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Highlights
- Cosmic ray exposure ages and paleo-ELAs determined for Bolivian Andes late-glacial moraines

- New '"C shoreline ages constrain the depth of paleolake Coipasa (~12.5 cal kyr BP)
- Temperature and precipitation reconstructed from coupled glacier-lake modeling
- Lake-induced precipitation recycling effect accounted in reconstruction

- Precipitation modulated by Northern Hemisphere, temperatures by Antarctic during 19—11 ka BP

Abstract

The respective impacts of Northern and Southern Hemispheric climatic changes on the Tropics
during the last deglaciation remain poorly understood. In the High Tropical Andes, the Antarctic Cold
Reversal (ACR, 14.3-12.9 ka BP) is better represented among morainic records than the Younger Dryas
(12.9-11.7 ka BP). However, in the Altiplano basin (Bolivia), two cold periods of the Northern
Hemisphere (Heinrich Stadial 1a, 16.5-14.5 ka BP, and the Younger Dryas) are synchronous with (i)
major advances or standstills of paleoglaciers and (ii) the highstands of giant paleolakes Tauca and
Coipasa.

Here, we present new cosmic ray exposure (CRE) ages from glacial landforms of the Bolivian
Andes that formed during the last deglaciation (Termination 1). We reconstruct the equilibrium line
altitudes (ELA) associated with each moraine and use them in an inverse algorithm combining
paleoglaciers and paleolake budgets to derive temperature and precipitation during the last deglaciation.

Our temperature reconstruction (AT relative to present day) yields a consistent regional trend of
progressive warming from AT = -5 to —2.5 °C during 17-14.5 ka BP, followed by a return to colder
conditions around —4°C during the ACR (14.5-12.9 ka BP). The Coipasa highstand (12.9-11.8 ka BP)
is coeval with another warming trend followed by AT stabilization at the onset of the Holocene (ca. 10
ka BP), around —3°C. Our results suggest that, during the last deglaciation (20 — 10 ka BP) atmospheric
temperatures in the Tropical Andes mimicked Antarctic variability, whereas precipitation over the

Altiplano was driven by changes in the Northern Hemisphere.
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1. Introduction

The last deglaciation was characterized by major reorganizations of the continental and oceanic
climate systems, including modifications of oceanic circulations (McManus et al., 2004), and the
monsoon systems (Cruz et al., 2005), shifts of the wind belts (Denton et al., 2010; Toggweiler, 2009),
and opposing north/south temperature variations (Barker et al., 2009; Broecker, 1998). During this
period, antiphase warming/cooling events (such as the Northern Hemisphere, NH, warm Bglling-
Alleregd and the Southern Hemisphere, SH, Antarctic Cold Reversal, Andersen et al., 2004; Jouzel et al.,
2007) may have influenced both hemispheres and triggered major continental hydro-climatic changes
(e.g. Barker et al., 2011; Blard et al., 2011a, 2009; Broecker and Putnam, 2012; Jomelli et al., 2014;
Martin et al., 2018; Placzek et al., 2006; Sylvestre et al., 1999). However, the respective
interhemispheric impacts of oceanic and atmospheric changes remain controversial and the subject of
various investigations (e.g. Blard et al., 2009; Fritz et al., 2007; Jomelli et al., 2014).

Because the tropics are intersectional between the Northern and Southern Hemispheres, this
region is key to addressing the respective impacts of both hemispheres on global and regional climates
(Jackson et al., 2019). The Tropical Andes, and particularly the Altiplano Basin, exhibit outstanding
hydro-climatic archives of climatic changes during the last deglaciation. Indeed, the Antarctic Cold
Reversal (a SH event) was reported to have exerted a major influence on glacial dynamics throughout
the tropical and sub-tropical Andes (Jomelli et al., 2014). Furthermore, in the Altiplano, paleo-
highstands of Lakes Tauca (52,000 km?) and Coipasa (32,000 km?) are synchronous with the second
half of the Heinrich Stadial 1 (16.5 — 14.5 ka BP) and the Younger Dryas (12.9 — 11.7 ka BP),
respectively (NH events, Blard et al., 2011a; Placzek et al., 2006; Sylvestre et al., 1999). These lake
cycles are characterized by abrupt transgressions and regressions within 1 kyr, implying drastic and fast
climatic changes that occurred synchronously with abrupt changes within the northern Atlantic region
(Andersen et al., 2004; McManus et al., 2004). Throughout the Altiplano Basin, moraine records
evidence glacial standstills or re-advances synchronous with the Lake Tauca highstand, which Martin
et al. (2018) used to reconstruct the regional distribution of precipitation during Heinrich Stadial 1 (16.5

— 14.5 ka BP), for which they computed a regional precipitation increase of 130% (i.e. a factor of 2.3).
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Relying on their reconstructed spatial distribution of precipitation, they concluded that the change in
rainfall regime during Heinrich Stadial 1 resulted from modifications of the South American Summer
Monsoon (SASM), involving a southward shift of synoptic atmospheric features compared to the
present.

Numerous studies have provided local chronologies of glaciers fluctuations in the tropical
Andes for the last glacial maximum (LGM) and late-glacial period (e.g. Bromley et al., 2016; Carcaillet
et al., 2013; Farber et al., 2005; Palacios et al., 2020; Shakun et al., 2015; Smith, 2005; Ward et al.,
2015; Zech et al., 2009) and climatic reconstructions from glacial landforms in the vicinity of the
Altiplano have already been reported (Jomelli et al., 2011; 2016, Kull et al.,, 2008; Kull and Grosjean,
2000; Malone et al., 2015). In the Altiplano, Blard et al. (2009) and Placzek et al. (2013) quantified
temperature variations based on joint lake- and glacier-budget calculations during the Lake Tauca cycle.
However, these previous approaches suffered from substantial uncertainties on the spatial distribution
of precipitation over the Altiplano because very few climatic reconstructions are available before and
after the Lake Tauca highstand. Notably, little is known about Tropical Andean temperatures and
precipitation during the LGM-Heinrich 1 transition, the ACR and the Younger Dryas. In this regard,
climatic reconstructions spanning the last deglaciation in the High Tropical Andes are critical to
establishing the extent and influence of these major and potentially opposing climatic changes recorded
at high latitudes of the Northern and Southern Hemisphere.

Here we present new glacial chronologies from four sites of the Bolivian Altiplano: the Zongo
valley (16.3°S, 68.1°W), Nevado Sajama (18.1°S, 68.9°W), Cerro Tunupa (19.8°S, 67.6°W), and Cerro
Luxar (21.0°S, 68.0°W). These chronologies are based on cosmic ray exposure (CRE) dating of
recessional moraine sequences and glacially abraded bedrock surfaces. These new data extend the
existing chronologies of Smith et al. (2005), Jomelli et al. (2011), Blard et al. (2009, 2013) and Martin
et al. (2018). Considering lake-level variations over the same period, we applied an inversion method
that builds on our previous studies (Blard et al. 2009, Martin et al. 2018). By coupling glacier- and lake-
budget calculations, we took advantage of their contrasting sensitivities to temperature and precipitation,
and reconstructed temperature and precipitation ranges that jointly satisfy glacial and lacustrine extents

for a given moment of the last deglaciation.
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2. Geological Setting

2.1. Climate of the Altiplano

The Altiplano is a wide intra-mountain plateau covering an area of 196,000 km* and bounded
by the eastern and western Andes Cordilleras (Fig. 1). Due to its regional topography, this area is an
endorheic basin (hereafter, the “Altiplano Basin™). This basin extends from 15.5°S (Peru) to 22.5°S
(Bolivia), and ranges in elevation from 3,658 m above sea level (asl) at Salar de Uyuni to 6,542 m asl
at Sajama volcano.

The precipitation regime of the Altiplano is under the climatic influence of the SASM, which
brings most of the annual rainfall during the austral summer (December, January, February, Vera et al.,
2006; Zhou and Lau, 1998). During this period, the dry westerlies are weakened by subtropical jet
modulations and a concomitant southward expansion of the tropical easterlies. This modification
promotes the transport of humidity from the Amazonian basin and central Brazil towards the Altiplano
(Garreaud et al., 2003, 2009; Segura et al., 2019; Vuille, 1999; Vuille and Keimig, 2004). The
orographic effect of the Eastern Cordillera modulates this transport and creates an important
precipitation gradient over the Altiplano. Annual rainfall presently ranges from 800 mm on the shores
of Lake Titicaca to 60 mm in the vicinity of the Laguna Colorada, southwest Bolivia (Fig. 1).

Present temperatures are relatively uniform over the Altiplano, and the daily temperature
variability is larger than the seasonal variability (Aceituno, 1996) as is often observed in the tropics
(Hastenrath, 1991). Maximum daily temperatures occur around 2 pm LT when solar radiation is
maximal. For most of the year, daily temperature variations are constrained by night radiative loss from
the surface. Therefore, the daily amplitude of temperature variations is reduced during the wet season
when cloudiness is important (Condom, 2002). Climatic conditions at the glacial sites are presented in

Table 1.
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Figure 1. South American climate and the Altiplano Basin. (4) Modern features of the South American
climate, with particular focus on the summer monsoon. SWW, southern westerly winds; AMOC, Atlantic
meridional overturning circulation; ITCZ, intertropical convergence zone, SALLJ, South American
low-level jets; SACZ, South Atlantic convergence zone; BH, Bolivian High. The colored background
indicates mean annual rainfall (*color scale truncated at 3,500 mm). Blue contours show the
December—February (DJF) to annual precipitation ratio. Precipitation data are mean values during
1979-2016 from ERA-Interim (Dee et al., 2011). (B) The Altiplano Basin and the locations of sites
analyzed herein overlaid on SPOT Imagery. White dots indicate glacial valleys, and the red dot indicates
lacustrine deposits sampled and analyzed herein. The maximum paleo-extent of Lake Tauca is shaded
in blue. The black line delimits the Altiplano endorheic basin.

2.2. Altiplano hydrology and paleolake records

The Altiplano endorheic basin comprises a north-south succession of four adjacent sub-basins
(Fig. 2). The Titicaca watershed in the northern Altiplano is the highest (lake altitude, 3,812 m asl) and
wettest sub-basin. It drains to the southeast via Rio Desaguadero (Figs. 1 and 2) to the Poopo watershed.
Lake Poopo was a shallow lake (<3 m deep) that vanished in 2015 due to ongoing climate change and
excessive irrigation (Satgé et al., 2017). The small Coipasa watershed is to the southwest of Poopo
watershed, and the two are separated by an elevation threshold of 3,703 m asl (Fig. 2). The Uyuni
watershed (bottom at 3,660 m asl) is to the south of Coipasa watershed, from which it is separated by

an elevation threshold of 3,672 m asl. Channels and paleochannels between the different basins indicate

that they were hydrologically connected during wetter periods.
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Figure 2. Topographic cross section of the Altiplano showing the hydrological relationships between
lake and salar watersheds (modified from Argollo and Mourguiart, 2000). The threshold between the
Poopo and Coipasa watersheds is 3,703 m asl. The threshold between the Coipasa and Uyuni
watersheds is 3,672 m asl. The elevation reported for paleolake Coipasa is based on our new shoreline
"C ages (see Section 4.1.1).

The three southernmost basins of the Altiplano are dry at present, but were covered by large
lakes during the wettest periods of the Quaternary (Placzek et al., 2006; Sylvestre et al., 1999). Of the
several lake episodes that occurred during the last 120 kyr, the Lake Tauca episode was the widest and
deepest (~110 to 120 m deep, Placzek et al., 2006; Blard et al., 2011). During the Lake Tauca highstand
(3,770 m asl), the lake extent covered the totality of the three southernmost basins (Poopo, Coipasa and
Uyuni; Figs. 1 and 2).

U-Th and "C dating of its shorelines constrain the timing of the Lake Tauca cycle, i.e. the
transgression (18-16.5 ka BP), highstand (16.5-15.5 ka BP) and regression phases (14.5-13.5 ka BP,
Blard et al., 2013a). During its highstand, the lake level reached a maximum altitude of 3,770 m asl and
covered 52,000 km?. The Coipasa Lake cycle is characterized by a transgression from 13.3 to 12.9 ka
BP, a highstand from 12.9 to 11.8 ka BP and a regression from 11.8 to 10.2 ka BP (Blard et al., 2011a;
Placzek et al., 2006; Sylvestre et al., 1999). Placzek et al. (2013) reported that the highstand lake level
reached 3,700 m asl, covering 28 400 km?.

To expand the existing age dataset, we sampled two new bioherms on Isla Incahuasi (20.24°S -
67.62°W, Table 2), a rocky hill in the center of Salar de Uyuni (Fig. 3). The first bioherm lies 5 m below
the top of the hill (3,715 masl). Dislocations in the calcareous crust revealed a radial cross section of its
cortical structure. We took advantage of this exposure and sampled the outermost cortex (INC-13-1),

which presents a fine radial branching structure, and a more inner region of the bioherm (INC-13-2),
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exhibiting a massive algal facies with no visible laminations. The second bioherm is located atop the

hill (3,720 m asl), and we sampled the outermost cortex (INC-13-3).
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Figure 3. Bioherm samples on Isla Incahuasi. (A) The location of Isla Incahuasi within Salar de Uyuni.
(B) Bioherm sampling locations on Isla Incahuasi. (C) INC-13-1 and INC-13-2 sample different parts
of the same bioherm, yellow shaded areas indicate the sampled portions of the bioherm. (D) Sample
INC-13-3 atop the hill.

2.3. Moraine Settings

The four paleoglaciated sites presented in this study span the latitudinal range from 16.3°S to
21.0°S (Fig. 1).

2.3.1. Zongo Valley (16.2°S - 68.1°W)

Zongo valley is in the Cordillera Real in the northern part of the Bolivian Altiplano (Fig. 1). It
is a northward-orientated valley, draining a mountainous area of about 150 km? towards the Amazonian
basin and culminating at Huayna Potosi (6,088 m asl). Presently glaciated areas have small extents.
Huayna Potosi presently bears a retreating slope glacier on its southern face which has been monitored

by the IRD-GREAT ICE team since 1991 (Rabatel et al., 2013; Soruco et al., 2009). Other summits in
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the valley (Telata, Charquini) only bear small glaciers or perennial snow patches. The valley exhibits
geomorphic evidence of important past glaciations including several moraines and roches moutonnées.
This part of the Cordillera Real massif mainly comprises granitic rocks. The glacial geomorphic features
of Zongo Valley are thus suitable for CRE dating by measuring '°Be in quartz. Such data have already
been reported for this valley (Jomelli et al., 2011; Martin et al., 2018; Smith et al., 2005). We sampled
23 new moraine boulders and combined our and previous results to better constrain the timing of the
deglaciation in the valley (Fig. 4, Table 3).

The different moraines are classified into four groups. The Cerro Illampu group (green moraines
on Fig. 4) includes the five most distal moraines (IP1 to 5) and a perched frontal moraine left by a small
glacier of local origin (IPa). Moraines IP1 to 5 are LGM moraines studied by Smith et al. (2005) and
Martin et al. (2018). Downstream from these moraines, glacial morphologies vanish and the U-shaped
valley gradually becomes V-shaped, indicating the former extent of past glacial activities. IP1 to 3 are
lateral moraines and IP4 and 5 are frontal moraines in the bottom of the valley. Due to their distal
position in the valley, the former ice tongues associated with moraines IP1 to 3 resulted from the
convergence of 5 ice streams flowing down from Huayna Potosi, Charquini, Telata, Cerro Illampu and
Jiskha Choquela (Fig. 4A). The IP 4 and 5 ice tongues flowed from the Cerro Illampu summit alone.

The Main Valley (MV) moraine gathers a complex of small recessional (lateral and frontal)
moraines that lie upstream within a portion of the Zongo valley that flows straight north (Fig. 4A). The
associated ice tongue resulted from the convergence of ice flows from Huayna Potosi, Cerro Charquini
and Cerro Telata. The T1 to T3 moraines are associated with ice flows downstream from Cerro Telata.
These sets of frontal moraines were dated to the Pleistocene - Holocene transition by Jomelli et al.
(2011). CQ1 and CQ3 are lateral moraines and CQ4 is a frontal moraine. Whereas the ice tongue
associated with CQI must have resulted from the convergence of ice streams from Huayna Potosi and
Charquini, CQ3 and CQ4 are only associated with downstream ice flows from Cerro Charquini. The
MYV and CQ moraines were sampled for the present study (see Table 3). From IP1 to CQ4, the glacial
record spans over 15 km horizontally and over 1200 m vertically. Examples of collected samples are

shown on Fig. 5.
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226
227  Figure 5. Examples of sampled boulders in Zongo Valley. Samples shown here belong to the CQI

228  (CNBI, 3, and 4) and MV (MB12) moraines.
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2.3.2. Nevado Sajama (18.1°S - 68.9°W)

Nevado Sajama is an andesitic and rhyodacitic stratovolcano in the western part of the central
Altiplano, and the highest summit of Bolivia (6,542 m asl). Nevado Sajama presently bears a small ice
cap of ~5 km? spanning 5,500—6,500 m asl. Larger past glacial activities carved numerous glacial valleys
into the flanks of the volcano radiating from the summit. We collected 18 samples on four moraines and
three roches moutonnées in the main southward valley of Nevado Sajama, where a former glacier left a

prominent moraine and smaller cordons (Fig. 6). The M1 moraine was CRE dated (*He in pyroxenes)

at 15.1 £ 1.1 ka BP by Martin et al. (2018).

18.15°

18.16°

4 PHI &10

W PH11

18.17°

18.18°

68.86° 68.85° 68.84°
Figure 6. Moraine and roche moutonnée samples in the main southward valley of Nevado Sajama. (4)
Detailed samplings of each moraine. White and orange dots indicate morainic boulder and roches
moutonnées samples, respectively. Solid yellow lines delimit the moraines in the main scope of this
study. Full sample names include the prefix ‘SAJ-". Only samples listed in bold font are from this study
(i.e. all samples except those from M1, which are from Martin et al., 2018). (B—D) Representative
morainic boulder samples.

Terminal moraine MO was formed by the maximal ice extent in the valley, and M1-4 are
recessional moraines deposited subsequently. These moraines lie in the bottom part of the valley,

towards the southwest. The terminus of M1 is 700 m upstream from that of MO (horizontal distance);
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M1 is more sharp-crested than MO and was built laterally atop MO lateral moraines. Recessional
moraines M2 and M3 are probably associated with short standstills as they are much smaller than M1.
Additionally, the geometry of M3 suggests a narrower ice flow associated with a reduced upstream
accumulation area (Fig. 6). Two roches moutonnées were sampled between M2 and M3 (SAJ-PH7 and
SAJ-PHS) and another upstream of M4 (SAJ-7). This glacial record spans over 5 km horizontally and
over 300 m vertically. The andesitic composition of the samples led us to establish CRE ages from in-
situ cosmogenic *He concentrations in pyroxenes. CRE **Cl ages reported by Smith et al. (2009) for the
eastward valleys of Nevado Sajama indicate late-glacial and Holocene moraines. Scatter among their

samples from the late-glacial period precludes a precise chronology.

2.3.3. Cerro Tunupa (19.8°S - 67.6°W)

Cerro Tunupa (summit elevation, 5,321 m asl) is an andesitic stratovolcano in the center of the
southern Altiplano, above the northern edge of Salar de Uyuni. Cerro Tunupa does not presently bear
permanent ice cover, although numerous glacial landforms are preserved in its southern flank (Blard et
al., 2009; Clayton and Clapperton, 1997). Chalchala valley is the main glacial valley, extending from
the glacial cirque towards the southeast. Downstream, the glacial carving gradually disappears and the
valley widens on the Chalchala glacial fan (Fig. 7). In this valley, Blard et al. (2009, 2013a) studied four
moraines (M0-3) and the Chalchala fan delta (Fig. 7). MO is a pre-LGM moraine outlet cross-cut by
moraine M1. M1 and M2 have cosmogenic *He exposure ages contemporaneous with the Lake Tauca
highstand (Blard et al., 2009, 2013a). Martin et al. (2018) recalculated the age of M2 to be 15.7 = 0.6
ka BP based on the data of Blard et al. (2009) and additional Bayesian conditions based on the upper-
lying roche moutonnées TU-2 and TU-4. The recession indicated by M3 was dated to 14.5 ka BP by
Blard et al. (2009, 2013).

As shown on Fig. 7, the lateral part of M2 was sampled but evidence of its frontal part remains
unclear. The M3 moraine complex corresponds to small ice tongues that stood as the downstream
digitations of a small-extent cirque glacier. A complete description of the Chalchala moraines is
available in Blard et al. (2009). Samples from the Chalchala valley span over 400 m vertically and 4 km

horizontally.



275 In this study, we completed the sampling of the M3 moraine complex. We sampled two new
276  roches moutonnées and six new morainic boulders (sample names including “13”). These samples were

277  collected for CRE age determinations from in-situ *He concentrations in pyroxenes.

67.64°W

i

3 800m
278 67.61°W
279

280  Figure 7. Moraine samples on Cerro Tunupa. (4) Location of the moraines and samples in the main
281  glacial valley. White and orange dots indicate morainic boulder and roches moutonnées samples,
282  respectively. Solid yellow lines delimit the moraines in the main scope of this study. (B) Enlarged view
283  of the upstream samples associated with the M3 morainic complex. (C) The TU-13-201 moraine
284  boulder. (D) The TU-13-203 roche moutonnée. Full sample names include the prefix ‘TU-". Only
285  samples labelled in bold font are from this study (samples including “13-""in (B)); other samples were
286  presented in Blard et al. (2009, 2013a).
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2.3.4. Cerro Luxar (21.0°S - 68.0°W)

Cerro Luxar is an andesitic stratovolcano in the southwestern Altiplano, 70 km south of Salar
de Uyuni; it belongs to a wide volcanic province extending from the western Cordillera to the center of
the Altiplano. Cerro Luxar does not currently have permanent ice cover, but numerous glacial
geomorphic features are observed in the valleys carved into its flanks. Because of the andesitic
composition of the Luxar volcano, in-situ cosmogenic *He concentrations in pyroxenes can be used to
date the glacial features. The M1 moraine (Fig. 8) is the terminal moraine, corresponding to the last
maximal extent of the ice tongue; it is a sharp-crested moraine extending continuously over more than
1 km and delimiting a narrow and sinuous ice tongue. The M2 and M3 moraines are recessional
moraines located upstream in the valley. M2 extends over 500 m on the left bank and over 200 m on the
right bank. Martin et al. (2018) measured exposure ages on morainic boulders of moraines M1 and M2
(Fig. 8) and dated them at 16.6 = 0.7 ka BP and 15.4 £ 0.9 ka BP, respectively. Here we extend their
results with two samples on boulders of moraine M3 (sampled on the more prominent right bank) and
two upper-lying roches moutonnées (located upstream of the three moraines, in the glacial cirque).
Combined with the samples of Martin et al. (2018), this glacial landform record spans 1.2 km

horizontally and 450 m vertically.
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Figure 8. Moraine samples on Cerro Luxar detailed on a map of the valley. White and orange dots
indicate morainic boulder and roches moutonnées samples, respectively. Solid yellow lines delimit the
moraines in the main scope of this study. Full sample names include the prefix ‘LUX-". Only samples
labelled in bold font are from this study (M3 and roche moutonnées samples); other samples are from
Martin et al. (2018)
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3. Methods

3.1. CRE dating methods

3.1.1. Sampling methods
Boulders were sampled using a hammer and a chisel. We favored large angular boulders to
minimize the possibility of recent surface deflation of the diamict matrix. For both boulders and roches
moutonnées. the thicknesses of the samples ranged between 2 and 5 cm (Tables 3—6). The tops of many
boulders presented flat or slightly sloping surfaces, generally smooth and clean without any evidence of
exfoliation or physical weathering. This suggests that they have experienced only negligible denudation

(i.e. less than a few mm) since their deposition.

3.1.2. In-situ '°Be concentration measurement

To measure cosmogenic '’Be concentrations in quartz mineral fractions, samples were prepared
at the CRPG (Nancy, France) to obtain pure BeO targets for subsequent '°Be/’Be isotopic analysis.
Samples were first crushed and wet-sieved to collect the 200—800 pum fraction. Quartz grains were
magnetically and electrostatically separated, then isolated through selective dissolution in a concentrated
H,SiFs-HCI solution. Once pure quartz was obtained, 30% of the mass of each sample was dissolved
during three successive HF leaching steps in order to remove any atmospheric '’Be contamination from
the quartz. We then added 150-300 mg of an in-house °Be carrier (2,020 ppm °Be) to the samples and
completely dissolved them in concentrated HF. To isolate beryllium, samples were fractionated in three
alkaline precipitations alternating with two separations on ionic-exchange columns and a final
dehydration at 700 °C.

The resulting BeO was mixed with niobium powder, introduced into a copper cathode, and
pressed. The '"Be/’Be ratios were analyzed by accelerator mass spectrometry at the French national
facility ASTER (LN2C, CEREGE, Aix-en-Provence, France). During each analytical session, the
measured '’Be/’Be ratios were normalized to the '“Be/’Be ratio of the NIST SRM 4325 reference

material (‘’Be/’Be = (2.79 + 0.03) x 10™""; Nishiizumi et al., 2007). During the three analytical sessions,
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blank values were (2.7 £ 1.7) x 10°, (1.5 +£0.4) x 10> and 3.9 x 107'°, respectively, yielding respective

maximum blank corrections of sample '’Be/’Be ratios of 6%, 3%, and 3%.

3.1.3. In-situ *He concentration measurements

For cosmogenic *He measurements, all samples were prepared and analyzed at the CRPG.
Samples were crushed and wet-sieved to collect the 180—800 pum fraction. We concentrated heavy
minerals by density separation in sodium polytungstate solutions (d~3.1 g cm™) and rinsed them with
deionized water. Black and green pyroxenes were observed and identified by scanning electron
microscopy, then mono-mineral grains without any adhering lava were handpicked under a binocular
microscope and packed into stain capsules. The prepared pyroxene aliquots weighed between 11.4 and
57.2 mg.

The total *He concentrations of the samples were measured by split flight tube mass
spectrometry following a previously established procedure (Blard et al., 2015; Mabry et al., 2012;
Zimmermann et al., 2012) summarized here. Pyroxene aliquots were fused in a single vacuum resistance
furnace during 15 min at 1400—1500 °C. The extracted gas was purified using activated carbons, getters,
and a cryogenic pump, and *He and “He concentrations were analyzed in the spectrometer. Furnace
blanks induced a mean correction of 4 + 3% (with a maximal value of 12%). The sensitivity of the mass
spectrometer was calibrated using the HESJ standard (Matsuda et al., 2002) as described in Blard et al.
(2013a) over a range of helium pressures that encompassed those of the measured samples, and from
which the adequate sensitivity could be interpolated. Mean 16 external reproducibilities for *He and *He
0f 2.0 £0.6% and 1.9 + 2.3%, respectively, with respective maximum values of 3.1% and 7.0%. During
each analytical session, we measured CRONUS-P pyroxene standard aliquots, which yielded a mean
concentration of (4.92 + 0.16) x 10° at g”', in agreement with the mean reported value of (5.02 + 0.06)
x 10° at g' (Blard et al., 2015).

Blard et al. (2013a, 2014) measured magmatic *He concentrations in pyroxenes from Cerro
Tunupa and Cerro Uturuncu via prolonged vacuum step-crushing. They showed that magmatic *He

concentrations were 2-3 orders of magnitude below cosmogenic *He concentrations in volcanic
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formations of the Altiplano. Relying on their data, we derived and applied a magmatic *He correction
of 8.50 x 10* at g' to all our samples,

Nucleogenic *He concentrations were calculated from the major and trace element compositions
of both lavas and phenocrysts, as in Blard et al. (2013a) (measurements performed by SARM-CNRS).
We calculated both (U-Th-Sm)/*He eruption ages and nucleogenic *He production rates (following
Andrews and Kay, 1982 and Andrews, 1985) to derive *He nucleogenic concentrations. For each
sample, the final cosmogenic *He concentration was obtained by subtracting the magmatic and
nucleogenic components from the total *He concentration. These corrections represent less than 3% of

the total measured *He concentrations in all samples.

3.1.4. Cosmogenic exposure age computation

Because the cosmogenic production rate is a pivotal parameter in the calculation of exposure
ages, we relied on the weighted means of local calibration values (detailed below). This approach has
two advantages: (i) local calibration values limit potential inaccuracies arising from the spatial scaling
procedure (Martin et al., 2015), and (ii) the use of more than one calibration study makes the final
calibration value used in the age calculations more robust. The Sea Level High Latitude (SLHL)
production rate used to calculate the '’Be CRE ages is the weighted mean of the production rates of
Blard et al. (2013a), Kelly et al. (2015), and Martin et al. (2015); these production rates were obtained
in the High Tropical Andes from calibration sites within limited distances from the glacial landforms
dated in the present study (all are within the Altiplano Basin, except that of Kelly et al., 2015, which is
30 km away). Similarly, *He CRE ages were calculated using the weighted mean of the production rates
of Blard et al. (2013b, within the basin) and Delunel et al. (2016, 60 km away). We took the uncertainties
of both production rates as the weighted standard deviations (Martin et al., 2017) taken over the
individual production rate values and propagated it in the computed ages.

CRE computations were performed using the online CREp calculator (Martin et al., 2017) and
the modified Lal (1991) time-dependent scaling scheme (Balco et al., 2008; Stone, 2000) with the ERA-
40 spatialized atmosphere (Uppala et al., 2005) and the virtual dipolar moment (VDM) reconstruction

of Muscheler et al. (2005). Borchers et al. (2016) showed that the modified Lal model and the LSD
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model (Lifton et al., 2014) were the most efficient models available to reduce discrepancies between the
different calibration studies at SLHL conditions. Martin et al. (2015) similarly showed that the modified
Lal scheme performs better in the High Tropical Andes, especially when combined with the ERA-40

atmosphere and the VDM reconstruction of Muscheler et al. (2005).

3.1.5. Bayesian filtering of CRE ages from stratigraphic relationships

For each moraine in this study, we computed a normalized sum of the probability density
function (PDF) of the age of each sample and applied a Bayesian age filtering. Stratigraphic relations
between moraines and roches moutonnées bring additional time constraints to the objects that they
bracket. These can be formulated in terms of Bayesian conditions (conditional probability) to produce
or refine age probability densities associated with moraines (Parnell et al., 2011). We used the approach
of Blard et al. (2013b) and Martin et al. (2015) on some of the studied moraines to refine their age
distributions and limit the influence of possible outliers on the final results. We consider fopject as the
non-filtered initial PDF of the dated object (a function of time f). Stratigraphic observations enable the
identification of an older and a younger object, each associated with its own PDF (foiderobject and

Fyoungerobjeet, T€Spectively). A new filtered PDF f*opieet can then be recalculated as:

e t
f(;kbject(t) = fObject(t) X j fOlderObject(T)dT X ffYoungerObject(T)dT (1)
t 0

If no measurements are available for the object of interest, or if scatter is too important, a PDF can be
derived for the bracketed object by replacing foject by 1.

We systematically used this approach to filter and refine the age distributions of the moraines
in this study. For each moraine, a raw PDF was first established as the normalized sum of the PDF of
each sample of that moraine. Then, we used Bayesian conditions based on the raw PDFs of older and
younger objects to bracket the age to be refined. This was not possible for the oldest and youngest
objects at a given site, which only benefited from one Bayesian condition (based on the second oldest
or second youngest objects, respectively). This framework was adjusted for special cases exhibiting

particularly large scatter among the individual ages associated with the central or bracketing objects.
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When the age of the older/younger object was characterized by significant scatter, it was replaced by
the object immediately older/younger than itself. When the central object to be refined presented
scattered ages older and/or younger than those of the bracketing objects, but the bracketing PDFs were
available, we replaced fopjeet by 1. Final moraine ages were determined using the median and 1c-range
of the thusly-refined moraine PDFs. For simplicity, the uncertainty associated with each moraine age is
the mean of the left and right 1o distances to the median. Illustration of the Bayesian processing on age

data is illustrated on Fig. S6 (Supplementary Information).

3.2. Equilibrium line altitude calculation methods

At the equilibrium line altitude (ELA) of a glacier, the glacier’s mean annual mass balance is
null. Because ELA is an integrative signal of the climatic conditions driving glacial dynamics (Ohmura
et al., 1992), paleo-ELAs have been extensively used over the past 40 years for climate reconstructions
(Loibl et al., 2014; Porter, 2000; Sissons and Sutherland, 1976; Stauch and Lehmkuhl, 2010). Several
methods have been reported and compared to infer paleo-ELAs from the geomorphic features of glacial
valleys (Benn et al., 2005; Benn and Lehmkuhl, 2000; Meierding, 1982). These methods rely on
different observations, such as the glacial cirque altitude, the maximum elevation of lateral moraines,
the terminus altitude, or the hypsometry of the valley, and require variable amounts of knowledge about
past glacial extents. Here we used the accumulation area ratio (AAR) method, which enables ELA
determination for several glacial standstills in the same valley. This method does not require any balance
ratio or index, and is thus less precise than the balance ratio or area altitude balance ratio methods
(Osmaston, 2005). However, because the AAR method accounts for the surfaces of the ablation and
accumulation zones, it is a more explicit reference to the surface glacier mass balance than the widely
used toe-to-summit and toe-to-headwall altitude ratios (Benn and Lehmkuhl, 2000; Osmaston, 2005).
The AAR method has been applied to derive accurate ELA values in various mountain glacier settings
(e.g. Martin et al., 2018).

ELA determinations using the AAR method rely on the use of an appropriate AAR parameter,
which ranges between 0.5 and 0.8 for present glaciers around the world (see Benn and Lehmkuhl, 2000,

and Benn et al., 2005, for reviews). Here, we used AAR values based on mass balance measurements
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conducted on three Andean glaciers by the GLACIOCLIM-IRD National Observation Service (Rabatel
etal., 2013; Soruco et al., 2009). Observed present-day AAR values were regressed against annual mass
balance measurements to account for the non-equilibrium conditions that characterize most
glaciological years over the last three decades in the Andes. We established AAR values for this study
as the y-intercepts of these regressions (i.e. the AAR for a null mass balance, see supplementary material
of Martin et al., 2018, for details). Thus, we used an AAR range of 0.63—0.73 (average 0.68), consistent
with Martin et al. (2018), to account for uncertainties (see review of AAR variability in Benn and
Lehmkuhl, 2000). Required hypsometry data were derived from the NASA-USGS SRTM 1-arcsecond

global digital elevation model (DEM).

3.3. Climatic inversion methods
3.3.1. Glacial extent and climatic conditions

Climate controls glacial dynamics through accumulation (snowfall) and ablation (mainly
melting and sublimation). Glaciers, and, more precisely, the past glacial extent indicated by moraine
records, have thus been used as proxies of past climatic changes. Sagredo and Lowell (2012) proposed
a complete climatic setting for Andean glaciers. They proposed classifying glaciers into different groups
characterized by common climate settings. The glacial records presented in this study span two groups,
the Cordillera Real and the southeast Altiplano, both characterized by cold and homogenous
temperatures throughout the year and low precipitation inputs during the Austral summer (see Section
1). The main difference between these two groups is annual rainfall, with the Cordillera Real receiving
more precipitation than the southeast Altiplano (700 vs. 300 mm yr'). In the southern Altiplano,
although their summits stand above the 0 °C isotherm during the ablation season, volcanoes such as
Cerro Tunupa (5,321 m asl) and Cerro Luxar (5,396 m asl) do not presently have permanent ice cover
due to the low annual precipitation. This primary dependence of glacial dynamics on precipitation makes
the region precipitation-limited (Ammann et al., 2001; Kull et al., 2008).

Considering the characteristic response time of several decades for mountain glaciers (Leclercq
et al., 2014), we consider them to be in equilibrium with climatic conditions for our reconstructions.

Therefore, we followed Martin et al. (2018, methodological comparison and discussion provided in their
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Supplementary Information) and used empirical relations between ELA and the present climate derived
from statistical analyses of modern glaciers. These relations consider that the ELA position depends
primarily on mean temperature and precipitation values; enhanced accumulation concomitant with
lowering of the ELA is associated with decreased temperature and/or increased precipitation, whereas
the opposite trend is associated with raising of the ELA (Condom et al., 2007; Kuhn, 1989; Ohmura et
al., 1992; Seltzer, 1994). For the Central Andes, Condom et al. (2007) extended the work of Fox (1993)

to derive ELA (m asl) as:

T(z
ELA = 3427 — 1148 X log,,(P) +% +z (2)

where P is the annual rainfall (mm), 7" is mean annual temperature (°C), LR is the atmospheric lapse rate
(°C m™"), and z is the altitude of the temperature measurement (m asl). As in Martin et al. (2018), we
chose this modeling approach for several reasons: (i) Equation (2) directly links ELA to the investigated
climatic variables; (ii) it is easy to use in terms of data availability, calculation, and error propagation;
(iii) contrary to energy balance models, it requires limited atmospheric variables; and (iv) it performs

well for Bolivian glaciers (see Fig. S13 in Martin et al., 2018).

3.3.2. Present-day temperature and precipitation at the glacial sites
To document paleoclimatic variations, we consider the present as a reference state. We used
homogenized monthly weather station data (Vuille et al., 2008; Martin et al., 2018) to establish the
reference climatic conditions at the four studied paleoglacial sites (Table 1). This record includes 57
temperature stations and 102 precipitation stations spanning 14—23°S (including the cordilleras and the
Altiplano) over the observational periods 1948-2001 (precipitation) and 1948—2007 (temperature). The
derived mean temperature and annual precipitation values for the four paleoglacial sites studied herein

are reported in Table 1.



488
489

490
491
492
493
494
495
496

497

498
499
500
501
502
503
504
505
506
507
508
509

510

Sites Zongo Sajama Tunupa Luxar

Latitude (°S) 16.2 18.1 19.8 21.0
Longitude ("W) 68.1 68.9 67.6 68.0
Summit elevation (masl) 6088 6542 5321 5440

Mean annual

. 529+9 3297 201 +£15 136 £ 16
Rainfall (mm)

Mean annual temperature

. a0 8.5+0.2 77+0.6 6.3+0.2 7.5+0.7
normalized to 3800 masl™ (°C)

* Normalization calculated for a lapse rate of 6.5°C/km

Table 1. Present annual rainfall and mean temperature at the studied sites derived from weather station
measurements (Vuille et al., 2008; Martin et al., 2018). Observation from 1948 to 2001 for precipitation
and 1948 to 2007 for temperature. Temperatures normalized at 3800 masl for comparison purpose.
Equation (2) implies that a given ELA could correspond to several local precipitation-
temperature pairs. Therefore, additional constraints are required to derive unique precipitation and
temperature pairs for each ELA. To do so, we couple glacier and lake modeling following Blard et al.

(2009), Placzek et al. (2013) and Martin et al. (2018), but we extend their approach to the entire

deglaciation, between 18 and 10 ka BP.

3.3.3. Lake model

We used the lake model of Condom et al. (2004) as modified by Martin et al. (2018). This model
divides the Altiplano Basin into lake and soil pixels. All soil pixels are considered to be a reservoir that
can be filled until its overflow threshold (CapaS) is reached. When precipitation fills the reservoir above
CapasS, water flows directly to the lake. The flow path of water from the watershed pixel to the lake is
not taken into account. As in Blard et al. (2009), the equation used to calculate evaporation is derived
from the generalized equation of Xu and Singh (2000) that relies on a simplified energy balance budget.
The model is run at a quarterly time resolution and a 5-km spatial resolution. Because gridded products
are necessary for the lake model, the temperature and precipitation inputs are derived from the dataset
of New et al. (2002). Elevation is based on the 1-arcsecond SRTM DEM. The CapaS value was
calibrated from the Titicaca watershed for the present period. The modifications of Martin et al. (2018)
to the original model of Condom et al. (2004) account for the potential yearly accumulation of seasonal

snow stock on watershed pixels. The distributed model computes the melting of this stock using a
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positive degree day (PDD) value of 6 mm °C~' d™'. Melted snow first fills the soil reservoir until reaching
CapasS and overflowing. Further details are available in the Supplementary Information of Martin et al.

(2018).

3.3.4. Coupled lake and glacier modeling

The complete inversion workflow is presented in Fig. 9 and operates as follows. For a given
late-glacial moraine of a paleoglacier, we have access to its age via CRE dating and its ELA via the
AAR method. From this ELA, the relation of Condom et al. (2007) provides a set of local P-T solutions
that respect the glacial extent (green path in Fig. 9). From the moraine age, the algorithm considers the
synchronous lake shoreline in the updated dataset of the lake level chronology (see Section 4.1.1). The
paleolake extent corresponding to the selected level is then used to compute the correct hydrologic
balance for different cooling and precipitation values (blue path in Fig. 9). The precipitation field used
in the model includes a local anomaly of enhanced rainfall over the lake region (see Section 3.3.5 and
Supplementary Information). The intersection of these two computed P-T curves (sets of solutions) then
defines the precise climatic conditions (i.e. a single P-7 pair) associated with the glacial extent. We note
that, despite major lake-size variations, both the continuous sediment accumulation in the Coipasa Basin
throughout the study period (Nunnery et al., 2019) and the presence of shoreline records indicate that
the lake did not completely dry prior to the Holocene; this algorithm is therefore applicable to the entire

last deglaciation.
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Figure 9. Workflow for paleoclimatic inversions in this study. Lake level evolutions are based on
Sylvestre et al. (1999), Placzek et al. (2006), and Blard et al. (201 1a), and include the updated Coipasa
highstand of the present study (see Section 2.2 and 4.1.1). Glaciological observations are from Soruco
et al. (2009) and Rabatel et al. (2013). Moraine ages are either original ages from this study or ages
from the literature (see Section 2.3). Present day climatic observations are from New et al. (2002) for
gridded products (lake model inputs) and station data (Vuille et al., 2008) for site-specific data
(ELA(P,T) inputs). We used the NASA-USGS SRTM I-arcsecond DEM. Details on the Precipitation
Anomaly routine are provided in Section 3.3.5. Input data are italicized.
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3.3.5. Spatial variability of precipitation induced by precipitation recycling

Martin et al. (2018) recently established the spatial distribution of precipitation during the Tauca
Highstand, which evidences the local recycling of lake water superimposed on the global rainfall field.
Here, we develop a novel algorithm to account for this lake-induced local precipitation anomaly. In
practice, this routine uses the case study of Martin et al. (2018) to mimic the Lake Tauca rainfall anomaly
for any given lake geometry and extent. This routine is necessary because they showed this recycling
effect to have a non-negligible impact on the spatial distribution of rainfall. Moreover, the four studied
glacial sites are contrastingly impacted by this regional precipitation anomaly: whereas Zongo Valley is
far from any paleolake influence, the Tunupa and Luxar glaciers, being close to the paleolake centers,
were highly impacted by this recycling. To define the geometry of this regional rainfall recycling, we
chose an empirical approach that aims to adapt the radial evolution of the Tauca anomaly for any lake
configuration of the last deglaciation. In this simplified framework, we define the paleoprecipitation

grid as:
P(x,y,t) = Ppresent (X, V) X a(t) X {1 + ,B(lake(t)) x A(x,y, lake(t))} 3)

where P is the precipitation field over the basin (two spatial dimensions x and y) at a given time ¢ of the
last deglaciation, Ppresent iS the present day precipitation field over the basin, o is a scalar regional
amplification factor, f is the amplitude of the recycling anomaly based on the lake surface, and A4 is the
normalized anomaly grid. f is empirically calibrated using hydrological data from several intertropical
lakes (Lakes Mweru, Malawi, Titicaca, and Victoria; see Supplementary Information S4). We obtained

a relation fitting /3 to the lake surface (Sike, km?) with a coefficient of determination (R*) of 0.97.
B =027 X In(S;ge) — 2.10 (4)

We then used the Tauca highstand case study of Martin et al. (2018) to establish the matrix 4(x,
v, t = Tauca highstand) = Arauca and thus isolate the recycling anomaly. To do so, we inverted Equation
(3) for ¢ = Tauca highstand. The value of arauca Was taken as 2.4, the mean Prauca/ Prresent ratio for Zongo
Valley and Nevado Sajama, which corresponds to the increased precipitation far from the Tauca

paleolake influence. Then, frauca Was computed using Equation (4).
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To adapt the shape of the recycling anomaly to the different lacustrine configurations of the last
deglaciation, we first approached the Tauca anomaly as follows. We first computed the barycenter of
Lake Tauca, which we defined as the point of the lake surface for which the sum of the distances to all
other points on the lake surface is minimal. From this barycenter, we discretized the Altiplano Basin
into 20 regular angular sectors (“pie slices”). The mean radius of the lake for a given sector was
computed considering the mean distance from the barycenter to all Lake Tauca points within that sector.
Then, the radially decreasing anomaly profile (from the barycenter towards the watershed edges) was
averaged per sector and normalized by the mean lake radius of each sector.

For the different lake configurations during deglaciation, we then assumed that the recycling
anomaly can be deduced from the Tauca anomaly by some kind of homothety (a transformation
preserving angles and length ratios) centered on the paleo-barycenter of the lake. We therefore implicitly
assume that the redistribution of the local lake-evaporation moisture is primarily driven by the
geographic extent of the water body, and that the wind regime has not drastically changed. For each
paleo-lake extension, we then calculated its barycenter, the angular sectors, and the mean lake radius
per sector, and applied the normalized radial profile (defined by the Lake Tauca extent) to derive A(x,
v, b).

Once A(x, y, t) was established, f(¢) was calculated using Equation (4) and a(¢) was numerically
adjusted so that the climatic input to the lake model is in accordance with the prescribed lake budget
(Fig. 9). The reconstructed anomaly fields (given as f x A) for the Lake Coipasa and Lake Tauca
highstands are shown in Figure 10. Further details of the anomaly algorithm are provided in the
Supplementary Information (and graphically illustrated in Fig. S3). The resulting precipitation field is
in excellent agreement with the ELA-derived precipitation map of Martin et al. (2018; see their Fig.

3D).
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588  Figure 10. Reconstructed precipitation anomaly fields of the Tauca and Coipasa highstands using the
589  anomaly algorithm (see Section 3.3.5 and Supp. Info. S2) compared to the present. Reported values are
590  the product B x A.

591
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4. Results

4.1. Dating results

4.1.1. New shoreline '*C ages from Incahuasi Island

Our new '“C ages (Table 2) and all previously published radiocarbon ages were calibrated

relative to 2010 using OxCal 4.2 (Ramsey, 2009) and the IntCall3 calibration curve (Reimer, 2013).

This updated dataset was used to refine our knowledge of the evolution of the lake level through time

(Fig. 11). Our four new calibrated ages span the Tauca and Coipasa lake cycles, with sample INC-13-2

(15.97 £ 0.11 cal kyr BP) belonging to the transgressive or deep part of the Lake Tauca cycle. Both

replicates of INC-13-3 (INC-13-3A and INC-13-3B) yield ages of 12.75 +0.03 and 12.09 + 0.13 cal kyr

BP, respectively, precisely coeval with the Lake Coipasa highstand. However, sample INC-13-1 does

not fit the lake level curve established by Blard et al. (2011a); its age of 13.44 £ 0.05 cal kyr BP is 1 kyr

too young to belong to the Tauca highstand and 1 kyr too old for the Coipasa highstand. This single

sample is at odds with the complete dataset, which supports the near-complete evaporation of the lake

between 14 and 13 ka BP (see summary in Blard et al., 2011a). Thus, we consider sample INC-13-1 to

be partially contaminated by modern or dead carbon and exclude it from further discussion.

" 13 14 a b
sample Material L Long| E Mass §°C Modern C Cage’ Calendar age (10)
Dec® Dec® masl/ mg %o vs PDB % yr ka BP
Bioherm, white massive
INC-13-1 algal carbonate 0.35 2.28 238+0.2 11550 £50 13.44 £ 0.05
(external part)
-20.2435 -67.6255 3715
Bioherm, cream-coloured
INC-13-2 carbonate 0.37 153 19.2+0.2 13240 £ 60 15.97 £ 0.11
(internal part)
INC-13-3-A Bioherm. white massive 0.62 2.65 26.2+0.1 10745 £ 45 12.75 £ 0.03
: -20.2432 -67.6254 3720
algal carbonate
INC-13-3-B 0.69 3.49 279+0.2 10270 £ 45 12.09 + 0.10

? Uncalibrated ages

® present refers to 2010. Calibration performed with IntCal13, OxCal 4.2 (Ramsey, 2009; Reimer, 2013)

Table 2. Radiocarbon results for lacustrine bioherms of Incahuasi Island.
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Figure 11. Paleolake chronology of the southern Altiplano. The blue curve is updated from Blard et al.,
(2011a) to fit a Lake Coipasa highstand 15-20 m above their values, as indicated by our new data (red
points). Other data (blue, green, and white points) are from Blard et al. (2011a), Placzek et al. (2006),
and Sylvestre et al. (1999).

The most important update from this new dataset is that the two '*C ages of bioherms INC-13-
3A and B belong to the Lake Coipasa (Younger Dryas) event (Fig. 11). These samples stand at 3,720 m
asl, indicating that the Coipasa highstand was probably 15-20 m higher than previously reported (Blard
etal., 2011a; Placzek et al., 2006) (Table 2; Fig. 11). This additional lake volume will induce a different

hydrological balance for Lake Coipasa compared with previous studies.

4.1.2. '"Be moraine chronology of Zongo Valley

The CRE age results from Zongo Valley are presented in Table 3 and Figure 12. Moraines IP1
and IP2 (from Smith et al., 2005) exhibit extreme scatter; although it is hard to identify their precise
timing in the late-glacial period, their position in the valley necessitates that they are older than the other
moraines. Therefore, they are probably older than IP3 and have an age of at least 17 ka BP. The three
IP3 ages of Martin et al. (2018) are consistent with the four from Smith et al. (2005). By imposing the
Bayesian condition that IP4 is a younger object, the age distribution of IP3 is narrowed by a few
centuries towards older ages, yielding a final age of 16.9 + 0.8 ka BP. Sample MB4 from moraine IP4

has an age two times older than those of two other samples from the same moraine that cluster well
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(36.9 ka BP compared to 16.6 ka BP). This outlier was filtered out by our Bayesian processing when
using IP3 as an older object, giving a final age of 16.0 + 0.8 ka BP for moraine IP4. The exposure ages
of samples from moraines IP5, CQ1, CQ3, and CQ4 cluster well and form a unique age peak in the PDF.
Our Bayesian processing has only a marginal effect on these ages, which yield respective average values
of 13.6 £ 0.8, 11.6 + 0.5, 10.7 £ 0.4, and 10.1 £ 0.4 ka BP. Due to its upper position and its being
disconnected from the other glacier systems, we could not refine the ages for moraine [Pa via Bayesian
filtering and its age PDF is bimodal; the main peak yields an age of 14.9 + 0.9 ka BP.

With CRE ages ranging from 9 to 21 ka BP, moraine MV exhibits substantial scatter. However,
imposing the Bayesian conditions that IP5 and CQ1 are older and younger than MV, respectively,
narrows its age distribution to 12.6 = 0.8 ka BP. Bayesian filtering also substantially modifies the PDF
of moraine T1, yielding an age of 12.4 + 1.5 ka BP. Bayesian modifications are more marginal for T2

and T3, yielding respective ages of 11.0 = 0.8 and 9.8 + 0.9 ka BP.



Latitude  Longitude  Altitude “Be (1g)  Thickness Thick. Corr.” shlelr.lng" scaling Factor®  Age (10)”

Moraine Source Sample s .
Dec* Dec* mas! 10° at.q cm . - ka
ZONG-03-06  -16.1310 -68.1697 3417 3.57+0.14 1 0.99 0.87 6.1 16.8 +0.7
ZONG-03-07  -16.1314 -68.1697 3408 3.47£015 4 0.97 0.89 6.0 16.5+0.7
ZONG-03-08  -16.1310 -68.1693 3399 1.15 £0.05 3 0.98 0.85 5.4 6.3%03
P1 Smithetal,, 2005 ZONG-03-09 -16.1310 -68.1693 3393 3.33 £0.09 3 0.98 0.89 6.0 159+05
ZONG-03-10  -16.1309 -68.1692 3391 1.31 £0.05 3 0.98 0.89 5.5 68+03
ZONG-03-11  -16.1310 -68.1691 3383 0.69 £0.04 3 0.98 0.89 5.2 3.8+03
ZONG-03-12 -16.1309 -68.1692 3386 2.51£0.07 2 0.98 0.89 5.8 12.2+05
ZONG-03-01  -16.1366 -68.1755 3489 4,73 £0.24 1 0.99 0.95 6.5 19.2+09
ZONG-03-02 -16.1366 -68.1755 3500 4,15 £0.12 3 0.98 0.95 6.4 17406
P2 Smithetal, 2005 ZONG-03-03  -16.1367 -68.1757 3503 3.27+0.12 2 0.98 0.95 6.2 14.0+06
ZONG-03-04  -16.1367 -68.1757 3503 1.97 £0.09 1 0.99 0.95 6.0 8.7+04
ZONG-03-05  -16.1368 -68.1757 3505 3.54+014 1 0.99 0.95 6.2 149+06
MBG& -16.1915 -68.1330 3870 5.02£0.19 1 0.99 0.97 7.7 16.8+0.7
Martinet al., 2018 MB7 -16.1918 -68.1326 3886 5.02 £0.16 1 0.99 0.97 7.7 16.7 £0.6
MBS -16.1918 -68.1325 3887 4.69 £0.25 3 0.98 0.97 7.7 159+08
P3 ZONG-00-06  -16.1333 -68.1919 3895 4,76 £0.21 5 0.96 0.98 7.7 16.2+0.7
smith etal.,, 2005 ZONG-00-07  -16.1333 -68.1919 3895 5.14 £0.21 5 0.96 0.95 7.8 17.7+07
ZONG-00-08  -16.1333 -68.1919 3895 4,71 £0.16 5 0.96 0.98 7.7 16006
ZONG-00-09  -16.1333 -68.1919 3895 4,30 £0.15 5 0.96 0.98 7.6 149%05
MB1 -16.1932 -68.1328 3768 4.65 £0.42 2 0.98 0.97 73 16613
P4 Martinet al., 2018 MB2 -16.1933 -68.1320 3784 4,66 £0.22 2 0.98 0.96 7.3 166 +038
MB4 -16.1933 -68.1317 3790 11.05£0.92 0.5 1.00 0.96 7.7 369%28
ZONG-00-01  -16.1308 -68.1962 3806 3.56 £0.18 5 0.96 0.95 7.2 135407
ZONG-00-02 -16.1308 -68.1962 3806 3.75+0.22 5 0.96 0.95 7.2 141408
PS5 Smithetal, 2005 ZONG-0D0-03  -16.1308 -68.1962 3806 3.33023 5 0.96 0.95 7.2 12609
ZONG-00-04  -16.1308 -68.1962 3806 3.57£0.16 5 0.96 0.95 7.2 13507
ZONG-00-05  -16.1308 -68.1962 3806 3.71£014 5 0.96 0.95 7.2 14006
MBS -16.2321 -68.1179 4255 5.38+0.29 3 0.98 0.97 9.1 155408
MEB10 -16.2322 -68.1178 4256 5.16 £0.16 3 0.98 0.97 9.0 15.0%05
MB11 -16.2329 -68.1177 4264 4,38 £0.16 1 0.99 0.97 89 12606
MB12 -16.2330 -68.1177 4265 7.82£0.38 2 0.98 0.97 9.6 21.0%10
MV This Study MB13 -16.2330 -68.1177 4265 3.79£0.24 2 0.98 0.97 8.8 11.1%07
MB14 -16.2330 -68.1177 4265 5.16 £0.26 3 0.98 0.97 9.0 14.8+0.7
Zong-13-01 -16.2302 -68.1199 4183 297+011 2 0.99 0.97 83 9.1+04
Zong-13-02  -16.2301  -68.1201 4177 2.90 £0.11 2 0.99 0.97 83 9.0+04
Zong-13-03 -16.2281 -68.1225 4180 2.08£0.10 0.5 1.00 0.97 8.0 6.6+03
Zong-13-04 -16.2300 -68.1200 4191 3.43£015 1 0.99 0.97 8.4 104 £05
ZONG-00-10  -16.1301 -68.1902 4105 528+0.21 5 0.96 0.99 85 16.1 06
IP alpha Smith etal., 2005 ZONG-00-11  -16.1301  -68.1902 4105 4.66 +0.22 5 0.96 0.99 83 14506
ZONG-00-12 -16.1301 -68.1902 4105 4,72 £0.16 5 0.96 0.99 83 14.7 05
CNB1 -16.2751 -68.1158 4630 4,99 £0.31 2 0.99 0.99 10.5 120%08
CNB2 -16.2751 -68.1158 4631 4.74 £0.16 3 0.98 0.99 10.5 11.6+04
o1 This Study CNB3 -16.2750 -68.1160 4630 4.85£0.16 2 0.98 0.99 10.5 11.7+04
CNB4 -16.2750 -68.1162 4628 4.56 £0.19 3 0.98 0.99 10.4 11.2+05
CNBS -16.2750 -68.1159 4629 4,76 £0.19 2 0.98 0.99 10.5 11605
CNB16 -16.2749 -68.1192 4486 3.77+013 1 0.99 0.97 9.6 10.0+04
CNB17 -16.2748 -68.1193 4488 4.15 £0.15 1 0.99 0.97 9.7 109+04
Q3 This Study CNB18 -16.2748 -68.1191 4493 4.03 £0.13 1 0.99 0.97 9.7 106 £04
CNB19 -16.2748 -68.1190 4492 4,11£0.25 1 0.99 0.97 9.7 10806
CNB20 -16.2748 -68.1192 4489 3.71£014 2 0.99 0.98 9.6 98+04
CNB11 -16.2814 -68.1148 4585 3.94£0.13 2 0.98 0.95 10.1 10204
4 Jomelli et al., in prep. CNB13 -16.2748 -68.1190 4492 3.96 £0.17 3 0.98 0.97 9.7 106 05
CNB15 -16.2814 -68.1144 4594 3.88+0.13 2 0.98 0.96 10.1 10.0+04

* Calculated with a density of 2.7 g.cm™ and an attenuation length of 160 g.cm™

? Calculated using the CRONUS shielding application

* Global scaling factor that accounts for the geomagnetic correction

“ pR: weighted mean of Kelly et al. (2013), Blard et al. (2013b) and Martin et al. (2015} - Scaling: Lal modified - Atmosphere: ERA40 - VDM: Muscheler et al. (2005)

642

643  Table 3. Zongo Valley '’Be CRE age results. Recalculated ages from Cerro Telata (Jomelli et al., 2011)
644  are presented in the Supplementary Information (Table Sla) as well as the raw '’Be and ’Be
645  measurements of the new samples (Table SIb).
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Figure 12. Moraine "’Be CRE ages in Zongo Valley. The age PDFs of each moraine are color coded to
the map colors. For each PDF, the median age and mean lo range are indicated. Boulder ages
contributing to the moraine PDFs beyond 25 ka BP are not represented. Red curves are the raw PDFs
before Bayesian processing, and the shaded histograms are the final PDFs from which ages were
derived (see Section 3.1.5). For moraines IP1 and IP2, the scatter is too important to propose a relevant
central value, and only the central 1o range is indicated. ‘n’ indicates the number of samples. When n
is reported as ‘n = A — B’, A is the total number of boulders dated on the moraine and B is the number
of boulders considered to be outliers. The blue bars labeled ‘TH’ and ‘CH’ indicate the Tauca and
Coipasa highstands, respectively.
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4.1.3. *He moraine chronology of Nevado Sajama

CRE age results for Nevado Sajama are presented in Table 4 and Figure 13. Ages of moraine
MO show important scatter; imposing the Bayesian condition that M1 is younger does not substantially
narrow the age distribution, which finally yields an age of 16.1 + 1.5 ka BP. The M1 age PDF comprises
a main peak at c. 15 ka BP, corresponding to four statistically consistent boulder ages, and two minor
peaks corresponding to two older single-boulder ages at 19 and 29 ka BP. We attributed these two older
ages to the production of *He in these blocks prior to their deposition atop the moraine (i.e. inheritance)
and thus consider them to be outliers. After Bayesian processing using M0 and M2 as respectively older
and younger objects, the age PDF computed from the four main-peak samples gives an age of 15.3 +
0.7 ka BP. The raw age distribution of M2 presents important scatter; imposing the Bayesian conditions
that M1 and M3 are respectively older and younger narrows its age range to 15.1 + 0.8 ka BP.

The four boulders of M3 yielded clustered ages, with the Bayesian processing only marginally
refining the PDF to yield an age of 14.9 + 0.8 ka BP. The M4 age is based on a single boulder (SAJ-8)
whose age of 11.8 + 0.7 ka BP is coherent with the ages of the younger SAJ-7 roche moutonnée (10.8
+ 0.5 ka BP) and the older M3 moraine. The ages of the SAJPH-8 roches moutonnées (15.1 + 0.7 ka
BP) is in good agreement with the moraine ages, whereas SAJPH-7 yields an age that is several thousand
years younger than the well-established age of M3. Therefore, SAJPH-7 is probably at odds with the
global chronology and must have been affected by shielding, either by remnants of basal till or by

hillslope colluvium.
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. . . ” f
Glacial s " Latitude  Longitude  Altitude Pyroxene Li Eruption age’ Pn ’He,‘ ’He‘ (10)"  Thickness Thick.Corr.° Shielding® Scaling Factor® Age (10)
ource Sam)
Feature P Dec® Dec* masl Color ppm Ma atg .yt  10° atg? 107 atg™ cm - - - ka
SAJ1 -18.1817 -68.8494 4400 Black 68 4.9 0.17 8.55 2.06 +0.09 2.0 098 1.00 10.03 15.7 £0.7
SAl2 -18.1813 -68.8496 4407 Black 21 35 0.06 2.04 1.90 +0.14 1.0 0.99 1.00 9.90 14.6 £1.0
Mo This study SAJPH1 -18.1823  -68.8451 4422 Black 15 3.5 0.05 1.77 1.77 £+ 0.20 1.0 0.99 1.00 9.87 13.6+1.5
SAJPH2 -18.1820  -68.8452 4436 Black 28 3.8 0.10 3.69 1.83 £0.09 15 0.99 1.00 9.95 14.0 £ 0.8
SAJPH3 -18.1779  -6B.8458 4498 Black 51 4.4 0.17 7.37 2.47 +0.12 20 098 1.00 10.71 17.6£0.9
SAJ3 -18.1761  -6B.8505 4532 Black 67 0.2 2.10 4.16 2.14 +0.11 15 099 1.00 10.61 15.4 0.8
SAJ3-R -18.1761  -6B.8505 4532 Green 47 0.2 1.48 3.22 2.15 +0.14 15 099 1.00 10.62 15.4 0.9
SAJ4 -18.1761  -6B.8505 4532 Black 54 0.2 0.82 1.78 1.86 +0.09 20 098 1.00 10.37 13.7+0.8
M1 Martinetal., 2018 SAJS -18.1734  -6B.8510 4570 Black 115 0.3 188 5.37 2.26 +0.11 1.0 099 1.00 10.86 15.8 £ 0.8
SAJE -18.1717  -6B.8516 4580 Black 53 0.3 0.90 231 2.13 +0.10 3.0 097 1.00 10.81 15.2£0.7
SAJPH4 -18.1755  -6B.8456 4527 Black 43 4.1 0.14 5.58 4.42 +0.18 10 0.99 1.00 11.44 29.2+1.6
SAJPHS -18.1771  -6B.8464 4480 Black 148 2.9 0.46 13.19 2.75 +0.12 20 0.98 1.00 10.83 19.4 0.9
SAJPHO -18.1632  -6B.8474 4584 Black 52 5.6 0.17 9.72 3.90 £+ 0.14 0.5 1.00 0.99 11.48 25.6+1.1
SAJPH 10 -18.1632  -6B.8474 4584 Black 89 0.6 0.20 1.15 3.44 +0.17 10 099 099 1161 nAax1.4
M2 This study SAJPH 11 -18.1632  -6B.8477 4578 Black 43 46 0.15 6.91 2.02 +0.07 05 1.00 0.99 10.65 14.3:0.6
SAJPH 12 -18.1637  -6B.B476 4569 Black 99 5.5 0.32 17.50 2.23 +0.10 3.0 097 0.99 10.85 15.8 0.7
SAJPH 13 -18.1643  -6B.8478 4565 Black 27 3.8 0.08 2.88 2.56 +0.12 15 099 0.99 11.03 17.6 0.8
Roches S SAJPHS8 -18.1617  -6B.8510 4545 Black 65 7.6 0.20 15.54 2.10 +0.10 20 098 099 10.63 15.1£0.7
Moutonnées v SAJPH7 -18.1565  -6B.8514 45093 Black 33 7.2 0.09 6.48 1.61 +0.09 3.0 097 0.99 10.61 11.7+0.7
SAJ9 -18.1518  -6B.8553 4662 Black 126 0.2 2.05 3.94 2.24 +0.12 15 099 1.00 121 15.2 0.8
SAJ 10 -18.1518  -6B.8550 4660 Black 68 0.4 188 8.27 2.27 +0.14 1.0 0.99 1.00 11.22 15.4 0.9
M3 This stud SAJ10-R -18.1518  -6B.8550 4660 Green 24 0.5 0.66 3.45 2,15 £0.12 1.0 0.99 1.00 11.10 14.7£0.8
v SAJ11 -18.1532  -6B.8534 4640 Black 36 0.4 0.19 0.82 2.25 +0.15 15 099 1.00 11.12 15.4 0.9
SAJ11-R -18.1532  -68.8534 4640 Green 8 0.5 0.04 0.21 2.26 +0.15 15 099 1.00 11.14 15.4£1.0
SAJPHE -18.1555  -6B.8516 4604  Black & Green 22 0.4 0.13 0.56 2.06 +0.10 0.5 1.00 0.99 10.78 14.4 £0.7
M4 This study SAJS -18,1485  -6B.8552 4670  Black & Green 25 0.2 031 071 1.70 +0.09 15 0.99 1.00 10.98 11.8 0.7
R. Mout. This study SAJ7 -18.1413  -68.8535 4706 Black 16 5.1 0.07 3.65 1.57 +0.06 1.0 0.99 0.99 11.01 10.8 0.5

R replicate. For the sample from this study, replicates have been used to compare *He concentrat ions from black and green pyroxenes

* (U-Th-Sm)/*He age

® He, =He,,, - He, - He, (we considered He,, = 8.5 x 10% at.g” for all samples)

¢ Calculated with a density of 2.7 g.em™ and an attenuation length of 160 g.em™

¢ shielding is negligible

* Global scaling factor that accounts for the geomagnetic correction
' SLHL PR: weighted mean of the rates from Blard et al. (2013a) and Delunel et al. (2016) - Scaling scheme: Lal modified - Atmosphere: ERA40 - VDM: Muscheler et al, (2005)

Table 4. Nevado Sajama *He CRE age results.
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Figure 13. *He CRE ages on Nevado Sajama. Uncertainties are 1o. The age PDF of each moraine is
reported in yellow. Boulder ages contributing to moraine PDFs beyond 30 ka BP are not represented.
Roches moutonnées and their age distributions are reported on the map in orange. For each PDF, the
median age is reported. ‘n’ indicates the number of samples; when n is reported as ‘n =A—B’, A is the
total number of boulders dated on the moraine and B is the number of boulders considered to be outliers.
Blue curves are the raw PDFs before Bayesian processing, and the shaded histograms are the final
PDFs from which ages were derived (see Section 3.1.5). Blue bars labeled ‘TH’ and ‘CH’ indicate the
Tauca and Coipasa highstands, respectively.

4.1.4. 3He moraine chronology of Cerro Tunupa
CRE age results from Cerro Tunupa are presented in Table 5 and Figure 14. The age distribution
of moraine M1 moraine exhibits a major peak with four boulder ages clustered around 16 ka BP and
one outlier older than 20 ka BP that was excluded from the age calculation. After Bayesian processing
considering M2 as younger than M1, the four remaining boulders yielded an age of 16.3 = 0.7 ka BP,
synchronous with the end of the Tauca transgression and the first part of the Lake Tauca highstand. For
moraine M2, imposing the Bayesian condition that mid-valley roches moutonnées TU-2 and TU-4 are

younger than M2 excludes one young outlier at 10.7 ka BP and shifts the remaining distribution towards

older ages, yielding a final age of 15.5 + 0.5 ka BP.
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The M3 moraine group exhibits more important scatter. Imposing the Bayesian condition that
the mid-valley roches moutonnées TU-2 and TU-4 are older partly narrows the M3 age distribution,
yielding an age of 13.4 + 1.1 ka BP. Three roches moutonnées (TU-2, TU-4, TU-13-203) yield ages
clustered around 15.2-15.5 ka BP, and one (TU-13-04) a much older age of 21.9 £ 1.3 ka BP; this
probably indicates an inherited *He component. Given that moraine M3 is deposited above roches
moutonnées TU-2 and TU-13-203, it must have formed during a glacial re-advance (13—12.5 ka BP)

that occurred after the deglaciation at 15.2 ka BP.
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Glacial s s Latitude  Longitude  Altitude  Pyroxene L Eruption age” Pn *He, *Me (10)°  Thickness Thick. Corr.” shielding’ Scaling Factor®  Age (10)
Feature e mple Dec® Dec® masl Color ppm Ma atgtyr? 10%atg”? 107 atg’ cm . . . ka
TU-124 -19.8586  -67.6138 4292 - - - - - 1.99:008 2.2 0.98 1.00 9.7 15.7£0.7
TU-1A 19.8643  -67.6128 4260 - - - - - 2024006 3.3 0.97 1.00 9.7 16.2+0.6
m1 Blard et al., 2009 TU-18 119.8638  -67.6144 4290 - - - - - 2214007 2.2 0.98 1.00 9.9 17.1£0.7
Tu-1Cf -19.8652 -67.6099 4206 - - - B - 2.9610.13 33 0.97 1.00 9.9 23.1+1.4
TU-1D -19.8691 -67.6054 4083 - - - - - 1.83+0.06 5.5 0.95 1.00 89 16.2 £ 0.7
TU-119 -19.8599 -67.6138 4250 - - - - - 1.83+0.06 0.5 1.00 0.99 94 14.7 £ 0.6
TU-120 -19.8599 -67.6138 4250 - - - - - 1.79+0.06 0.5 1.00 0.99 94 14.410.6
M2 glard et al., 2009 TU-121 -19.8590 -67.6147 4267 - - - - - 1.87+0.13 0.5 1.00 0.99 9.5 14.810.9
TU-121-R -19.8590 -67.6147 4267 - - - - - 1.96+0.09 0.5 1.00 0.99 9.6 15.4+0.7
TU-122 -19.8590 -67.6147 4267 - - - - - 1.74+0.10 0.5 1.00 0.99 94 14.0+0.8
TU-123 -19.8588 -67.6149 4275 - - - - - 1.31+0.05 0.5 1.00 0.98 9.2 10.7 £ 0.5
Blardet al.,, 2009 TU-4 -19.8570 -67.6180 4260 - - - - - 1.89+0.07 2.2 0.98 0.98 9.6 15.5+0.6
Roches Blard et al., 2009 TU-2 -19.8455 -67.6272 4450 - - - - - 2.08£0.06 3.3 0.97 0.98 10.5 15.7+0.6
Moutonnées This Study TU-13-04 -15.8430 -67.6271 4461 Black 87 1.20 0.3297 3.96E+05 3.19+0.17 2.8 0.98 0.98 11.2 21.9+1.3
TU-13-203 -15.8442 -67.6278 4462 Black 66 1.38 0.2545 3.51E+05 2.041+0.10 5.0 0.96 0.98 10.5 15.3+0.7
TU-3A -19.8446 -67.6259 4415 - - - - - 1.57t0.06 2.2 0.98 0.98 10.0 12.210.6
Blard et al., 2009 TU-3A-R -15.8446 -67.6259 4415 - - - - - 1.63+0.07 2.2 0.98 0.98 10.0 12.7+0.7
TU-3B -19.8446 -67.6259 4415 - - - - - 1.81+0.05 2.2 0.98 0.98 10.1 14.1+0.5
TU-13-201 -15.8443 -67.6268 4432 Black 51 0.57 0.4736 2.71E+05 1.86+0.11 1.7 0.99 0.98 10.1 14.0+0.8
TU-13-201-R  -19.8443 -67.6268 4432 Green 45 1.72 0.4179 7.18E+05 1.65+0.07 1.7 0.99 0.98 10.1 12.4+0.7
M3 TU-13-202 -15.8441 -67.6275 4457 Green 50 2.06 0.3340 6.88E+05 2.36+0.09 5.0 0.96 0.98 10.7 17.3+0.8
This Study TU-13-204 -15.8447 -67.6276 4456 Black 51 0.84 0.4651 3.92E+05 1.76+0.10 5.0 0.96 0.98 10.2 13.5+0.8
TU-13-204-R  -19.8447 -67.6276 4456 Green 48 1.70 0.4378 7.43E+05 1.6510.07 2.2 0.98 0.98 10.2 12.410.6
TU-13-01 -15.8424 -67.6286 4502 Black 61 1.27 0.2345 2.98E+05 2.15+0.12 39 0.97 0.99 10.7 156+ 0.8
TU-13-02 -15.8426 -67.6278 4480 Black 54 1.49 0.2092 3.11E+05 2.36+0.12 2.2 0.98 0.99 10.8 16.8+0.9
TU-13-03 -19.8426 -67.6275 4467 Black 48 1.49 0.1773 2.65E+05 3.23+0.17 4.5 0.96 0.98 11.2 225%+15

R replicate. For the sample from this study, replicates have been used to compare *He concentrations from black and green pyroxenes

* (U-Th-Sm)/*He age

® He, = He,,, - He, - He,, (we considered He,, = 8.5 x 10° at.g" for all samples)
¢ Calculated with a density of 2.7 g.cm™ and an attenuation length of 160 g.cm*

? shielding from Blard et al. (2009) calculated with the CRONUS application, shielding for samples from this study is negligible
* Global scaling factor that accounts for the geomagnetic correction
'SLHL PR: weighted mean of the rates from Blard et al, (2013a) and Delunel et al, (2016) - Scaling scheme: Lal modified - Atmosphere: ERA40 - VDM: Muscheler et al. (2005)

Table 5. Cerro Tunupa *He CRE age resulls.
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Figure 14. *He CRE ages on Cerro Tunupa. Uncertainties are 1o. The age PDF is reported in yellow
for each moraine. Boulder ages contributing to the moraine PDF beyond 30 ka BP are not represented.
Roche moutonnées and their age distributions are reported on the map in orange. The median age is
reported for each PDF. ‘n’ indicates the number of samples; when n is reported as ‘n = A—B’, A is the
total number of boulders dated on the moraine and B is the number of boulders considered to be outliers.
Blue curves are the raw PDFs before Bayesian processing, and the shaded histograms are the final
PDFs from which ages were derived (see Section 3.1.5). Blue bars labeled ‘TH’ and ‘CH’ indicate the
Tauca and Coipasa highstands, respectively.
4.1.5. 3He moraine chronology of Cerro Luxar

CRE age results from Cerro Luxar are presented in Table 6 and Figure 15. The age results at
this site present an important scatter, and moraine ages were refined after making several assumptions.
For moraine M1, four clustered boulder ages form a major peak around 16 ka BP and the other six
boulders returned distinct ages between 21 and 150 ka BP (data are only reported to 30 ka BP in Fig.
15). Five of these six older boulders lie atop frontal moraine branches (Fig. 15); subtle inflections of the

moraine crest and changes in boulder density suggest that this distal part may be distinct from M1 and

thus associated with an older moraine. We therefore consider these six boulders as outliers with
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significant inherited *He components. Imposing the Bayesian condition that M2 is younger than M1, the
four remaining samples yield an age of 16.6 = 0.7 ka BP for M1.

M2 presents an obvious outlier at 26 ka BP and a bi-modal peak distribution with the major
peak at 17.5 ka BP (n = 3) and the minor peak at 15.5 ka BP (n = 2). Imposing the Bayesian condition
that M1 is older and the roches moutonnées LUX-6 and LUX-7 are younger than M2 narrows the age
distribution and yields an age of 15.7 + 0.8 ka BP. The two upper roches moutonnées LUX-6 and LUX-
7 have well-clustered *He ages, indicating a deglaciation of Cerro Luxar around 14.9 ka BP, coeval with
the end of the Lake Tauca highstand. The two boulder ages of M3 lie around 20 ka BP and are not
consistent with the younger ages (15 ka BP) of the stratigraphically older moraines M1 and M2. We
therefore discarded these two boulder ages and derived a Bayesian age distribution for M3 from the
PDFs of M2 and the roches moutonnées, considering that M3 is younger than M2 and older than the

roches moutonnées (see Section 3.1.5). This derived PDF yields an age of 15.3 + 0.7 ka BP.
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Glacial Latitude  Llongitude  Altitude *He,’ *He,(16)°  Thickness Thick. Corr.’ Shielding Scaling Factor’  Age (10)°
Source Sample 5 1 7 1
Feature Dec® Dec® masl 10° at.g” 10’ atg cm - - - ka
LUX-1 -21.0096 -68.0129 4230 3.18 7.22 £0.18 1.0 0.99 0.99 10.8 50.8%2.7
LUX-2 -21.0094 -68.0132 4236 3.18 4,46 £0.17 4.0 0.97 0.99 10.3 33.7%1.7
LUX-3 -21.0091 -68.0139 4263 3.18 9.39+0.34 1.5 0.99 0.99 10.9 65.4%3.2
LUX-10 -21.0085 -68.0128 4228 3.18 3.26 £0.11 2.0 0.98 0.99 10.1 246%1.2
. LUX-11 -21.0084 -68.0131 4244 3.18 2.19+0.08 1.5 0.99 0.99 9.9 16.9+ 0.7
M1 Martin et al., 2018
LUX-12 -21.0080 -68.0135 4265 3.18 21.66 £ 0.54 1.5 0.99 0.99 10.9 150.6+7.1
LUX-11-1 -21.0054 -68.0158 4384 3.18 2.15 £ 0.09 2.0 0.98 0.99 10.4 15.8 0.7
LUX-11-2 -21.0047 -68.0164 4418 3.18 2.04 £0.07 2.0 0.98 0.99 10.4 15.0t 0.6
LUX-11-3 -21.0043 -68.0167 4429 3.18 2.31+0.06 2.0 0.98 0.99 10.7 16.5 0.6
LUX-11-4 -21.0039 -68.0170 4440 3.18 3.03 £0.09 2.0 0.98 0.99 11.2 20.6x0.8
LUX-4 -21.0044 -68.0177 4320 3.18 1.94 £0.10 3.0 0.98 0.99 10.0 15.0% 0.7
LUX-5 -21.0043 -68.0180 4383 3.18 2.42 £0.11 4.0 0.97 0.99 10.6 17.7t0.8
. LUX-13 -21.0039 -68.0194 4420 3.18 3.83£0.15 2.0 0.98 0.99 11.2 26.2%1.1
M2 Martin et al., 2018
LUX-14 -21.0039 -68.0194 4420 3.18 2.48 £0.10 1.5 0.99 0.99 10.8 175t 0.8
LUX-15 -21.0036 -68.0200 4431 3.18 2.18 £0.09 3.0 0.98 0.99 10.6 15.8%+0.7
LUX-16 -21.0038 -68.0195 4415 3.18 2.31 £0.09 5.0 0.96 0.98 10.7 16.9% 0.7
M3 This Study LUX-11-12 -21.0042 -68.0194 4450 3.18 2.91 £0.20 3.0 0.98 0.95 11.3 208+1.4
LUX-11-13 -21.0042 -68.0194 4454 3.18 2.69t0.12 3.0 0.98 0.99 11.1 18.9+0.9
Roches This Study LUX-6 -21.0044 -68.0312 4676 3.18 2.19+0.12 5.0 0.96 0.98 11.7 15.0+0.8
Moutonnées LUX-7 -21.0044 -68.0312 4676 3.18 2.15+0.11 5.0 0.96 0.98 11.7 14.8 £ 0.7

a .
Average value from Tunupa, Uturuncu and Sajama volcano

° He. = He,,, - He, - He,, (we considered He,, = 8.5 x 10‘ at.g'1 for all samples)

¢ Calculated with a density of 2.7 g.cm™ and an attenuation length of 160 g.cm’

° Global scaling factor that accounts for the geomagnetic correction

® SLHL PR: weighted mean of the rates from Blard et al. (2013a) and Delunel et al. (2016) - Scaling scheme:

Table 6. Cerro Luxar *He CRE age results.

2

Lal modified - Atmosphere: ERA40 - VDM: Muscheler et al. (2005)
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Figure 15. °*He CRE ages on Cerro Luxar. Uncertainties are 1o. The age PDFs are indicated for each
moraine (yellow). Boulder ages contributing to the moraine PDFs beyond 30 ka BP are not represented.
Roche moutonnées and their age distributions are reported on the map in orange. The median age is
reported for each PDF. ‘n’ indicates the number of samples; when n is reported as ‘n = A—B’, A is the
total number of boulders dated on the moraine and B is the number of boulders considered to be outliers.
The blue curves are the raw PDFs before Bayesian processing, and the shaded histograms are the final
PDFs from which ages were derived (see Section 3.1.5). Because the raw ages of M3 were not consistent
with the youngest ages of the stratigraphically older moraines, the PDF of M3 was derived from those
of M2 and the upper roches moutonnées (see Section 4.1.5). Blue bars labeled ‘TH’ and ‘CH’ indicate
the Tauca and Coipasa highstands, respectively.

4.2. ELA results

The ELAs computed for each moraine are summarized in Table 7 and Figure 16. This figure
also provides global context by comparing the ELA results with several other paleoclimatic proxies. All
ELAs between the LGM and the Holocene range between 4,400 and 4,900 m asl. The paleo-ELA
changes over the observed periods for Zongo Valley, Cerro Tunupa, and Nevado Sajama are
approximately 400, 250, and 200 m, respectively. Comparison between the four sites is, however,
limited because the Tunupa and Luxar glacial records stop at around 13 ka BP, whereas the Zongo and

Sajama glacial chronologies extend to the Early Holocene (11-10 ka BP). The well-represented
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moraines emplaced during the 16—15 ka BP period are synchronous with the Lake Tauca highstand
during Heinrich Stadial 1 (Sylvestre et al., 1999; Blard et al., 2009, 2011a; Placzek et al., 2013; Martin
et al., 2018). As previously reported by Martin et al. (2018), the ELAs coeval with HS1 show significant
regional variability, from 4,388 to 4,800 m asl, reflecting significant heterogeneities of the
paleoprecipitation field.

ELAs coeval with the Lake Coipasa highstand (Younger Dryas, c. 12 ka BP) determined from
the moraines of Nevado Sajama, Zongo Valley, and Cerro Tunupa are characterized by a smaller

variability, ranging between 4,650 and 4,850 m asl.

Local annual
Age’ ELA® Cooling vs. Present”  Rainfall vs. Present
Site Moraine
ka BP mas/ °C vs Present P pateo / P present
1P3 17.0£0.8 4450 £ 60 -4.9£0.8 1.52 +0.24
P4 16.0:0.8 451060 -40£0.6 1.76 £ 0.14
PS5 13.6:0.8 4560 £ 60 -45£0.8 1.42 £0.26
MV 12.6+0.8 4640 =40 36406 1.54 +0.18
Zongo cal 116404 473030 3.0+0.4 1.58 +0.13
Present ELA: 5410 masl®  T1 12.4+1.5 476020 29+0.6 1.54 +0.23
T2 11.0+0.8 4790 =30 3.0£0.6 1.41+0.21
T3 9.8+0.9 4800 %30 3.4 £0.4 1.22 £0.12
ca3 10.7+04 477030 34£05 1.29+0.16
cQ4 10.1+0.4  4840:30 31£03 1.20 +0.04
MO 16.1+1.5 4660 =40 38+1.1 1.81+0.37
Sajama M1 153+0.7 467030 33+08 2.05+0.22
, M2 151+0.8 472030 3.0£0.9 2.01£0.30
PresentELA: 5520 masl™ 4 14.9+0.8 4800 30 2.5+0.9 1.99 +0.34
M4 11.8+0.5 487030 2.4+0.9 1.80 +0.24
Tunupa M1 163+0.7 4390 £40 41£1.1 3.09£0.71
. M2 155+0.5 4440 £ 40 -32£05 3.56 4 0.21
Present ELA: 5560 masl” /4 13.4%11  4630%30 37+14 2.20£0.88
ear M1 16.6+0.7 4700 =40 46116 3.09 £ 0.95
. M2 15.7+0.8 475030 34113 3.80+0.72
FresentELA: 2230 masl. Mg 153+0.7 4760 £30 35+1.4 3.80 +0.82

? See calculation methods in Section 3.1 and results in Section 4.1
 AAR = 0.63 to 0.73 derived from observations on High Andes tropical glacier (Section 3.2)

“ Uncertainty over the ELA and the present day climate conditions have been propagated
“Value computed from the relation of Condom et al. (2007) and the local climatic values from Table 1

Table 7. ELA, temperature and local precipitation results associated with the CRE moraine ages at the
four studied sites. For Zongo Valley, we did not compute ELA and cooling vs. present for IP1 and IP2
because we were unable to derive a CRE age for these moraines (see Section 4.1.2), nor those for IPa,
which was not part of the main Zongo Valley paleoglacial system (see Section 2.3.1).



771 4.3. Paleoclimatic results

772 The paleoclimatic inversion method described in Section 3.3 enables the determination of both
773  the local temperature and precipitation associated with each moraine standstill. These results are
774  reported in Table 7 and plotted in Figures 16—18.
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776 Figure 16. Late-glacial Altiplano ELA and regional precipitation and temperature compared to

777  other late-glacial proxies for the 7-20 ka BP period. NGRIP: 6"°0 (%o vs. SMOW) of the North
778  Greenland ice core (Andersen et al., 2004). AMOC: **' Pa/”*"Th ratio in marine sediments (McManus et
779  al, 2004). SASM: 6'°0 (%o vs. PDB) from Botuvera Cave speleothem carbonates, SE Brazil (Wang et
780 al, 2007). Altiplano ELA: Paleo-ELAs computed in this study for the four studied sites, with 1o age
781  uncertainties (box widths). Altiplano Climate: regional mean precipitation and temperature values
782  derived from our reconstructions, including precipitation recycling (see Section 4.3.3). Lake level: Lake
783  level reconstruction from shoreline dating in the southern basin of the Altiplano (Fig. 11). Data from
784  Blard et al. (2011a), Placzek et al. (2006), Sylvestre et al. (1999), and the present study. EPICA: 6D (%o
785  vs. SMOW) from the EPICA Dome C ice core (Jouzel et al., 2007).
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4.3.1. Temperature results at the glacial sites

The remarkable setting of the Altiplano watershed allows us to interpret the synchronous local
glacier and lake records and temporally reconstruct the local temperature for this region (Fig. 17).
Reconstructed temperature shifts during the late-glacial period (compared to present day conditions)
range from —5 to —2.5 °C. The four sites show behaviors consistent with progressive warming from —5
to —2.5 °C during the Lake Tauca transgression and highstand, followed by colder conditions around —
4 °C between the two highstands and the progressive stabilization of the temperature shift at around —3
°C at the onset of the Holocene. The uncertainties associated with these temperature reconstructions are

about 1 °C (10).
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Figure 17. Late-glacial local temperature reconstruction inferred from our paleoglacier and paleolake
inversion framework (see Section 3.3). Results are expressed relative to the present day mean annual
temperature.
4.3.2. Precipitation results at the glacial sites

The reconstructed precipitation changes (reported here as the ratio Ppaico/Ppresent) at the four
studied sites exhibit significantly different behaviors (Fig. 18). The most remarkable feature is the
drastically increased precipitation ratio observed during the Tauca highstand for locations near the center
of the paleolake. The rainfall ratio is close to 4 at Cerro Luxar and >3 at Cerro Tunupa, <2 at the Zongo

and Sajama sites. This trend is due to both (i) the strong north-south gradient in the present-day

precipitation over the basin, which amplifies the relative precipitation increase when moisture advection
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over the basin increases, and (ii) the fact that these sites are too far from the lake to have been affected
by substantial rainfall amplification due to local water recycling. The higher ratio observed at Cerro
Luxar compared to Cerro Tunupa might appear counterintuitive because Cerro Luxar is near the
southwestern shoreline edge of the paleolakes, whereas Cerro Tunupa is in the center of the lake.

However, this feature directly results from the shape of the regional rainfall field.
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Figure 18. Late-glacial local precipitation reconstruction (derived from the paleoglacier and paleolake
inversion framework; see Section 3.3). Results are normalized relative to present-day precipitation
(Table 1).
4.3.3. Regional temperature and precipitation

From the local temperature reconstruction presented in Figure 17, we calculated the mean
regional temperature (relative to present-day temperature) and precipitation curves over the entire
deglaciation (17-10 ka BP, both curves in Fig. 16). We derived the regional temperature curve by
temporally averaging the individual moraine points from the four sites and accounting for their
individual uncertainties. Using this mean regional temperature curve and its uncertainty envelope, we
used the inversion algorithm (see Section 3.3) to reconstruct the precipitation field over the basin and
derive the mean regional annual precipitation curve (Fig. 16). During the deglaciation, the regional
temperature curve is characterized by a millennial variability. The mean AT value (relative to present-
day) increases from —5 to —2.5 °C between 17 and 14.5 ka BP, then decreases to —4.5 °C during the

ACR, increases up to —2.5 °C during the Younger Dryas, and finally stabilizes around —3 °C at the onset
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of the Holocene, between 11.5 and 10 ka BP. The uncertainty associated with this signal remains around
+ 0.5 °C during most of the deglaciation period. Precipitation follows similarly: the mean annual rainfall
increases from 530 to 960 mm during the Tauca transgression and highstand, then decreases to 510 mm
between the two highstands, reaches 690 mm during the Coipasa highstand, and finally stabilizes around
450 mm at the onset of the Holocene. The uncertainty associated with this signal never exceeds + 25

mm during the study period.

5. Discussion

5.1. Glacial chronologies
5.1.1. Zongo Valley

The updated glacial chronology of Zongo Valley yields meaningful results. Only three of the 13
analyzed moraines show very high scatter: IP1, IP2, and MV. Given their location, IP1 and IP2 must be
older than 17 ka BP, and they are not discussed further in this study. The Bayesian constraints brought
by IP5 and CQ1 on MV enabled us to derive its age with an uncertainty better than 1 kyr. Other moraines
either present clear outliers (e.g. IP4) or relatively clustered ages. For these moraines, the Bayesian
filtering had only a marginal effect on the age distributions. The exceptions to these general observations
are the T1 and T2 Telata moraines that exhibit significant scatter; their age distributions were
importantly modified by the Bayesian constraints. Nonetheless, their ELAs are in good agreement with
those of the same age throughout the rest of the valley. IP3 and IP4 indicate that the local last glacial
maximum (LLGM) occurred before 17 ka BP. The ELA changes remain limited between 17 and 13.5
ka BP in Zongo Valley (AELA < 100 m). A 10-km horizontal retreat from IP5 to CQ4 subsequently
occurred over a 3-3.5 kyr interval, corresponding to an ELA rise of almost 300 m. IP5 is coeval with
the ACR (14.5-12.9 ka BP) and CQ1 with the Younger Dryas (12.8—11.5 ka BP). The CQ3, CQ4, and

Telata moraines are concomitant with the Pleistocene-Holocene transition.
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5.1.2. Nevado Sajama

Smith et al. (2009) used **Cl cosmogenic data to establish the first glacial chronology for
Nevado Sajama. In agreement with their results, our *He dataset confirms the presence of late-glacial
moraines on Nevado Sajama. However, the important scatter of their *°Cl1 ages (possibly due to inter-
sample variability in Cl content; Schimmelpfennig et al., 2009) precludes a more detailed comparison
with our results.

Nevado Sajama records a major glacial advance around 16 ka BP, coeval with the end of the
transgression and the beginning of the Lake Tauca highstand. The ELA shift between 16 and 15 ka BP
is less than 60 m (2 km of horizontal retreat), suggesting that climatic conditions remained relatively
stable during this period. The age of moraine M4 is coeval with the end of the Coipasa highstand, and
its corresponding ELA (4,871 m asl) is not significantly higher than that at the end of the Tauca
highstand as observed on moraine M3 (ELA = 4,800 m asl). However, our results do not permit
evaluation of whether the Sajama glaciers receded above the M4 moraine front or remained stationary
between 15 and 12 ka BP. A major glacial retreat probably occurred after the end of the Coipasa

highstand-Younger Dryas stadial.

5.1.3. Cerro Tunupa
Our recalculation does not substantially change the initial conclusions of Blard et al. (2009,
2013a). As they reported, the Tunupa moraines record a major glacial advance around 16.3 ka BP (M1),
followed by the standstill that built moraine M2 synchronous to the Lake Tauca highstand-Heinrich 1
stadial (15.5 + 0.5 ka BP). Our *He CRE ages of the upstream roches moutonnées confirm that this
standstill was followed by a rather abrupt glacial retreat after 15 ka BP and an associated ELA shift of
200 m just before (or synchronous to, within uncertainties) the Lake Tauca regression at 14.5 ka BP

(Fig. 14).

5.1.4. Cerro Luxar

As recently established by Martin et al. (2018), moraines M1 and M2 indicate rather stable

climatic conditions synchronous to the Lake Tauca highstand from 16.1 to 15.2 ka BP, with an ELA
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standing between 4,700 and 4,750 m asl. Additionally, our *He CRE ages of upstream roches
moutonnées indicate a rapid glacial retreat just after 15 ka BP and nearly synchronous to the Lake Tauca

regression (Fig. 15), as observed at Cerro Tunupa.

5.1.5. Overview

The Sajama, Tunupa, and Luxar moraines present rather similar glacial chronologies. They all
record a major glacial standstills or re-advances around 16—15 ka BP coeval with the Tauca highstand.
All three sites experienced a significant glacial retreat during the last centuries of the highstand or during
the Lake Tauca regression. Tunupa and Luxar experienced the most significant ELA decrease, likely
due to their proximity to the center of the paleolake. On Nevado Sajama, the ice tongue stabilized in the
upper part of the valley during the Younger Dryas before later retreating.

Zongo Valley exhibits a slightly more complex pattern: although the Tauca moraine is also
observed in this valley, the paleoglaciation there is characterized by a LLGM older than 17 ka BP, and
the persistence of climatic conditions similar to those during the LLGM until 13.5 ka BP. The
subsequent rapid and massive glacial retreat was followed by a marked standstill during the Younger
Dryas and a progressive retreat during the Early Holocene. This geographic contrast between the
paleoglacial behaviors of the Cordillera Real and the southeast Altiplano is consistent with the present
day climatic setting of Andean glaciers (Sagredo and Lowell, 2012), probably due to the proximity of

the Amazonian moisture source to Zongo Valley.

5.2. Robustness of the paleoclimatic inversion
5.2.1. Uncertainties on reconstructed temperatures
Our temperature reconstruction for the deglaciation period (Fig. 17) has an average uncertainty
of + 0.5 °C, which was propagated from all uncertainties arising from the parametrizations of the lake
and glacier models. Some model parameters, such as AAR, are theoretically similar throughout a given
valley, implying that the reported errors should be considered maximum values. Importantly, the
temperature reconstructions for different sites yield similar and consistent values: the linear temperature

increase between 17 and 15 ka BP (during the deglaciation) is defined by the paleoglacial records of
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each of the four glaciated valleys. Nearly synchronous temperatures are compatible within less than 0.5
°C, highlighting the regional consistency of our reconstruction. The cooling period during 14—13 ka BP
is evidenced by two moraines from different glacial sites (Zongo and Tunupa) that yield consistent
temperature values. The final warming period during 13—11 ka BP is defined by several moraines of
Zongo Valley and one moraine on Nevado Sajama, all of which are compatible within uncertainties. In

summary, the trend in the temperature record is significant.

5.2.2. The climatic conditions recorded by a moraine exposure age:

significance, uncertainty and signal filtering
Traditionally, exposure ages of block sitting on top moraines are considered as documenting the
final episode of sediment piling and of moraine building, i.e. the final stage of a glacier advance or still
stand (Bennett, 2001). Even if uncertainties remain on the exact timing of block stabilization regarding
the glacier retreat after a glacier advance (Eichel et al., 2018), as well as on the CRN inheritance of a
block acquired during its final supraglacial period of transport (Briner et al., 2005; Heyman et al., 2011),
recent dating of Little Ice Age moraines in the Alps have shown that '’Be exposure ages of blocks sitting
on moraines are nearly synchronous with the glacier advances documented by historical chronicles (e.g.
Schimmelpfennig et al., 2014). Such examples in the Alps suggests that this uncertainty might be lower
than 0.1 kyr, i.e. much lower than the uncertainties reported for the exposure ages in the present study
(0.5 to 1 kyr). The exact representativeness of CRN ages of boulders on moraine therefore probably has
little bearing on the interpretation of the moraine ages described in this study. Nevertheless, it should be
noted that the final uncertainty on the moraine ages, as well as the propagation of this uncertainty on the
paleolake level to calculate paleo-temperatures and paleoprecipitation, implies that the paleoclimatic
curves obtained are smoothed at the millennial scale and filtered from their high-frequency content. As
such, our paleoclimatic reconstructions based on moraines preclude discussion on high frequency

climate variation and abrupt transition at the centennial scale.
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5.2.3. Comparison with previous regional temperature and precipitation
reconstructions

Our reconstruction provides the first continuous records of absolute temperature and
precipitation throughout the deglaciation period for the Altiplano. As such, our reconstructions can only
punctually be compared to other regional studies. Blard et al. (2009) and Martin et al. (2018) focused
on the Lake Tauca highstand (16—15 ka BP), whereas Placzek et al. (2013) established mean
precipitation and temperature records for three successive lake highstands: Lake Sajsi (2420 ka BP),
Lake Tauca (16—15 ka BP), and Lake Coipasa (12 ka BP). Our temperature and precipitation records
for the Lake Tauca highstand are consistent with the 3 °C cooling and mean regional precipitation of
900 mm yr ' (Prauca/Ppresent = 2.2) obtained by Martin et al. (2018; square symbols in Fig. 16). However,
these paleoclimatic conditions differ from the cooler (ATtaca = —4 to —7 °C) and drier conditions
(Prauca/ Ppresent < 2) inferred by Blard et al. (2009) and Placzek et al. (2013) for the Lake Tauca highstand.
This discrepancy probably arises from the combination of three factors. First, our study uses an up-to-
date and more accurate approach to estimate the spatial distribution of precipitation. This new approach
is based on our recent work (Martin et al., 2018), and is more relevant than those of the pioneer studies
of Blard et al. (2009) and Placzek et al. (2013) because the spatial distribution of precipitation now
accounts for both the entire regional ELA variability and the distributed lake recycling anomaly
throughout the southern part of the catchment. Second, we used a different model to convert paleo-ELAs
into paleoclimatic variables (P, 7). Blard et al. (2009) applied a PDD model, which tends to overestimate
the temperature sensitivity of ablation in arid regions receiving snow accumulations < 500 mm yr~'
(Blard et al., 2011b; Sicart et al., 2008), whereas we used the robust empirical model of Condom et al.
(2007). Third, we used newer data to define the present-day climatic conditions: whereas Placzek et al.
(2013) considered a mean annual temperature of 10.8 °C at 3,800 m asl for the entire Altiplano, our
compilation of present-day weather station data yielded spatially variable means from ~6.3 to 8.5 °C at
3,800 m asl (Table 1; Martin et al., 2018). Regarding the Early Holocene period (10—8 ka BP), Jomelli
etal. (2011) reported a cooling of ~3 °C based on Cerro Telata moraines, which is similar to that derived

herein for the nearby Zongo Valley. Although they used a PDD model, the consistency with our results
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is likely due to the fact that this region is fed by abundant precipitation (annual snow accumulation >
1,000 mm a'). Indeed, under such wet conditions, PDD models yield an ELA-climate sensitivity similar
to that of the empirical model used here (Condom et al., 2007).

The glacier ice core 8'*0 records from Huascaran (Peru) and Sajama (Bolivia) have been used
to suggest that Andean temperatures during the deglaciation were similar to those in Greenland and the
North Atlantic, with HS-1 notably being the coldest period of the past ~19 ka BP (Thompson et al.,
1995, 1998). However, other studies have argued that the O isotopic compositions of tropical ice cores
do not provide a pure temperature signal because they are also controlled by the composition of
precipitation and atmospheric processes (Ramirez et al., 2003). The 'O signal in tropical ice may also

have been biased by vapor originating from Lakes Tauca and Coipasa, water sources with high '*0

values (Quesada et al., 2015).

5.3. Regional and global paleoclimatic implications

Our reconstruction of both absolute precipitation and temperature during the last deglaciation
represents a unique dataset documenting the regional and global paleoclimatic mechanisms affecting
the southern Tropical Andes. Our new reconstructions reveal that (i) precipitation variability over the
Altiplano reacted synchronously with the Greenland-Atlantic dynamic during the deglaciation
(Andersen et al., 2004; McManus et al., 2004), whereas (ii) temperatures were in phase with Antarctic
temperature fluctuations (Jouzel et al., 2007). These new observations are key in deciphering the

paleoclimatic connections between the Northern and Southern Hemispheres and the Tropics.

5.3.1 Precipitation results
Several studies have identified connections between precipitation in the Tropical Andes and the
abrupt climatic oscillations of the Northern Hemisphere during the last deglaciation (Baker et al., 2001;
Blard et al., 2011a; Crivellari et al., 2018; Fritz et al., 2007; Gayo et al., 2012; Haug, 2001; Licciardi et
al., 2009; Martin et al., 2018; Placzek et al., 2006). However, until now, a continuous absolute record

of Altiplano paleoprecipitation during the last deglaciation was not available. Filling this gap, our
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reconstruction supports an interhemispheric connection between precipitation over the Altiplano,
temperatures in Greenland, and the Atlantic meridional overturning circulation (AMOC) during the
entire deglaciation (Fig. 16). However, our results do not allow us to extend this observation beyond the
Altiplano Basin to the entire tropical Andes.

Martin et al. (2018) reconstructed the spatial variability of precipitation at unprecedented resolution
during the Lake Tauca highstand (Heinrich 1 event) and suggested that atmospheric mechanisms
modulated the SASM, producing major precipitation changes over the Altiplano. Increases in
precipitation likely resulted from southward displacement and intensification of the Bolivian High (a
high-pressure cell), which enabled substantial westward moisture advection towards the Altiplano
Basin. A continental forcing of this phenomenon might be fluctuations of the South Atlantic
Convergence Zone (SACZ), which controls the position and intensity of the Bolivian High (Lenters and
Cook, 1999) and showed extreme fluctuations during the Tauca highstand (“Mega-SACZ” events;
Strikis et al., 2015). Similar events can be invoked to explain the abundant precipitation during the
Coipasa highstand.

The mechanisms linking changes of the SASM to the global climate remain debated. Additional
reconstructions of continental precipitation during the last deglaciation based on inverse glacier
modeling could contribute to better identifying the controlling atmospheric patterns. However, the
southward migration of synoptic atmospheric features during cold periods in the North Atlantic has been
repeatedly observed or modeled for the Northern Westerlies (Roe and Lindzen, 2001; Zhang et al.,
2014), the Intertropical Convergence Zone (Crivellari et al., 2018; Kanner et al., 2012; Peterson, 2000),

and the Southern Westerlies (Anderson et al., 2009; Denton et al., 2010; Toggweiler et al., 2006).

5.3.2 Temperature results
Only a few empirical studies have suggested common Antarctic and Tropical atmospheric
temperature patterns. The meta-analysis of Tropical Andean moraine ages by Jomelli et al. (2014)
showed that most Tropical Andean glaciers had a greater extent during the ACR than during the Younger
Dryas. They also used a transient general circulation model (GCM) simulation to show that the

connection between Southern Hemispheric and Tropical temperatures results from a combination of
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several atmospheric mechanisms, including AMOC modulation, CO, level, precipitation, vegetation,
and local heat budgets. However, Groot et al. (2011) presented a contradictory paleotemperature dataset;
based on a continuous 284-kyr-long pollinic record from a core drilled in Lake Fuquene, Columbia
(5°N, 2,540 m asl), they asserted that temperature fluctuations in Columbia follow North Atlantic-
Greenland fluctuations on glacial-interglacial time scales.

In this context, our results show that an Antarctic-like temperature pattern characterized the high
Andes, at least as far north as 15°S, during the last deglaciation, with a linear warming trend of ~2.5 °C
during 17-14.5 ka BP, a return to conditions ~1.5 °C colder during the ACR (14.5-13 ka BP), a second
warming of ~1.5 to 2 °C during 1312 ka BP, and a subsequent stabilization of temperatures during the
early Holocene (Fig. 17). This trend is remarkably consistent with temperature variations in Antarctica
over the same period, as recorded by the H isotopic composition of ice cores (Fig. 17). This correlation
suggests a homogeneous, large-scale temperature evolution in the Southern Hemisphere, i.e. from the
southernmost latitudes to the southern Tropical Andes, during the last deglaciation. This similarity
between tropical and Antarctic temperatures may also result from a common response of both regions
to independent, but synchronous, forcings. Barker et al. (2011) established that temperature variations
in the Antarctic and Southern Ocean regions are partially controlled by the bipolar seesaw, and thus, by
AMOC fluctuations. Moreover, at seasonal to inter-annual time scales, the southerly flow of Antarctic
glacial air masses is thought to control significant cooling in the southern and mid-latitude Andes
(Schneider et al., 2003). If the frequency of such airflow intrusions increased and persisted over
millennial timescales, it could explain the Antarctic-like temperature pattern of the Altiplano as
observed herein.

However, the temperature pattern of the Altiplano observed during the last deglaciation could
also reflect a regional response to variations in regional precipitation via their impact on the energy
budget. This could explain the positive correlation between precipitation and temperature over the
Altiplano, with the warmest periods being associated with the wettest events (Fig. 16). Further studies
employing high-resolution GCM simulations over that Late Pleistocene-Holocene transition will be key

to disentangling these various scenarios.
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5.4. A note on the use of glacial fluctuations as paleoclimatic proxies

An important methodological conclusion that can be drawn from our paleoclimatic
reconstruction is that paleoglacial fluctuations may not simply be a proxy for temperature that can be
directly used to infer large-scale paleoclimatic changes. In dry regions where glacial mass balances are
under a precipitation-limited regime, such a simplification may yield inaccurate conclusions. For
example, our data show that, despite atmospheric warming during the last deglaciation (17—15 ka BP),
Altiplano glaciers advanced due to increased precipitation concomitant with the Lake Tauca highstand
(Fig. 18). Although temperature is the main control of glacier dynamics, substantial precipitation
variations modulate glacial advances and retreats, and can counterbalance or even surpass the effects of
slight warming. For example, according to equation (2), a precipitation increase of 1000 to 1600 mm.yr
! can compensate a 2°C warming. Such glacier fluctuations regionally driven by precipitations might
appear as a rather counter intuitive result. According to this mechanism, local moisture increase during
the YD may have triggered glacier readvances that have erased the moraines left by the former and

colder period of the ACR.

Such obliteration could be of limited spatial extent, and could have occurred in areas affected by a
marked local increase in precipitation, such as promoted by moisture recycling in the vicinity of a large
lake. This might explain why preserved ACR moraines are less prevalent in the central Altiplano than
in other regions of the wet Tropical Andes (Jomelli et al., 2014). Therefore, the potential importance of
the respective roles of precipitation and temperature should be carefully considered in future
paleoclimatic studies relying on paleo-ELA reconstructions, ideally by coupling the interpretation of

paleo-ELA inventories with independent proxies of precipitation and temperature.
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6. Concluding remarks

In Zongo Valley, the oldest glacial extent for which geochronological constraints are available
(=17 ka BP) was approximately maintained until 13.5 ka BP, and was followed by a massive glacial
retreat until the early Holocene. This retreat was associated with an ELA variation of 300 m. Nevado
Sajama, Cerro Tunupa, and Cerro Luxar exhibit moraines synchronous with the Tauca Lake highstand
(c. 16 ka BP), followed by different retreat timings. For these three sites, the ELA rose by ~200 m after
the end of the Tauca highstand.

At the scale of individual glacial sites, our precipitation reconstruction is characterized by a
strong spatial variability during the Tauca highstand due to lake-enhanced precipitation. At the regional
scale, precipitation variations over the Altiplano basin were paced by the Northern Hemispheric
dynamic, with the wettest period on the Altiplano being synchronous to the cold HS1a and Younger
Dryas events. Our regional temperature reconstruction shows good consistency with Antarctic
temperatures: the temperature curve (relative to present-day temperatures) defines (i) a linear warming
trend from —5 to —2.5 °C during 17-14.5 ka BP, (ii) a return to colder conditions (—4 °C) during 14.5—
13 ka BP, (iii) a second warming after 13 ka BP (to —3 °C), followed by (iv) the stabilization of
temperatures into the Early Holocene.

Because the conditions within the Altiplano basin were sufficiently cold for glacial settlement
and growth, glacial dynamics were driven by the regional precipitation increase during the Lake Tauca
and Lake Coipasa highstands, which explains the abundance of morainic records synchronous with the
Tauca highstand despite warming temperatures. Outside of these periods, glaciers were driven by large-
scale temperature variations. Our results provide an original framework for understanding why the ACR
is more represented than the Younger Dryas among morainic records throughout the Tropical Andes,
and why North Atlantic cooling events (coeval with Altiplano lake highstands), that enhanced local
precipitation, correspond to glacial advances over the Altiplano basin. These results exemplify that
paleoglacial variations cannot solely be interpreted in terms of temperature variations, and that regional

precipitation patterns can significantly affect glacial dynamics.
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1437  S.1. Additional '"Be data for Zongo Valley

. - - 10 - - a ey b - 4 d
Moraine sample Latitude  Llongitude  Altitude Be (1o)  Thickness Thick.Corr.” Shielding’ Scaling Factor  Age (10)

Dec® Dec® mas/ 10° at.g™ cm - - - ka
B1 -16.2601 -68.1132 4529 4871042 4 0.97 0.99 10.0 125+1.1
n B2 -16.2610 -68.1123 4609 5.02+043 4 0.97 0.98 104 125+11
B3 -16.2580 -68.1136 4434 3.45+0.20 3 0.98 0.96 9.4 9.7+0.6
B4 -16.2611 -68.1123 4698 3.36+0.34 3 0.98 0.99 10.5 82+08
B5 -16.2606 -68.1121 4581 3.32+0.18 4 0.97 0.97 10.0 87+05
BG -16.2586 -68.1136 4475 4.74+0.19 4 0.97 0.98 9.8 126 0.6
B7 -16.2597 -68.1118 4536 4.46+0.27 3 0.97 0.98 10.0 115+0.7
Ba -16.2605 -68.1119 4580 4.23+0.14 4 0.97 0.98 101 109 +0.4
B9 -16.2574 -68.1098 4605 3.94+043 4 0.97 0.98 10.2 101 +1.0
B10 -16.2605 -68.1118 4575 3.851 048 4 0.97 0.99 10.0 99+1.2
B11 -16.2578 -68.1122 4503 3.29+ 045 4 0.97 0.94 9.7 92+12
B12 -16.2599 -68.1121 4534 4,25+0.12 4 0.97 1.00 9.9 109+04
B13 -16.2576 -68.1110 4559 0.60+0.35 4 0.96 0.97 9.1 1.7+1.0
B14 -16.2573 -68.1093 4624 2.92+0.79 4 0.96 0.97 101 77+18
B15 -16.2597 -68.1119 4479 4.41+0.13 3 0.97 0.98 9.8 116 +0.4
B16 -16.2575 -68.1093 4619 4,52+0.21 4 0.97 0.99 104 11.2+05
B17 -16.2601 -68.1109 4601 4.38+0.12 4 0.97 0.98 10.3 111+ 04
B18 -16.2601 -68.1109 4553 4.27+0.64 4 0.97 0.98 10.0 111+15
T2 B19 -16.2601 -68.1115 4553 4.37+0.24 4 0.97 0.98 10.1 113+ 0.6
B20 -16.2601 -68.1109 4584 4.44+0.14 3 0.97 0.98 10.2 113+04
B21 -16.2580 -68.1097 4579 4.05+0.15 4 0.96 0.98 10.1 104 +0.4
B22 -16.2602 -68.1105 4540 4.59+0.13 3 0.97 0.98 10.1 118+04
B23 -16.2600 -68.1102 4561 3.891t0.19 4 0.97 0.97 10.0 10.2 £ 0.5
B24 -16.2602 -68.1101 4562 3.84+0.34 4 0.96 0.98 10.0 101 +0.9
B25 -16.2578 -68.1090 4608 4.02+0.29 4 0.96 0.99 10.2 10.2 £0.7
B26 -16.2601 -68.1099 4547 4.45+0.10 4 0.97 0.98 10.1 11.5+0.3
B27 -16.2578 -68.1086 4619 4031051 4 0.97 0.98 10.2 10.2+1.2
B28 -16.2594 -68.1097 4562 3.52+ 040 4 0.97 0.97 9.9 92+1.0
B29 -16.2594 -68.1097 4562 3.48%+0.25 3 0.97 0.97 2.9 91+0.7
B30 -16.2576 -68.1084 4630 4.53+0.21 4 0.96 0.98 10.4 11.3+05
B31 -16.2606 -68.1081 4605 3.531045 4 0.97 0.98 10.1 91+11
B32 -16.2593 -68.1092 4551 4.31+0.16 4 0.97 0.98 10.0 111+ 04
B33 -16.2599 -68.1050 4548 4.14+049 4 0.97 0.98 10.0 10.7+1.2
B34 -16.2599 -68.1050 4548 4.58+0.34 4 0.97 0.98 101 11.7+0.8
B35 -16.2575 -68.1076 4632 3.86+0.40 4 0.97 0.98 10.3 98+1.0
B36 -16.2594 -68.1124 4706 4,16+ 0.16 4 0.97 0.97 10.6 103+04
B37 -16.2598 -68.1071 4612 3.23+0.24 4 0.97 0.98 10.1 83+06
B38 -16.2597 -68.1069 4640 3.65+0.20 3 0.98 0.98 10.3 9.2+05
B39 -16.2596 -68.1070 4734 4.16+0.15 3 0.98 0.98 10.7 10,0+ 0.4
B40 -16.2594 -68.1070 4642 3.92+0.15 3 0.98 0.98 10.3 98104
B41 -16.2598 -68.1068 4639 3.59+0.35 3 0.98 0.99 10.2 90+08
B42 -16.2579 -68.1064 4630 3.97+0.15 3 0.97 0.97 10.3 101+04
B43 -16.2592 -68.1069 4642 4081015 3 0.98 0.98 10.3 10.2 £ 0.4
B44 -16.2600 -68.1061 A647 4.02+017 3 0.98 0.95 10.3 10.0 + 0.5
B45 -16.2592 -68.1069 4641 4.42+0.15 3 0.98 0.98 10.4 10904
T3 BAG -16.2591 -68.1066 4607 2.75+0.20 4 0.97 0.98 9.9 72105
B47 -16.2574 -68.1061 4646 3.95+0.39 4 0.97 0.98 10.3 99+09
B48 -16.2577 -68.1060 A640 4081042 3 0.97 0.98 10.3 102+1.0
B4s -16.2577 -68.1060 4641 4.17+0.27 4 0.97 0.97 10.4 106 £0.7
B50 -16.2595 -68.1054 A648 3.65+0.20 3 0.98 0.97 10.3 92+05
B51 -16.2599 -68.1050 4655 3.78+0.13 3 0.98 0.98 10.3 94104
B52 -16.2592 -68.1054 4652 4.04+0.14 3 0.98 0.97 10.4 101 +0.4
B53 -16.2594 -68.1044 4668 3.63+0.13 3 0.98 0.98 104 90104
B54 -16.2586 -68.1047 4671 4.24+0.15 3 0.98 0.99 10.5 103 +0.4
B55 -16.2592 -68.1045 4667 4.24+0.15 3 0.98 0.98 10.5 104+04
B56 -16.2586 -68.1048 4669 4.34+0.15 3 0.98 0.99 10.5 106 £ 0.4
B57 -16.2594 -68.1041 4666 4.33+0.15 3 0.98 0.97 10.5 10.7+04
B58 -16.2571 -68.1016 4703 0.31+0.04 3 0.98 0.99 10.0 08+01
B59 -16.2572 -68.1016 4734 0.09+0.01 3 0.98 0.98 10.8 0.20£0.03

? Calculated with a density of 2.7 g.cm™ and an attenuation length of 160 g.cm™
® Calculated using the CRONUS shielding application
“ Global scaling factor that accounts for the geomagnetic correction
1438 ° PR: weighted mean of Kelly et al. (2013), Blard et al. (2013b) and Martin et al. (2015) - Scaling: Lal modified - Atmosphere: ERA40 - VDM: Muscheler et al. {2005)

1439  Table Sla. Recalculated ages for Cerro Telata, Zongo Valley, from the data of Jomelli et al. (2011).
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1442
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1444
1445
1446
1447
1448
1449
1450
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1454
1455

1456

. Mass of quartz Measured 'Be/’Be”  “Becounts  Blank ‘’Be/’Be” *Be carrier %Be + 16°
Moraine  Sample

g - - - at 10° atg™

MB9 3.74 1.00E-13 187 2.68E-15 2.06E+19 5.38+0.29

MB10 12.36 3.11E-13 1224 2.68E-15 2.07E+19 5.16+0.16

MB11 6.44 1.39E-13 1012 2.68E-15 2.07E+19 4.38+0.16

MB12 1.99 7.79E-14 618 2.68E-15 2.07E+19 7.82+0.38

MV MB13 2,14 4.23E-14 344 2.68E-15 2.04E+19 3.79+0.24
MB14 6.28 1.60E-13 170 2.68E-15 2.06E+19 5.16+0.26
Zong-13-01 12.13 8.78E-14 965 1.46E-15 4.18E+19 297+0.11
Zong-13-02 11.03 7.79E-14 887 1.46E-15 4.19E+19 290+0.11
Zong-13-03 10.93 5.58E-14 564 1.46E-15 4.18E+19 2.08+0.10
Zong-13-04 7.92 6.64E-14 799 1.46E-15 4.18E+19 3.43£0.15

CNB1 3.96 9.89E-14 308 2.68E-15 2.05E+19 499x0.31

CNB2 7.84 1.82E-13 1215 2.68E-15 2.07E+19 4.74+0.16

cQl CNB3 7.49 1.79E-13 1230 2.68E-15 2.06E+19 4.85+0.16
CNB4 14.08 3.15E-13 696 2.68E-15 2.05E+19 4.56+0.19

CNB5 6.80 1.61E-13 804 2.68E-15 2.04E+19 4.76+0.19

CNB16 13.10 2.38E-13 1110 3.89E-15 2.11E+19 3.77+0.13

CNB17 22.38 4.49E-13 1155 3.89E-15 2.08E+19 4.15+0.15

ca3 CNB18 8.60 1.68E-13 1218 3.89E-15 2.11E+19 4.03+0.13
CNB19 7.37 1.48E-13 364 3.89E-15 2.10E+19 4.11+0.25

CNB20 15.86 2.84E-13 779 3.89E-15 2.10E+19 371+0.14

CNB11 19.32 3.64E-13 1240 3.89E-15 2.11E+19 3.94+0.13

caa CNB13 9.43 1.80E-13 797 3.89E-15 2.12E+19 3.96+0.17
CNB15 11.05 2.06E-13 1212 3.89E-15 2.11E+19 3.88+0.13

2196 /°Be ratios were analyzed at the ASTER AMS facility and normalized to the *°Be/*Be ratio of the SRM 4325 NIST material: (2.79+0.03) x 10™* (Nishiizumi et al., 2017).
" Ratio are averages from 4 to 6 blanks for MV and CQ1. The ratio for CQ3 and 4 is based on 1 blank. All blanks were realized during the same session as the samples.
© Uncertainties are propagated taking into account counting statistics and errors from blank measurements.

Table S1b. Raw "’Be and °Be data of the new samples at Zongo Valley.

S.2. Hydrologic connection between the Altiplano sub-basins

We used the shoreline archive to provide hydrological constraints on our climatic inversions
based the on hydrologic budget of the southern basin lake at a given level. Because the hydrologic
connection between the four basins of the Altiplano during the late-glacial period has not been proven,
computing the relevant hydrologic budget required that we determine which basins were connected to
the southern basin for a given set of AT and AP values (relative to present-day values).

We computed the hydrological balance of each sub-basin watershed balance sequentially to
evaluate the connection between each basin and its downstream counterpart(s). First, we computed the
Titicaca overflow toward the Poopo basin, then the annual hydrologic budgets for the Poopo basin,
allowing lake-level adjustments from one year to another until reaching a steady state. If this steady
state corresponds to an overflow towards the Coipasa basin, we determine the corresponding input for
the Coipasa. We applied the same approach to the Coipasa basin to see if it overflows into the Uyuni
basin. We thusly identified the basins hydrologically connected with the southern basin, for which we
know the lake level from shoreline ages. We finally computed the hydrological budget for the identified

basins and solved for AT and AP.
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S.3. Calculation of the lake-induced precipitation anomaly, computation of the 4 grids

The initial steps of this calculation are presented in Section 3.3.5. Within each sector, the
punctual Ataea(x, ) value was associated to its normalized distance r's to the barycenter, taken as the
actual distance divided by the sector’s lake radius. From these values, a scatter plot of Atauca = f{7's) Was
constructed for each sector, and a curve averaging the point cloud was constructed. Thus, for the Tauca
highstand, we produced a set of 20 curves describing the radial evolution of the anomaly from the
barycenter of Lake Tauca along the normalized distance #’s. Because each of these curves averages this
behavior over a given angular sector, we associated each A(r's) curve with 8s, the angle (in radians)
between the bisector of sector S and a reference vector (due south).

Then, for any time ¢ of the last deglaciation, we proceeded as follows. We first derived the lake
level from the shoreline dataset. We then derived the lake extent from this elevation and the DEM of
the basin, and calculated its barycenter. From the barycenter, we divided the basin into 20 angular sectors
and calculated the mean lake radius per sector (see Section 3.3.5). We then calculated »; and 6, for each
point 7 in the sector. We then used the set of 20 A(+"s) curves in fs-r*s space to perform a 2D polar
interpolation of the values of 4 in 6-r"; space. We were thus able to calculate the grid 4 for any lake
configuration of the study period. This algorithm was implemented such that during the Tauca
highstand, the anomaly algorithm was bypassed and the grid 4 input into the lake model was the original
grid directly derived from the results of Martin et al. (2018). The reconstructed anomaly fields (given
as f§ x A) for the Coipasa and Tauca highstands are shown in Figure 10, and a graphical illustration of

the anomaly algorithm is provided in Figure S3.
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Figure S3. Workflow to compute the precipitation anomaly grid. The workflow describes the
computation of matrix A as described in Section 3.3.5 and Equation (3). Matrix A was computed based
on the Tauca highstand case study of Martin et al. (2018). The matrix A for the Tauca highstand was
discretized from the barycenter of Lake Tauca into different angular sectors (“pie slices ) such that it
can be summed as a set of curves describing the decrease of A with distance from the barycenter. These
curves were then used for any lake configuration during the last deglaciation by employing a scaling
procedure that accounts for the location of the lake and its spatial extent. We note that for legibility, the
schematic diagram s divided into eight angular sectors instead of the twenty used in the computation.



1486  S.4. Calculation of the lake-induced precipitation Anomaly, calibration of the p parameter
1487 Based on empirical precipitation data for present-day lakes, the amplification value f seems to
1488  be linked to lake size (Table S4, Fig. S4). Because the sizes of Lake Coipasa (32,300 km?) and Lake
1489  Tauca (52,000 km?) differ, and because we also dealt with their transgressive and regressive states
1490  synchronous with the reported ice extents, we calibrated £ to account for this size-dependence (see

1491  Section 3.3.5 and Equation 4) using the data presented in Table S4 and Figure S4.

Lake Surface (km?) Observed Uncertainty
Lake Mweru 5022 0.2 0.1
Lake Titicaca 8562 0.4 0.1
Lake Malawi 29429 0.8 0.1
Lake Victoria 68800 0.9 0.1

1492  Table S4. Dataset used to empirically calibrate f5. Source: www.lakebasin.org.
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1494  Figure S4. Calibration of the precipitation amplification factor f against lake size (surface area km?).
1495
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S.5. Impact of the scaling scheme model on the CRE age computations

To assess the dependence of the computed ages to the scaling procedure, we used CREp
(https://crep.otelo.univ-lorraine.fr) to re-compute all the ages of this study using a different scaling
framework. In Fig. S5, we compare the ages obtained with the Lal/Stone (‘Lm”) time-dependent scaling
model (Balco et al., 2008) and the geomagnetic database of Muscheler et al. (2005) to those obtained
with the LSD scaling model (Lifton et al., 2014) and the Lifton (2016) geomagnetic database. Both
calculations rely on the ERA40 atmospheric database (Uppala et al., 2005). This comparison
demonstrates that our results show little dependence on the scaling procedure. The Lm scaling tends to
produce ages 400 years older than the LSD scaling. Given the uncertainties on the measurements, this
difference indicates that 90% of the computed ages are compatible within 1c. For the other 10%, the
average lo incompatibility is 100 years. Hence, the CRE ages have very limited model dependence,

underlying the robustness of the reported glacial chronologies.
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Figure S5. Comparison between two scaling procedures to compute CRE ages with the CREp online
calculator (https://crep.otelo.univ-lorraine. fr). For this study, we used the Lm scaling model (Balco et
al., 2008) and the geomagnetic database of Muscheler et al. (2005). We compare our results to those
obtained using the LSD scaling model (Lifton et al., 2014) and the geomagnetic data compiled by Lifton
(2016). We used the spatialized atmosphere ERA40 (Uppala et al., 2005) for both calculations



1514  S.6. Illustration of the Bayesian filtering process on the age data

1515 Figure S6 schematically illustrates how stratigraphic relations between moraines are used to
1516 filter the age PDFs.

Example: IP4 (Zongo valley)
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1518  Figure S6. lllustration of the Bayesian filtering process in the case of moraine IP4 in Zongo Valley. The
1519  raw age distribution of the upper and lower moraines that stratigraphically bracket IP4 are used to
1520  filter the raw age distribution of IP4 and improve the accuracy of its age.



