . . 2015g;
L - extensive recession. Rapid retreat
precipitation variability afterwards Leonard et
' al., 2017a, b;
Brugger et
al., 2019
Sierra 3° colder and Strong evidence of glacial advance ;(I)lé)n;mer,
160% of 900 m during H1 at 16.2 ka. Extensive -
Nevada S Phillips,
precipitation retreat afterwards 1996. 2017
900 min the | Minor recession in the interior but | Vazquez-
Mexico Cold and dry interior; overall strong evidence of glacial | Selem and
1200-1500 | advance or stillstand coeval to H-1 | Lachniet,
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m near the (17-15 ka) 2017
coasts
Cunningham
Central - Moraine formation dated at ca. 18- | etal., 2019;
America Cold conditions Unknown 16 ka; glacier recession by 15 ka | Potter et al.,
2019
Rull, 1998;
Cold Unknown, Local glacial advances from 17.5- Brunschon
Northern temperatures but but likely gt : and Behling,
. . - 15 ka in the context of general .
Andes higher than in the | with great deglaciation 2009; Angel
LGM variability g etal., 2016;
2017
The coldest
period since
LGM with
cooling of ~3°C.
Drier in central
Peru. Large Most of the glac’..~ rev 2ated just
In the Altiplano -arge prior to H-1, bu mulb ple glaciers | Alcala-
: variability, g, :
Peru and the first part of from similar re—adva_mg:erJ uctiny H-1,in Pe(u Reygosa,
Bolivia H1 (~18t0 16.5 to LGM to and Bolivia, vith iverage moraine | 2017; Mark,
ka) was drier, few hundred age of 2.1 ka with a standard 2017; Martin
followed by the ufadon of 1.1 ka etal., 2018
meters
Lake Tauca
highstand from
16.5t0 14.5 ka
with an increase
of precipitation >
130 %
~ 0
3.5°C colder 900 m o’ Moraines dating to the LGM and
and sharp . . X .
recipitation rcnional earlier were overridden during the
precipriatic differcnce | Tauca highstand wet phase (~17-15 | Ward et al.,
Northern gradient with Ka) i - di ke | 2017 .
Chile decreasing F1racton a) in mountains surrounding Lake 017; Martin
L tr, Tauca, but to the south the Tauca- | etal., 2018
precipitation S ST
pre.ipitation | phase moraine is either absent or
from Lake Taucg Vistribution found high in the valleys
to the south. ‘ i g ys.
Glacial advanc.~ | New advances in some sectors Zech J. et al
Central occurreu between 17 and 15 ka and in other ) a
_ - 2009, 2017;
Andes of synchrorgus "vith 620 m sectors, deglaciation from 17 ka. o
. . ; . Martini et al.,
Argentina the >xpesio of Moraines of H-1 located up-valley 2017"
Altipla, 0 lakes from those of the LGM. '
Boex et al.
. . - 2013;
Warming Widespread deglaciation along the
. . ' - Moreno et al.
tendency Trending region, with exception of short 2015:
throughout the toward stabilization at ~16.9-16.2 ka in a :
. . . Henriquez et
Patagonia period. Average values few glaciers. al. 2017-
interglacial similar to Glaciers in central Patagonia were , '
. Mendelova et
temperatures by | the present near to modern ice limits before .
al., 2017
16.8 ka ~16 ka
Bendle et al.,
2017
McCulloch et
Unknown, )
. . . . . al., 2005b;
but likely Rapid glacier recession, with no
o 7 . Kaplan et al.,
. within a few evidence of stillstands. .
Tierra de Sudden, large- . S 2008;
. hundred Cordillera Darwin icefield had
Fuego scale warming. o Menounos et
meters of | contracted to within the present-day :
. al., 2013;
present by fjords by 16.8 ka Il et al
16.8 ka Hall etal.,
' 2013, 2017
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Table 3. The main climate and glacial evolution features during the Bglling-Allergd interstadial and
Antarctic Cold Reversal (14.6-12.9 ka) in the Americas.

ELA
Climate during | depression
REGION B-A/ACRin during Glacial evolution during B- Key
relation to BA/ACR A/ACR References
present in relation
to present
General ablation in marginal areas | Carlson et al.,
in B-A and marked retreat 2012; Ullman
acceleration along the southern and | etal., 2015b;
western margins, with development | Margold et
LAURENTIA of proglacial lakes. Some al., 2015;
readvances not related to climatic | 2018; Dyke,
forciry. 2004; Stokes,
Northern marg,.. stable. 2017
Unknown but Widespread glac’i .~treat around Badding et
some data the time of the Bgll ng onset. al 201%_
ALASKA suggest an Glaciers we’ e s."aiier than their N ’
. . . Pendleton et
important climate eventual lete Holc cene extents by
al., 2015
change 15 ka
Positive
temperature Rapia J*sin* 2gration of the CIS in
anomaly of 1-2 the N urth Tascades and western Liu et al
°C early in the CIS ~anada from 14.5-14.0 ka R
. ; . 2009; Peltier
BA, and increase lowered C ' «ci7i tongues transformed into a .
. s ) o et al. 2015;
Cordillera Ice | in mean annual more than | labyrinth of dead ice in valleys and Menounos et
Sheet and precipitation of 500 m.n between CIS and LIS )
. . . al. 2017;
North 250 mm. the ea, Minor glacial advances between Lambeck et
Cascades Brief cold periods | BA. ELAS 13.6 and 13.3 ka. al. 2017
with -1.5°C ~50¢ 700 Top-down deglaciation of the ice : P
Riedel 2017,
temperature drop M sheet led to exposure of valley Clague 2017
caused the small heads and cirques before adjacent g
glacier advances valley floors
later in the BA
# Some valleys continue advancing
Increasing after 16 ka in the SW, due to their | Licciardi and
Yellowstone- . exposure to greater precipitation, Pierce, 2018;
warming J"mulc | to present .
Tetons the Yellowstone as a whole Pierce et al.,
day . X .
experienced an intensive 2018
deglaciation 15-14 ka
Glaciers retreat behind their H-1
Warming orior to | Increasin moraines by ~15 ka, possibly to Dahms et al.,
Wind River 1ng pric 9 | cirque headwalls. °Be ages suggest | 2018, 2019 :
cooling during to near :
Range, WY IACP/ACR resent some begin to re-advance ~13.6-3 | Shakun et al.,
P ka correlative with the Inter-Allergd | 2015.
Cold Period (IACP) and the ACR
Laabs et al.,
temperature and 2009; Young
Fs)ummer Increasing Deglaciation was culminated by etal., 2011;
Colorado . - to present ~14 ka, and by 13 ka most of the Shakun et al.,
insolation - . )
. : day glaciers had disappeared 2015a;
increasing
Leonard et al,
2017a,b
Increasing Glaciers had retreated to cirque Bowerman
Sierra summer-warm to present headwalls by about 15.5 ka, well 2011: ’
and high- day, with a before the start of the BA at 14.7 )
Nevada . X Phillips,
insolation short ka. 2016. 2017
depression Glacier advanced following the '
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of ~150 m | Balling-Allergd transition, for short
interval, correlative with both the
Inter-Allergd Cold Period and the
ACR, but also the YD
Initial deglaciation, allowing for the Vi
4 ? azquez-
_ Warmin rose at forma}tlon of small recessional Selem and
Mexico g least 200 moraines close to those of the .
tendency ; Lachniet,
m maximum advance from 15 to 14 ka 2017
and accelerated from 14 ka.
Centr-al Warming trend Unknown Glacier retreat and standstills 15-10 | Potter et al.,
America ka 2019
2.9°+0.8°C .
Northern colder and 10% | Depression thiegsdi\éatﬂ?gir;ﬁ;eﬁ:ig;:lggd Jomelli et al.,
Andes increasc_a i_n a_nnual of 500 m Cocuy, Colombia 2014, 2016
precipitation '
Great
Colder in the variability, Jomelli et al.,
Peru and beginning and _ fr_om G!aciers advanr...g ir_1 ._nultiple 2014, 2016,
Bolivia end of _the.ACR similar to regions of Peru « ¥ Bo iviaaround | 2017; Stansell
and variability in | present to 20.” ka etal., 2015;
the precipitation | depression 2017
of 500 m
No gl ! auvances have been
Northern Drier than H1 or _da_teo " "th “ ufficient precision to Ward et al.,
Chile YD disting’ ish ~>tween the YD apd the 2015: 2017
A”r but possible ACR moraines at '
, \ recessed positions
Central Similar to No generalized glacial activity in D’ Arcy et al
Andes of present-day the region, but possible ACR 2019 y ?
Argentina precipitation moraines
Moreno et al.,
2009; Glasser
etal., 2011;
Sagredo et al.,
| De.ression Several advances QUring ACR soqth 2011; Strelin
Patagonia 1.6-1.8°C colde~ “fFZGO of 47°S but no evidence of a glacial | etal., 2011,
, m o i’
advance north of 47°S Garcia et al.,
2012; Nimick
etal., 2016;
Sagredo et al.,
AL N 2018
Cirque moraines in the Fuegian
Tierra de Corder Andes have been dated to the ACR. | Menounos et
Fuego Overall, little work has been done | al., 2013

on ACR ice extent in this region.
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Table 4. The main climate and glacial evolution features during Younger Dryas (12.9-11.7 ka) in the

Americas.
ELA
Climate depression
REGION during YD during Glacial evolution Final stages of | Key
in relation YDin during YD deglaciation | References
to present | relation to
present
Following the
YD,
deglaciation
Glacial recession occurred
slowed and some rapidly. Retreat
moraine systems were towards the
built because of some ' positions of the | Dyke, 2004;
marginal re-advances. | major ice Margold et
LAURENTIA Several ice streams u.spersal al., 2018;
switched on caused by ‘ ( entres with Lakeman et
climatically forcea. | some al., 2018;
However, there v. s interruptions,
rapid retreat «."ng such as the 8.2
other me.yi.’s. ka event, to be
completed by 7
ka
Cooling is Y J
notable only
in the South
and in the
beginning of
YD. The rest Limited evidence for
was warmer ' glacier re-advances
than the late 9 Briner et al.,
Holocene and most of the 2002; 2017:
ALASKA . -0-8u M glaciers retreated up- ' '
Increase in . Kaufman et
o valley of their late
precipitation : al., 2010
due to Holocene extent prior
. tothe YD
transgressive
floodin’y 01
Beri a it
arounu ‘he
time of *ae
YD.
Many alpine glaciers
and at least two
ELA 200- remnant lobes of the Ice-free py
. CIS advanced. They 11.6 ka in
The climate 400 m o
. were small advances, many sites in
was variable below
. only several hundred western Oshorn et al.,
Cordillera Ice | at the century modern .
. . meters beyond late Canada. In 2012;
Sheet and time scale, values in ! o
. Holocene maximum British Menounos et
North with the North o : . -
Cascades maximum Cascades po_smons at_talned Columbia aI_., 2017;
. ! during the Little Ice extent was Riedel, 2017;
cooling of but .
2 Age. only slightly
~2-3°C fluctuated
In North Cascades larger at 11 ka
100-200 m )
there are multiple than today.
closely nested YD
moraines
Yellowstone- The only glacial Licciardi and
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Tetons advance detected is in Pierce, 2008
the Lake Solitude
cirque in the east
slope of Teton Range,
with a moraine that
closed a small cirque
at12.9+ 0.7 ka
‘Alice Lake’ moraines
in fifteen cirque Ice-free until
valleys 0.1-0.5 km Late Holocene. | Dahms, 2002;
. . . behind H-1/Oldest Two re- Dahms et al.,
\F/zvairn]geR\I/\\lle\; g?:cl:g% Egoto&l)\ln; Dryas moraines. 13.6- | advances (pre- | 2010, 2018,
' ' 11.2 ka in Stough LIA pro- 2019; Shakun
Basin and Cirque of | talus/moraines; | etal., 2015.
the Towers; 13.3 ka in | LIA moraines).
Titcomb Basin. y
Most of the valleys |
were largely ice-free
Colorado Cooling by ~15-13 ka with no ‘ Leonard et
evidence clear evidence of *¢- | al., 2017a
advance durina e
YD.
Evidence of
. 1°C cooling Unclear . heth :r
I\?(;\e/;:jaa and_ 1_40 % Re_cess Pea':au -ance ZB(())lv;erman,
precipitation isYZ ~rpre-YD
increase av4a
Mountains
<4000 min
central Mexico
were ice-free
by 11.5 ka;
i In the mountains of mountains
central Mexico >4200 | <4200 m ice-
~4-5°C m glaciers formed a free between | Vazquez-
Mexico col_der and 550-°00 m distinctive group of 10_.5 and 10 ka; Selem_and
relatively dry closely spaced highest peaks | Lachniet,
conditions moraines at 3800- of central 2017
3900 m from 13-12 to | Mexico (>4400
~10.5ka m) have
evidence of a
short but
distinctive
advance 8.5 to
7.5 ka
Conflicting evidence:
full deglaciation prior
to YD, ca. 15.2 ka Ice-free before | Orvis and
(Cunningham et al., 9.7 ka or Horn, 2000;
Central 2018); glaciation probably as Cunningham
America coeval to YD and full earlyas 15.2 | etal., 2019;
deglaciation before ka, depending | Potter et al.,
9.7 ka (Orvis and on the authors | 2019-
Horn, 2000; Potter et
al., 2019)
2.2-3.8°C Evidence of glacier Salgado-
Northern colder than advan_ce is limited and Labouriau
Andes tc_)day,_and mal_nly I0(_:ated at and Schubgrt,
drier climate elevations higher than 1977; Carrillo
in the 3800 ma.s.l. et al., 2008;
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Venezuelan Rull et al.,
Andes 2010; Stansell
et al., 2010;
Angel et al.
2017
Multiple
glaciers
advanced or
experienced
More The ice was in a S:;]“S?nq{s 'In Mark et al.,
precipitation Scarce general retreating e Lentra 2017;
- . Andes during
Peru and in t_he South records phase durmg_the YD. the early Bromley et
Bolivia indicated by and Only local evidence of Holocene al., 2011;
high level of great advances at the start - ) Alcala-
. L oo Glaciers then
Coipasa variability of YD, mainly in Reygosa et
seem to have
paleolake southwestern Peru. . al., 2017
| rapidly
» treated
‘ hrough the
| remaining
__early Holocene
There are no ¢'cial
landformes :.. the
immediate . ‘cini y of
the Arid Miayonal
100-150% dated .. *h sufficient
Ng;?lzm wetter than b rrcis on to \Z/\éirg etal.,
modern di-tinguish between
. Yo and the ACR;
| prssible YD moraines
.~ recessed positions
at a few locations.
Cooler and |
wetter
Central conditions. _ After the Y[_) Martini et al.,
Andes of Sync_hronous 42m Evidence of_ local or H—_1 there is | 2017;
Argentina with _the advances during YD | no vyldesp_regd D’Arcy et al.,
expansion of glacial activity | 2019
Altiplano
laker
A widespread
warm/dry
After reaching their interval is
maximum late-glacial evident
extent during the between 11-8 | Moreno et al.,
ACR, Patagonian ka and the 2010; Strelin
N glaciers underwent net glaciers etal., 2011;
o clear . S ;
cooling and recession and thlnnl_ng contmu_ed Kaplan et al.,
Patagonia great during the YD. This decreasing 2016; Glasser
RO general trend was through the etal., 2012;
variability in .
precipitation _mterrupted b_y early Sagredo et
stillstands or minor Holocene, al., 2018;
readvances that when most Moreno et al.,
deposited small glaciers 2018a,b
moraines south of approached
47°S their present-
day
configuration
Tierra de No clear A glacier in the Recession may | Menounos et
Fuego cooling Fuegian Andes had have been al., 2013;
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reached positions
comparable to the
Little Ice Age by
12.5-11.2 ka.
Probably glaciers
were in recession
throughout Tierra del
Fuego.

rapid in the
early Holocene

Hall et al.,
2013; 2017
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