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Abstract 

Advances in cosmogenic nuclide exposure dating have made moraines valuable terrestrial 

recorders of palaeoclimate. A growing number of moraine chronologies reported from the 

Central Andes show that tropical glaciers responded sensitively to past changes in 

precipitation and temperature over timescales ranging from 103 to 105 years. However, the 

causes of past glaciation in the Central Andes remain uncertain. Explanations have invoked 

insolation-modulated variability in the strength of the South American Summer Monsoon, 

teleconnections with the North Atlantic Ocean, and/or cooling in the Southern Hemisphere. 

The driver for these past climate changes is difficult to identify, partly due to a lack of dated 

moraine records, especially in climatically sensitive areas of the southern Central Andes. 

Moreover, new constraints are needed on precisely where and when glaciers advanced. We 

use cosmogenic 10Be produced in situ to determine exposure ages for three generations of 

moraines at the Sierra de Aconquija, situated at 27°S on the eastern flank of the southern 

Central Andes. These moraines record glacier advances at approximately 22 ka and 40 ka, 

coincident with summer insolation maxima in the sub-tropics of the Southern Hemisphere, as 

well as at 12.5 ka and 13.5 ka during the Younger Dryas and the Antarctic Cold Reversal, 

respectively. We also identify minor glaciation during Bond Event 5, also known as the 8.2 ka 

event. These moraines register past climate changes with high fidelity, and currently constitute 

the southernmost dated record of glaciation on the eastern flank of the Central Andes. To 

contextualise these results, we compile 10Be data reported from 144 moraines in the eastern 

Central Andes that represent past glacier advances. We re-calculate exposure ages from 

these data using an updated reference production rate, and we re-interpret the moraine ages 

by taking the oldest clustered boulder age (after the exclusion of outliers attributed to nuclide 

inheritance) as closest to the timing of glacier advance—an approach for which we provide 

empirical justification. This compilation reveals that Central Andean glaciers have responded 

to changes in temperature and precipitation. We identify cross-latitude advances in phase with 

insolation cycles, the last global glacial maximum, and episodes of strengthened monsoonal 

moisture transport including the Younger Dryas and Heinrich Stadials 1 and 2. Our results from 

the Sierra de Aconquija allow us to constrain the southerly limit of enhanced precipitation 

associated with Heinrich Stadials at ~25°S. More broadly, our findings demonstrate at both 

local and regional scales that moraines record past climate variability with a fine spatial and 

temporal resolution.  
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1. Introduction 

Much of the Central Andes are currently unglaciated due to the relatively warm and dry climate 

in this region. However, during the past several tens of thousands of years, the Central Andes 

experienced glacial advances during cooler and wetter episodes associated with orbital cycles 

and millennial-scale climate events (Smith et al., 2005a,b; Jomelli et al., 2014; Bromley et al., 

2016; Martini et al., 2017; Ward et al., 2017). These climate changes have been reconstructed 

using archives and proxies including lake cores and shorelines (Sylvestre et al., 1999; Baker 

et al., 2001; Placzek et al., 2006, 2013; Baker and Fritz, 2015), plant fossils and pollen 

(Chepstow-Lusty et al., 2005; Maldonado et al., 2005; Torres et al., 2016), stable isotopes 

(Cruz et al., 2005; Wang et al., 2007; Kanner et al., 2012), ice cores (Thompson et al., 1995, 

1998; Ramirez et al., 2003), biomarkers (Fornace et al., 2016), and basin sediments (Nester 

et al., 2007; Steffen et al., 2009, 2010; Bekaddour et al., 2014; Schildgen et al., 2016; Tofelde 

et al., 2017). Moraines also provide valuable site-specific records of cooler and wetter 

conditions, and can be dated to constrain the timings of past glacial advances (Tapia, 1925; 

Rohmeder, 1941). 

A growing number of records collectively show that palaeoclimate changes in the Central 

Andes have been partly governed by insolation-driven cycles of strengthening and weakening 

of the South American Summer Monsoon (SASM) (Baker and Fritz, 2015, provides a review). 

The SASM transfers tropical Atlantic moisture across the Amazon basin and southward along 

the eastern side of the Central Andes during the austral summer (Garreaud et al., 2003; Vera 

et al., 2006; Marengo et al., 2012), and its intensity is correlated with warm temperatures and 

a southerly position of the Inter-Tropical Convergence Zone (ITCZ) in the western tropical 

Atlantic Ocean (Zhang et al., 2016; Portilho-Ramos et al., 2017; Novello et al., 2017; Crivellari 

et al., 2018). During insolation maxima in the southern tropics—most recently at ~20 ka and 

~40 ka—the SASM was strengthened, and the climate of the Central Andes was wetter, with 

deeper and fresher lakes (Baker et al., 2001), more depleted δ18O archives (Thompson et al., 

1998; Ramirez et al., 2003), and advancing glaciers (Martini et al., 2017; Ward et al., 2015). 

At insolation minima, such as during the early- to mid-Holocene, the Central Andes 

experienced a drier climate as the SASM weakened (Baker and Fritz, 2015). In addition to 

insolation cycles, the strength of the SASM has been modulated by millennial-scale events in 

the Atlantic Ocean, including Heinrich Stadials and the Younger Dryas (Zhang et al., 2015; 
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Portilho-Ramos et al., 2017). As a result, glaciers throughout the Central Andes have 

responded to climate fluctuations acting over a range of superposing timescales, and dated 

moraines offer an opportunity to reconstruct past climate variability. However, despite a 

growing number of dated moraine records, uncertainties persist regarding (i) the precise 

timings and spatial variability of advances throughout the Central Andes (Smith et al., 2005a,b; 

Bromley et al., 2009; Shakun et al., 2015); (ii) whether advances and retreats were primarily 

driven by changes in temperature, precipitation, or a combination of both (Jomelli et al., 2014; 

Ward et al., 2015; Bromley et al., 2016); and (iii) the responses of glaciers at different latitudes 

to short-lived (~1 kyr) climate events, including Heinrich Stadials (HS), the Antarctic Cold 

Reversal (ACR), and the Younger Dryas (YD) (Blard et al., 2009; Jomelli et al., 2014). New 

dated moraines would help address some of these knowledge gaps, especially in the semi-

arid southern part of the Central Andes where moraine records are sparse but sensitivity to 

climate changes is high (Rodbell et al., 2009; Sagredo et al., 2014; Terrizzano et al., 2017).  

Here, we use the terrestrial cosmogenic nuclide 10Be to determine new exposure ages for three 

generations of moraines at the Sierra de Aconquija, located at 27°S in northwestern Argentina. 

These moraines now constitute the southern-most dated record of past glaciation along the 

eastern flank of the southern Central Andes. We compare this new chronology with an updated 

compilation of moraine ages from other parts of the Central Andes. In this compilation, we (i) 

recalculate exposure ages from previously reported 10Be cosmogenic nuclide data with a new 

production rate calibration; (ii) standardise the interpretation of boulder-age clusters across all 

study locations; and (iii) distinguish between more and less reliable data. The age compilation 

reveals subtle latitudinal variations in the timings of glacier advances during the past ~45 ka. 

Additionally, the compilation shows that glaciers advanced in the Central Andes in response 

to short-lived strengthening of the SASM during the Younger Dryas and Heinrich Stadials 1 

and 2. During Heinrich Stadials in particular, our results from the Sierra de Aconquija help to 

constrain a southerly limit of enhanced precipitation at ~25°S. 

 

2. Study Area 

2.1. The Sierra de Aconquija 

The Sierra de Aconquija is located at 27°S and 66°W, on the eastern flank of the southern 

Central Andes (Fig. 1). The range has peak elevations exceeding 5000 m and forms a major 

topographic barrier to moisture transported from the northeast. Currently, there are no glaciers 

on the Sierra de Aconquija, although small and stationary rock glaciers are present above 4800 

m in restricted, shaded locations (Haselton et al., 2002; Ahumada et al., 2013; Fig. 2). The 

Sierra de Aconquija has experienced multiple glaciations in the past, as documented by 
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moraines and cirques on both sides of the range (Tapia, 1925; Rohmeder, 1941). Moraine 

elevations average 400 m higher on the western side, reflecting the easterly moisture source 

and a strong orographic precipitation gradient across the range (Haselton et al., 2002; see 

Section 2.2). 

 

 

Fig. 1. (A) Location of the Sierra de Aconquija in the southern Central Andes. The colours indicate 

annual rainfall rates from TRMM 2B31 (Bookhagen and Strecker, 2008). Rainfall associated with the 

Low Level Andean Jet (LLAJ) is pronounced along the eastern flank of the Andes. (B) Landsat-8 true 

colour composite of the Sierra de Aconquija indicating the two sampled glacial valleys on the western 

side of the drainage divide (dashed line). Due to the highly asymmetric distribution and amount of rainfall 

across the Sierra de Aconquija the vegetation cover is denser on the eastern windward side of the range. 

 

For our moraine boulder sampling, we targeted two different valleys on the western side of the 

Sierra de Aconquija that contain three generations of well-preserved lateral and end moraines 

situated at an elevation of 4000-4800 m. These are the Río Cerrillos valley and the Portal de 

las Yaretas valley (Fig. 1b, Fig. 2), situated north and south of the Cerro del Bolsón peak (5552 

m; 27.213°S, 66.094°W), respectively. Both catchments erode a combination of gneiss and 

granite bedrock (Strecker et al., 1989). 

The three different moraine generations, which we denote as M1, M2, and M3, are 

distinguished on the basis of cross-cutting relationships and their morphological properties. 

The oldest moraine unit, M1, represents the largest advance in the Río Cerrillos catchment 
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because the lateral moraines occupy the widest parts of the valleys. These features have 

crests 30-40 m higher than adjacent moraines and relatively smooth topographic relief with 

fewer protruding surface boulders. The younger M2 lateral moraines exhibit more depositional 

texture and are inset into the M1 moraines, meaning they must be younger. The youngest M3 

moraines cross-cut both M1 and M2 in the Río Cerrillos catchment. They also represent the 

smallest advance, with narrowly spaced lateral moraines and well-preserved textural relief and 

rougher surfaces with more protruding boulders. End moraines can be clearly identified within 

the M3 units (marked with black lines in Fig. 2). The Portal de las Yaretas is a narrower valley, 

which was completely resurfaced by the youngest M3 advance. Several end moraines are 

preserved here; these could be recessional moraines, representing hiatuses during the retreat 

of a more extensive glacier, or they could be terminal moraines formed as the glacier 

repeatedly retreated and re-advanced; we revisit this question later. Large boulders (>1 m 

diameter) suitable for dating are present on all moraine surfaces (see Section 3). 

 

 

 

Fig. 2. Detailed maps of the moraines dated in this study. (A) Río Cerrillos valley. (B) Portal de las 

Yaretas valley. Boulder locations are marked with white dots, and ages are indicated for each location 

with the oldest age in each cluster highlighted in bold (see text for details). 
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2.2. Modern and past climate 

The Sierra de Aconquija is located at the southern limit of the dry Central Andes (15 to 27°S), 

directly east of the arid/semi-arid Puna Plateau and the hyper-arid Atacama Desert (Bianchi 

and Yañez, 1992; Strecker et al., 2007). Rainfall is highly seasonal, with approximately 80% 

of annual precipitation arriving between November and February from Atlantic sources, via the 

Amazon, during the South American Summer Monsoon (SASM) (Prohaska, 1976; Zhou and 

Lau, 1998; Garreaud et al., 2003; Bookhagen and Strecker, 2008; Marengo et al., 2012; 

Castino et al., 2016). Much of this monsoonal moisture is transported southwards along the 

eastern flank of the Central Andes by the Low Level Andean Jet (LLAJ; Vera et al., 2006) (Fig. 

1a). The Sierra de Aconquija is located at what is approximately the current southern limit of 

the LLAJ. As such, the range experiences a strong east-west orographic gradient in annual 

precipitation rates, which decline from >2000 mm yr-1 in the densely vegetated eastern foothills 

to ~300 mm yr-1 in the catchment headwaters at 4000-5000 m elevation, and further to ~250 

mm yr-1 in the semi-arid Campo Arenal basin to the west (Fig. 1b). For a more detailed review 

of the present climate of the Southern Central Andes, we refer to Strecker et al. (2007). 

In the past, the climate in South America has fluctuated over various timescales, shifting 

between wetter and drier conditions. For a review, see Baker and Fritz (2015). Over the 

timescales considered in this study, important climate changes have occurred in association 

with (i) orbitally-driven insolation cycles in the Southern Hemisphere and (ii) millennial-scale 

climate events during the last glacial termination.  

As insolation has oscillated in the tropics in phase with 19-25 kyr precessional cycles, the 

position of the Inter-Tropical Convergence Zone (ITCZ) in the Atlantic Ocean has been 

displaced, leading to changes in the overall intensity of the SASM and thereby in moisture 

transport to the Central Andes (Garreaud et al., 2003; Cook and Vizy, 2006; Baker and Fritz, 

2015). Palaeoclimate records show that wetter conditions prevailed at insolation maxima, and 

drier conditions prevailed at insolation minima. The two most recent sustained wet periods in 

the Central Andes caused by intensification of the SASM at insolation maxima were the ‘Tauca’ 

interval (15-26 ka) and the ‘Minchin’ interval (36-48 ka), as defined by dating of lacustrine cores 

on the Bolivian Altiplano (Baker et al., 2001a,b). During these pluvial phases, lakes were 

deeper and fresher (Baker et al., 2001a,b; Bobst et al., 2001; Bookhagen et al., 2001; Placzek 

et al., 2006, 2013; Fritz et al., 2007; Hillyer et al., 2009; Blard et al., 2011), mountain glaciers 

advanced (Clapperton et al., 1997; Smith et al., 2005a,b; Zech et al., 2008, 2009b; Blard et al., 

2009; Hall et al., 2009; Ward et al., 2015; Martini et al., 2017; Martin et al., 2018), negative 

excursions occurred in terrestrial δ18O records (Cruz et al., 2005; Wang et al., 2007; Cheng et 

al., 2013), and landscapes responded to increased rainfall rates with enhanced landsliding and 

adjustments to fluvial aggradation-incision patterns (Trauth et al., 2000, 2003; Tchilinguirian 
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and Pereyra, 2001; Steffen et al., 2009, 2010; Schildgen et al., 2016; Tofelde et al., 2017). It 

should be noted that some studies use the term ‘Tauca’ to refer to a shorter-lived wet episode 

at 18.0-14.7 ka, which coincides with Heinrich Stadial 1 (e.g., Blard et al., 2011, 2013), and 

there is debate about the attribution of particular lake shorelines to the ‘Minchin’ period 

(Placzek et al., 2006; Baker and Fritz, 2015). In this paper, we use the terms ‘Tauca’ and 

‘Minchin’ to refer to the pluvial episodes associated with insolation maxima. 

On shorter (millennial) timescales, abrupt cold events in the North Atlantic Ocean also 

modulated the position of the ITCZ and the resulting intensity of the SASM (Peterson et al., 

2000; Baker et al., 2001a; Haug et al., 2001; Chiang et al., 2003; Montade et al., 2015). These 

include Heinrich events, the Younger Dryas (YD; 12.9-11.7 ka), and Bond events (Baker and 

Fritz, 2015). For example, during Heinrich Stadial 1 (HS1; 18.0-14.7 ka) the ITCZ in the tropical 

Atlantic was displaced 5° southward of its modern position, linked to a slowdown of the Atlantic 

Meridional Overturning Circulation (AMOC) and a decline in heat transport across the Equator 

(Portilho-Ramos et al., 2017). Sea surface temperatures off the northeastern coast of Brazil 

increased by 2-3 °C, rising from 17.8 ka and peaking at ~15 ka (Crivellari et al., 2018). This 

warming resulted in a transient intensification of the SASM and greater precipitation rates in 

the Central Andes, as recorded by speleothems (Kanner et al., 2012; Mosblech et al., 2012; 

Cheng et al., 2013; Novello et al., 2017), ice cores (Thompson et al., 1995), palaeo-lake 

shorelines (Placzek et al., 2006, 2013; Blard et al., 2011), palaeo-lake cores (Baker et al., 

2001), and sediment loads exported to the Amazon basin (Crivellari et al., 2018). Similarly, the 

YD is recorded as a significant negative excursion in terrestrial δ18O records from both 

speleothems in Peru (Cheng et al., 2013) and southeast Brazil (Cruz et al., 2005; Wang et al., 

2007), as well as in ice cores in Peru and Bolivia (Thompson et al., 1995; Ramirez et al., 2003) 

and high Altiplano lake levels (Blard et al., 2011). Collectively, these palaeoclimate records 

indicate wetter conditions in the Central Andes during Heinrich Stadials and the YD, associated 

with cold events in the North Atlantic, southward displacement of the ITCZ and strengthening 

of the SASM (Mosblech et al., 2012; Novello et al., 2017; Zhang et al., 2017; Crivellari et al., 

2018). 

However, there is still a lack of consensus as to whether Central Andean glaciers responded 

uniformly to these short-lived episodes of intensified monsoonal moisture transport. Some 

studies have associated dated moraines with the YD (Glasser et al., 2009; Rodbell et al., 2009; 

Zech et al., 2010; Kelly et al., 2012; Martini et al., 2017), but this correlation can be difficult to 

demonstrate unambiguously when calculated ages have uncertainties of ~1 ka and the YD 

interval only lasted from 12.9 ka to 11.7 ka (Bromley et al., 2011; Ward et al., 2015). Jomelli et 

al. (2014) suggested that moraine ages may instead correlate with the slightly earlier Antarctic 

Cold Reversal (ACR; 14.7-13.0 ka), as supported by high-precision dating of a moraine system 
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in Colombia (Jomelli et al., 2014), a compilation of revised ages across the Central Andes 

(Jomelli et al., 2017), and some additional moraine chronologies from individual locations (e.g., 

Stansell et al., 2017). The ACR was an abrupt cooling event in the Southern Hemisphere that 

pre-dated the YD, coinciding with the Bølling-Allerød interstadial in the Northern Hemisphere 

(Blunier et al., 1997). South of 40°S the ACR is the dominant climate event recorded by 

palaeoclimate archives since the LGM (Pedro et al., 2016); for example it caused glaciers to 

re-advance in Patagonia and New Zealand (Moreno et al., 2009; Putnam et al., 2010). In the 

arid sub-tropical Andes between 20-40°S, it remains unclear as to whether glaciers responded 

to potential cooling from the south during the ACR and/or enhanced moisture delivery from the 

north during the YD. Fortunately, updated production rate calibrations for the Central Andes 

(Kelly et al., 2015; Martin et al., 2015, 2017) now enable accurate calculation of exposure ages 

with millennial-scale precision, meaning the ACR and YD events can potentially be 

discriminated. We revisit this topic in Section 5. 

 

3. Methods 

3.1. Dating of moraines at the Sierra de Aconquija 

We collected a total of 22 boulder samples from moraine units M1, M2, and M3, and calculated 

their exposure ages based on measured concentrations of 10Be produced in situ in quartz. 

Quartz-rich granite and gneiss boulders at least 1 m in height and exhibiting no obvious signs 

of surface erosion were sampled from stable moraine crests (Fig. 3). Approximately 750 g were 

collected from the uppermost 2-3 cm of each boulder with a hammer and chisel. Samples were 

crushed and sieved to separate the 250-500 μm particle fraction and the magnetic fraction was 

separated using a Frantz magnetic separator. The non-magnetic fraction was chemically 

cleaned to isolate grains of quartz. Organic and carbonate material was removed with H2O2 

and HCl, prior to 3 rounds of leaching with a 1% HF, 1% HNO3 mixture (12 hours per round) 

to dissolve non-quartz minerals and eliminate meteoric 10Be. This cleaning protocol is similar 

to that of Kohl and Nishiizumi (1992). Samples were then dissolved in concentrated HF, and 

Be was isolated using standard column chemistry procedures at the GFZ German Research 

Centre for Geosciences in Potsdam, Germany (see von Blanckenburg et al., 2004; Wittmann 

et al., 2016). Each sample received a carrier solution containing 150 μg of 9Be. The isolated 

Be was then calcinated and each sample was pressed into a target using a AgNO3 matrix.  

Accelerator mass spectrometer (AMS) measurements were performed at the University of 

Cologne, Germany, and 10Be/9Be ratios were normalised to standards KN01-6-2 and KN01-5-

3, with 10Be/9Be ratios of 5.35 ×10-13 and 6.32 ×10-12, respectively. These ratios are consistent 

with a 10Be half-life of 1.36 (±0.07) ×106 yr and the 07KNSTD standardisation (Nishiizumi et 
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al., 2007), which is recommended when using the CRONUS-Earth (Marrero et al., 2016) and 

the CREp calculators (Martin et al., 2017). Measured 10Be/9Be ratios ranged between 1.95 ×10-

13 and 2.7 ×10-12. To calculate the 10Be concentration, a batch-specific blank 10Be/9Be ratio of 

3.54 ×10-15 (± 2.96 ×10-15, n = 3 blanks) was subtracted from measured isotope ratios to 

account for 10Be background contamination during sample processing. The AMS 

measurements for the exposure blanks registered only 1-2 10Be counts. 

 

 

Fig. 3. (A-C) Examples of boulders sampled for cosmogenic 10Be exposure dating. (D) Example of a 

boulder exhumed from within a moraine crest. 

 

Exposure ages were calculated using the CREp online calculator (Martin et al., 2017; available 

online at: http://crep.crpg.cnrs-nancy.fr). Corrections were made for topographic shielding and 

sample thickness (Table 1), and ages were calculated assuming zero surface erosion of 

boulders and a density of 2.7 g cm-3. We used the reference (SLHL) production rate of 3.74 

(±0.09) at g-1 yr-1 reported for the high-elevation Central Andes by Martin et al. (2015); this rate 

averages three well-clustered and highly consistent calibration sites in the same region and 

elevation range (3800-4900 m) as our sample locations (Blard et al., 2013; Kelly et al., 2015; 

Martin et al., 2015). Other parameters included the Lal/Stone time-corrected scaling scheme 

(Lal, 1991; Stone, 2000; Balco et al., 2008), the standard atmosphere model (NOAA, 1976), 
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and the atmospheric 10Be-based VDM geomagnetic database of Muscheler et al. (2005) and 

Valet et al. (2005). 

From the cluster of boulder exposure ages obtained for each moraine, we selected the oldest 

of each as being representative of the timing of moraine formation (cf., Putkonen and Swanson, 

2003; Zech et al., 2009b). Boulder exposure ages collected from moraines typically exhibit 

wide dispersion, and simply averaging all measured ages frequently results in a false age of 

deposition (Ivy-Ochs et al., 2007; Applegate et al., 2010; Kirkbride and Winkler, 2012; Ivy-Ochs 

and Briner, 2014). Incomplete boulder exposure—resulting from moraine degradation and 

differential boulder shielding, exhumation, toppling and surface erosion—generates ages that 

are younger than the true age of a moraine, and is more common than nuclide inheritance in 

many regions (Putkonen and Swanson, 2003; Hall et al., 2009; Heyman et al., 2011). This 

tendency to underestimate ages has been demonstrated with large compilations of boulder 

exposure ages from around the world (Heyman et al., 2011) and numerical analyses (Putkonen 

and Swanson, 2003), even when tall boulders are preferentially sampled (Heyman et al., 

2016). Therefore, unless morphostratigraphic observations support a particular age 

interpretation, the oldest boulder age within a cluster, after the exclusion of obvious old outliers 

attributed to prior exposure, is likely to be the closest to the true depositional age of the 

respective moraine (Zech et al., 2009b; Heyman et al., 2011). This approach has been adopted 

by many previous studies dating glacial landforms (Briner et al., 2005; Zech et al., 2007a,b; 

2009a, 2010; Hall et al., 2009; May et al., 2011). Interested readers are referred to Appendix 

1, where we elaborate on this methodological approach and show that using alternative 

approaches (e.g., mean boulder ages or frequency density plots) do not result in substantial 

changes to the inferred moraine ages or overall paleoclimate interpretations.  
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Table 1. Sample properties and measured 10Be data for each boulder dated on the Sierra de Aconquija 

moraines.  

 

3.2. Compilation and recalculation of moraine exposure ages in the Central 

Andes 

We compiled all 10Be data reported from glacial moraines in the Central Andes north of the 

study area (Fig. 4; Table 2) to contextualise our moraine exposure age results from the Sierra 

de Aconquija. These data have been reported from 30 study locations spanning a 20° 

latitudinal range from 7.0°S (the Cajamarca region of northern Peru; Shakun et al., 2015) to 

27.2°S (the Sierra de Aconquija in northwestern Argentina; this study). These sites have a 

combined total of 160 individual dated moraines, of which 144 represent glacier advances 

(lateral or terminal moraines) and 16 are recessional moraines (representing a hiatus during 

retreat, but not a re-advance). The total number of boulders sampled in the compilation is 794, 

of which 63 (7.9%) were interpreted by the original studies to be anomalously old outliers 

resulting from nuclide inheritance. In the compilation here, we maintained the interpretation of 

these particular boulders as outliers attributed to nuclide inheritance, following the original 

studies. After excluding these outliers due to nuclide inheritance, the mean and median number 

of remaining sampled boulders per moraine in each age cluster are 4.5 and 3, respectively. 

Valley Moraine Sample Latitude Longitude
Elevation 

(m)
Shielding 
correction

Sample 
thickness 

(cm)

10Be 
concentration 

(105 at/g)

10Be 
concentration 

uncertainty 
(105 at/g)

Boulder 
height 

(m)

ACON-M1 -   27.1648 -   66.0884 4359 0.980            2.5                               9.638                   0.366               1.0 
ACON-M2 -   27.1648 -   66.0881 4369 0.980            2.5                            14.890                   0.473               1.2 
ACON-M3 -   27.1652 -   66.0873 4404 0.980            2.5                            31.433                   0.986               1.4 
ACON-M4 -   27.1653 -   66.0839 4489 0.980            2.5                            18.964                   0.610               1.0 
ACON-M5 -   27.1654 -   66.0865 4429 0.980            2.5                            20.503                   0.658               1.1 
ACON-M6 -   27.1654 -   66.0869 4420 0.980            2.5                            12.298                   0.410               1.0 
ACON-MB1 -   27.1633 -   66.0860 4401 0.980            2.5                            10.793                   0.397               1.2 
ACON-MB2 -   27.1632 -   66.0865 4388 0.980            2.5                               9.775                   0.354               1.0 
ACON-MB3 -   27.1632 -   66.0866 4367 0.980            2.5                               9.292                   0.312               1.2 
ACON-MB4 -   27.1628 -   66.0878 4351 0.980            2.5                               7.476                   0.267               1.8 
ACON-MV1 -   27.1707 -   66.0852 4465 0.980            2.5                               5.158                   0.217               1.0 
ACON-MV2 -   27.1701 -   66.0882 4397 0.975            2.5                               5.022                   0.193               1.1 
ACON-MV3 -   27.1702 -   66.0873 4415 0.975            2.5                               5.634                   0.221               1.1 
ACON-MV5 -   27.1706 -   66.0860 4450 0.975            2.5                               5.337                   0.196               1.0 
YAR03 -   27.2615 -   66.1732 4210 0.970            2.0                               5.348                   0.203               1.6 
YAR04 -   27.2615 -   66.1732 4208 0.970            3.0                               5.473                   0.193               1.3 
YAR05 -   27.2615 -   66.1731 4213 0.970            3.0                               4.785                   0.183               1.4 
YAR07 -   27.2621 -   66.1682 4400 0.970            2.0                               5.482                   0.211               1.0 
YAR08 -   27.2630 -   66.1686 4392 0.970            3.0                               4.868                   0.203               1.0 
YAR09 -   27.2624 -   66.1697 4365 0.970            2.0                               5.161                   0.185               1.8 
YAR-10 -   27.2598 -   66.1575 4654 0.970            2.5                               3.708                   0.170               1.0 
YAR-11 -   27.2595 -   66.1603 4593 0.970            2.5                               3.919                   0.182               1.4 

Río Cerillos 
valley

Portal de 
las Yaretas 

valley

M1

M2

M3

M3a

M3b

M3c
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Fig. 4. Map of the 30 compiled study sites with 

dated moraines in the Central Andes (marked 

with stars), north of the Sierra de Aconquija 

(marked in bold). See Table 2 for site locations 

and references to the original studies. Colours 

indicate annual rainfall rates from TRMM 

2B31 (Bookhagen and Strecker, 2008); 

schematic arrows indicate moisture transport 

from the northeast during the South American 

Summer Monsoon (SASM) and via the Low 

Level Andean Jet (LLAJ). 

 

 

 

 

 

 

 

Study Site Country References Latitude Longitude
Mean 

Elevation (m)
No. 

boulders

Cajamarca Peru Shakun et al. (2015) 7.0-              78.4-            3,912               30
Northern Cordillera Blanca Peru Farber et al. (2005) 9.6-              77.4-            3,909               49
Queshque Valley Peru Stansell et al. (2017); Farber et al. (2005) 9.8-              77.3-            4,420               31
Cordillera Blanca Peru Smith and Rodbell (2010); Glasser et al. (2009) 10.0-            77.3-            4,348               78
Cordillera Huayhuash Peru Hall et al. (2009) 10.2-            76.9-            4,184               60
Nevado Huaguruncho Peru Stansell et al. (2015) 10.6-            75.9-            4,362               48
Collpa Valley Peru Smith et al. (2005a); Smith et al. (2005b) 10.9-            75.9-            4,173               6
Calcalcocha Valley Peru Smith et al. (2005a); Smith et al. (2005b) 11.0-            76.0-            4,259               26
Antacocha Valley Peru Smith et al. (2005a); Smith et al. (2005b) 11.0-            76.0-            4,255               22
Alcacocha Valley Peru Smith et al. (2005a); Smith et al. (2005b) 11.1-            76.0-            4,333               91
Cordillera Vilcabamba Peru Licciardi et al. (2009) 13.4-            72.5-            4,307               28
Cordillera Carabaya - Quebrada Tirataña Peru Bromley et al. (2016) 14.2-            70.3-            4,583               4
Cordillera Carabaya - Laguna Aricoma Peru Bromley et al. (2016) 14.3-            69.8-            4,712               8
Illampu Massif - San Francisco Valley Bolivia Zech et al. (2007b) 16.0-            68.5-            4,625               12
Zongo Valley Bolivia Smith et al. (2005a); Smith et al. (2005b) 16.1-            68.2-            3,675               24
Cordillera Real, Telata moraines Bolivia Jomelli et al. (2011) 16.3-            68.1-            4,605               59
Milluni Valley Bolivia Smith et al. (2005a); Smith et al. (2005b) 16.4-            68.2-            4,604               18
Nevado Illimani Bolivia Smith et al. (2011) 16.6-            67.8-            4,352               22
Cordillera Cochabamba - Huara Loma Valley Bolivia May et al. (2011); Zech et al. (2007b) 17.2-            66.3-            4,196               24
Cordillera Cochabamba - Rio Suturi Valley Bolivia Zech et al. (2007b) 17.2-            66.5-            3,912               8
Cordillera Cochabamba - Wara Wara Valley Bolivia Zech et al. (2010) 17.3-            66.1-            4,179               10
Cerro Azanaques Bolivia Martin et al. (2018) 18.9-            66.7-            4,366               6
Cerro Tambo Bolivia Martin et al. (2018) 19.8-            66.6-            4,191               6
Tres Lagunas Argentina Zech et al. (2009a) 22.2-            65.1-            4,426               35
Uturuncu Volcano Bolivia Blard et al. (2014) 22.3-            67.2-            4,827               6
Chajnantor Plateau Chile Ward et al. (2015) 23.0-            67.8-            4,740               12
Nevado de Chañi Argentina Martini et al. (2017) 24.0-            65.7-            4,553               43
Quevar Volcano Argentina Luna et al. (2018) 24.4-            66.8-            4,663               11
Sierra de Quilmes Argentina Zech et al. (2017) 26.2-            66.2-            4,303               11
Sierra de Aconquija Argentina This study 27.2-            66.1-            4,397               22
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Table 2. Study sites compiled in the Central Andes where moraine ages have been determined by 10Be 

cosmogenic nuclide exposure dating of surface boulders.  

 

We re-calculated all 10Be-derived boulder exposure ages using the regional production rate 

and other parameters recommended by Martin et al. (2015) and described in Section 3.1. We 

did not extend the compilation farther south for two reasons: (i) the production rate and age 

calculation parameters reported by Martin et al. (2015) may not be appropriate farther south 

and could result in incorrect ages in the mid-latitudes and Patagonia, and (ii) we are primarily 

interested in reconstructing the response of Central Andean glaciers to fluctuations in the 

SASM (Fig. 4). All sites with dated moraines south of the Sierra de Aconquija (e.g., Zech et 

al., 2006; 2007a; Moreiras et al., 2017; Terrizzano et al., 2017) are situated on the western 

flank of the Andes, where moisture is sourced from the Pacific westerlies. While it would be 

worthwhile to review how fluctuations in the Pacific westerlies influenced glaciers in the 

Southern Andes, this consideration lies beyond the scope of the present study. The Sierra de 

Aconquija (27°S) is the southern-most site with dated moraines located on the eastern margin 

of the Central Andes to which moisture is predominantly delivered by the SASM. 

Previous compilations of moraine ages in the Central Andes have updated boulder ages as 

new production rate calibrations have been reported (e.g., Rodbell et al., 2009; Jomelli et al., 

2014; Ward et al., 2015). However, different studies have taken different approaches to 

interpreting clusters of boulder ages, and a consistent approach is required to ensure a fair 

comparison among study sites. For the reasons outlined in Section 3.1, many studies take the 

oldest boulder age—within a cluster of boulder ages for a given moraine and after the exclusion 

of outliers attributed to nuclide inheritance— to be the closest to the timing of the glacier 

advance (e.g., Zech et al., 2006, 2007a,b, 2009b, 2010; 2017; Hall et al., 2009; May et al., 

2011). On the contrary, some studies instead (i) calculate mean values of all boulder ages 

collected on a moraine (Licciardi et al., 2009; Shakun et al., 2015b; Stansell et al., 2015, 2017; 

Bromley et al., 2016; Martini et al., 2017); (ii) calculate average boulder ages using frequency 

density plots (Smith and Rodbell, 2010; Jomelli et al., 2011; Smith et al., 2011; Ward et al., 

2015); (iii) organise ages chronologically and take the plateau or modal age (Smith et al., 

2005a,b) or (iv) combine these various approaches (Terrizzano et al., 2017). As our results for 

the Sierra de Aconquija demonstrate (see Section 4.1), these different approaches could, in 

some cases, result in substantially different moraine ages (and consequently palaeoclimate 

interpretations) for an identical set of boulder ages.   

We adopted a uniform strategy for interpreting clusters of boulder ages on moraines—the 

‘oldest clustered boulder age’ approach (see Appendix 1). After eliminating older outliers due 

to inheritance (in agreement with the original studies), we selected the oldest age within a 
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cluster of boulder ages as closest to the timing of moraine formation (cf., Putkonen and 

Swanson, 2003; Briner et al., 2005; Zech et al., 2009b; Heyman et al., 2011; Ivy-Ochs and 

Briner, 2014).  Appendix 1 compares this approach with alternative methods of inferring 

moraine ages (i.e., mean boulder ages or peaks of boulder age frequency distributions), and 

reveals that the choice of methodology does not fundamentally change the resulting 

palaeoclimate interpretations of this study. 

4. Results 

4.1. Ages of the Sierra de Aconquija moraines 

We determined 22 boulder exposure ages for moraine units M1, M2, and M3 (see Table 3, Fig. 

5a). The oldest, M1, is preserved as a lateral moraine in the Río Cerrillos valley, from which 

the six boulder exposure ages obtained range from 20.3 ±0.8 ka to 62.5 ±2.5 ka. The oldest 

age is significantly older than the others, so we interpret it to be an outlier resulting from nuclide 

inheritance. Of the remaining five boulder ages, the oldest is 40.1 ±1.0 ka, which is most likely 

to be the approximate formation age of M1 (see Section 3). Four boulder exposure ages were 

collected from lateral moraine M2 in the Río Cerrillos valley; this moraine is inset into M1 and 

must therefore be younger. The ages obtained are well-clustered and range from 16.4 ±0.6 ka 

to 22.1 ±0.9 ka. 

The youngest moraine unit (M3) was sampled as a lateral moraine cross-cutting M1 and M2 

in the Río Cerrillos valley, and as a sequence of end-moraines in the Portal de las Yaretas 

valley (Fig. 2). In the Río Cerrillos valley, four well-clustered boulder exposure ages were 

obtained between 11.3 ±0.5 ka and 12.5 ±0.5 ka. In the Portal de las Yaretas valley, three 

different end moraine crests were sampled. Three boulder exposure ages were determined 

from the lowermost (M3a), ranging from 11.9 ±0.5 ka to 13.5 ±0.5 ka. Crest M3b is situated 

~500 m up-valley, from which three boulder exposure ages range from 11.2 ±0.5 ka to 12.3 

±0.5 ka. Finally, we sampled two boulders on a younger end moraine a further ~1 km up-valley 

(M3c) with exposure ages of 7.9 ±0.2 ka and 8.5 ±0.2 ka. 

All boulder ages are plotted in Fig. 5a and compared with selected palaeoclimate records, 

which are discussed in Section 5.2. 
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Table 3. Calculated exposure ages for 

each boulder sampled. Ages were 

calculated using the CREp online 

calculator; parameters are given in the 

Section 3. Reported uncertainties account 

for uncertainty in measured 10Be 

concentrations (Table 2) and uncertainties 

associated with the 10Be production rate 

(Martin et al., 2017).  

†Inferred outlier due to nuclide inheritance. 

*Oldest sample within the age cluster. 

 

 

 

Valley Moraine Sample Age (ka)
Uncertainty, 

1σ (ka)

ACON-M1              20.3                    0.8 
ACON-M2              30.6                    1.4 
ACON-M3†              62.5                    2.5 
ACON-M4              37.0                    1.3 
ACON-M5*              40.1                    1.0 
ACON-M6              25.2                    1.0 
ACON-MB1*              22.1                    0.9 
ACON-MB2              20.3                    0.7 
ACON-MB3              19.6                    0.7 
ACON-MB4              16.4                    0.6 
ACON-MV1              11.3                    0.5 
ACON-MV2              11.4                    0.4 
ACON-MV3*              12.5                    0.5 
ACON-MV5              11.7                    0.5 
YAR03              13.1                    0.6 
YAR04*              13.5                    0.5 
YAR05              11.9                    0.5 
YAR07*              12.3                    0.5 
YAR08              11.2                    0.5 
YAR09              11.8                    0.5 
YAR-10                 7.9                    0.3 
YAR-11*                 8.5                    0.4 

Río Cerrillos 
valley

Portal de las 
Yaretas 
valley

M1

M2

M3

M3a

M3b

M3c
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Fig. 5. (A) Boulder exposure ages measured for the Sierra de Aconquija moraines, compared with (B) 
solar insolation in February at 30°S (Berger and Loutre, 1991), (C) the BTV-3a Botuverá Cave δ18O 

record in southeastern Brazil (Wang et al., 2007), and (D) gamma counts obtained from a lacustrine 

core at the Salar de Uyuni, Bolivia (Baker et al., 2001).  

 

4.2. Compilation of other moraine ages in the Central Andes 

We compiled and re-calculated all previously-reported boulder ages for 160 moraines 

distributed across the Central Andes (Fig. 4, Table 2). Of these, 144 moraines represent glacier 

advances (lateral or terminal moraines), the ages of which are plotted as a function of latitude 

in Fig. 6, focusing on the last 60 kyr. Each point indicates the oldest boulder exposure age 

sampled on a given moraine, excluding outliers due to nuclide inheritance, and with error bars 

indicating the ±1σ uncertainty on the respective boulder age. The colour/symbol used for each 
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point indicates how many individual boulders with clustered ages were sampled on each 

moraine (again, excluding outliers due to nuclide inheritance).  

The moraine ages are distributed across latitude and time. In the northern Central Andes (e.g., 

the Peruvian Andes at ~10°S) there is a dense spread of moraines dating between 11 ka and 

30 ka, as well as a cluster of older (~40 ka), and several younger (Holocene and Little Ice Age) 

moraines. In the middle sector of the Central Andes (15-20°S), the main cluster of ages lies 

between 11 ka and 23 ka. In the southern Central Andes, south of ~22.5°S, the ages are more 

sparsely distributed, but none are younger than 12.5 ka. The clusters of ages are in good 

agreement with earlier efforts to compile moraine ages in the region (Rodbell et al., 2009; Zech 

et al., 2009b). Notably, the patterns in the data differ depending on how many boulders are 

sampled per moraine. If only those moraines with 5 or 6+ clustered boulder ages are 

considered (marked respectively with purple squares and black stars), there is a clear cross-

latitude cluster of ages at 40 ka and a second broader cross-latitude cluster that spans from 

11 ka to 30 ka at 10°S and narrows to 15 ka to 25 ka by 25°S, with the oldest age decreasing 

linearly with latitude. When moraines with fewer dated boulders are considered, these patterns 

become less clear. 

 

 

Fig. 6. Compilation of all dated moraines in the Central Andes between 5°S and the Sierra de Aconquija 

at 27°S. Ages were calculated using the CREp calculator and parameters recommended by Martin et 

al. (2015), and re-interpreted using the ‘oldest boulder’ approach (see text for details). Each point 

represents one moraine and is coloured according to the number of clustered boulder ages reported for 

that moraine, with ±1σ error bars. 
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How many boulder ages are sufficient to obtain an accurate moraine age? Clearly, the more 

boulders that are sampled, the closer the oldest age in the cluster is likely to be to the timing 

of moraine formation (Putkonen and Swanson, 2003; Briner et al., 2005; Heyman et al., 2011). 

The moraine ages in Fig. 6 that are based on a larger cluster of boulder ages are less likely to 

change if additional boulders were dated, whereas those derived from a small number of 

boulder ages (e.g., two or three) are more likely to underestimate the true moraine age. 

Putkonen and Swanson (2003) quantified this sensitivity using a global data set of boulder 

ages collected from moraines and a numerical model of moraine diffusion. They estimated the 

number of boulder ages required, depending on moraine age and initial height, such that the 

oldest age in the cluster is ≥90% of the age of moraine formation with a 95% probability (Table 

4). 

 

Table 4. The number of boulder ages required from a 

moraine surface, as a function of moraine age and 

initial height, such that there is a 95% probability that 

the oldest age is ≥90% of the age of moraine 

formation (from Putkonen and Swanson, 2003). 

 

For a 20 ka moraine with an initial height of 20 m, four boulders are required to achieve this 

level of accuracy and probability. This requirement increases to five boulders if the initial 

moraine height was 40 m or greater. For a 40 ka moraine, six boulders are required if the initial 

relief was 40 m or greater. The findings of Putkonen and Swanson (2003) indicate that, of all 

the moraines dated in the Central Andes and compiled here, many sites have an insufficient 

number of boulder ages for the oldest clustered age to be within 90% of the true moraine age. 

Of the 144 moraines representing glacier advances, 77 (i.e., 53%) meet the criterion of four or 

more boulder ages, 56 moraines (39%) contain five or more boulder ages, and 41 moraines 

(28%) contain six or more boulder ages. In total, approximately half of the dated moraines in 

the Central Andes probably do not have the necessary number of boulder ages to provide an 

accurate estimate of the timing of glacier advance. In Fig. 6, the moraine ages with only two or 

three boulders (marked with yellow circles and orange triangles) are likely to be under-

estimated. The moraines with four boulders (marked with red crosses) are likely to be more 

accurate, particularly for the younger moraine units, and the majority of the moraine ages with 

5 or 6+ boulders (marked with purple squares and black stars) are likely to be more than 90% 

of the true moraine age. This inference based on modelling is in agreement with the improved 

clustering of ages (e.g., around 40 ka) and the emergence of spatial patterns (e.g., the linear 

100 80 60 40 30 20

60 7 7 7 6 5 4
40 6 6 6 6 5 4
20 5 5 5 5 5 4

Initial moraine height (m)Moraine 
age (ka)
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latitude/age relationship between ~25-30 ka) among the sites with only 5 or 6+ boulders per 

moraine. Additional evidence in support of this approach is given in Appendix 1. 

There are fewer data points (11 moraines) with ages older than 60 ka (Fig. 7), although many 

are based on five or more boulder ages. The majority of the data lie in the Peruvian Andes at 

~10°S (Smith et al., 2005a,b) and the oldest moraine (~330 ka) is in the Alcacocha valley in 

Peru (Smith et al., 2005a,b). There are two moraines with similar ages of ~207 ka and ~209 

ka at 11°S and 22°S, respectively. Five moraine ages in the Peruvian Andes are distributed at 

even intervals between 207 ka and 313 ka, i.e., every ~21 kyr on average. 

 

 

Fig. 7. Compilation of dated moraines in the Central Andes as per Fig. 6, but extending back to 350 ka. 

 

 

5. Discussion 

5.1. Timing of glaciations at the Sierra de Aconquija (27°S) 

5.1.1. Moraine unit M1 

The age of M1 indicates that there was a glacier advance at ~40 ka, which is the largest 

advance recorded on the Sierra de Aconquija (Fig. 2). This advance occurred at approximately 

the summer insolation maximum in the southern sub-tropics (Fig. 5b), when the SASM was 

intensified and conditions in the Central Andes were wetter (the Minchin pluvial phase), the 

Botuverá Cave δ18O record indicates greater depletion, and lakes on the Altiplano and Puna 

plateaus were deeper and fresher (Fig. 5). Glaciers advanced in nearby parts of the southern 

Central Andes around this time, for example the Nevado de Chañi (24°S; Martini et al., 2017) 

and the Sierra de Quilmes (26°S; Zech et al., 2017), as well as farther north at the Chajnantor 

plateau (23°S; Ward et al., 2015; 2017), Uturuncu volcano (22°S; Blard et al., 2014; Ward et 

al., 2017), and the Cordillera Huayhuash in Peru (10°S; Hall et al., 2009). We therefore infer 

that the M1 advance at the Sierra de Aconquija occurred within a more widespread wet period 
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in the Central Andes, corresponding to the summer insolation maximum around 40-45 ka, 

during which the SASM was intensified. A lack of terrestrial palaeo-temperature 

reconstructions from this time (Baker and Fritz, 2015) makes it difficult to know whether this 

was also a time of especially cold temperatures and whether cooling was simultaneously 

needed to trigger the advance of Central Andean glaciers. Nonetheless, these new results 

from the Sierra de Aconquija provide new evidence that glaciers in the Central Andes 

advanced in phase with intensification of the SASM during summer insolation maxima, at least 

as far south as 27°S in northwestern Argentina. 

It is worth noting the ~62.5 ka boulder outlier on the M1 moraine. We interpret this age to result 

from nuclide inheritance; this could be due to prior exposure of the boulder on a hillslope before 

it was incorporated into the moraine. However, the boulder might also have been incorporated 

from a pre-existing moraine. This scenario is not unlikely given that the M1 moraines occupy 

the full width of the valleys (Fig. 2), so they must have eroded or incorporated any pre-existing 

moraine deposits. If this age were derived from an older moraine in the Río Cerrillos valley, it 

might have corresponded with the summer insolation maximum at ~65-70 ka (Fig. 5b). This 

interpretation remains speculative, because there is no cluster of ages or a mapped moraine 

unit pre-dating M1. Nonetheless, moraines of this age have been reported elsewhere in the 

southern Central Andes including the Sierra de Santa Victoria (22°S; Zech et al., 2009a) and 

Uturuncu volcano (22°S; Blard et al., 2014). We speculate that older advances may also have 

coincided with insolation maxima, although evidence of earlier glaciations at the Sierra de 

Aconquija has been overprinted by M1, M2, and M3. Indications of precessional periodicity in 

even older moraine ages (Fig. 7) support this interpretation. 

 

5.1.2. Moraine unit M2 

Our estimated age for M2 (~22 ka) lies within the global LGM and just before the summer 

insolation peak in the southern hemisphere sub-tropics at ~20 ka. This period was marked by 

deep and fresh Altiplano lakes (Baker et al., 2001; Baker and Fritz, 2015) and other 

palaeoclimate records that indicate wet conditions throughout the Central Andes at this time 

(see Section 2.2). Many other moraines in the Central Andes have been dated to ~20-25 ka; 

we refer to Section 5.3 and the supplementary material for a compilation of these ages. As 

with the earlier insolation peak around 40-45 ka, this was a time of enhanced moisture flux to 

the Central Andes, most likely due to southward displacement of the ITCZ in the tropical 

Atlantic and intensification of the SASM. The LGM was also a time of cooler temperatures. 

Glacier mass balance modelling in the Bolivian Andes (Kull et al., 2008) and TEX-86 

palaeothermometry in sediments from Lake Titicaca (Fornace et al., 2011; Baker and Fritz, 
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2015) both suggest that the LGM was ~6°C colder in the tropical/sub-tropical Andes than it is 

today. 

We interpret that the M2 advance at the Sierra de Aconquija occurred at ~22 ka due to 

increased precipitation amounts during a period of cold temperatures. We expand on this 

interpretation in Section 5.3, in which we discuss the compilation of moraine ages for the entire 

Central Andes. As with the M1 moraines, the ages of the M2 moraines from the Sierra de 

Aconquija also provide evidence that glacier advances in the southern Central Andes occurred 

in phase with wet intervals associated with insolation maxima (Fig. 5).  

 

5.1.3. Moraine unit M3 

The ages of the M3 moraines (Fig. 8a) are especially important for discerning how the Younger 

Dryas (YD) and the Antarctic Cold Reversal (ACR) influenced glaciers in the sub-tropical 

Andes. Here, we examine the late glacial period, in which the ages of the four sampled M3 

moraines are compared with δ18O curves obtained from ice cores in West Antarctica and 

Greenland (Fig. 8b), as well as the Botuverá Cave δ18O record (Fig. 8c). The two polar records 

are predominantly temperature proxies, and illustrate anti-phased behaviour between the 

Northern and Southern hemispheres during deglaciation, with the ACR (the dominant event in 

the Southern Hemisphere) preceding the YD (the dominant event in the northern hemisphere) 

(Putnam et al., 2010; Pedro et al., 2011, 2016). The terrestrial Botuverá Cave speleothem δ18O 

record is primarily a proxy for precipitation and the intensity of the SASM in sub-tropical South 

America (Cruz et al., 2005; Wang et al., 2007). It is highly correlated with the Greenland δ18O 

record because cold events in the North Atlantic displace the ITCZ southward, leading to 

warming of sea surface temperatures in the tropical Atlantic and intensification of the SASM 

(see Section 2.2). Therefore, glacier advances in the Central Andes could have resulted from 

cooling of the Southern Hemisphere during the ACR, an increase in precipitation due to 

intensification of the SASM during the YD, or both; this issue remains contentious (Jomelli et 

al., 2014; Ward et al., 2015). 
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Fig. 8. (A) Boulder ages measured on each of the M3 moraines at the Sierra de Aconquija (the oldest 

boulder in each cluster is black, while the others are grey), compared with (B) δ18O series obtained from 

ice cores in West Antarctica (core WDC 6A-7; WAIS Divide Project Members, 2013) and Greenland 

(NGRIP; North Greenland Ice Core Project Group Members, 2004) (left axis); as well as (C) the BTV-

3a Botuverá Cave δ18O record (Wang et al., 2007) (right axis). (D) This figure has been reproduced from 

Pedro et al. (2016) and shows their simulation of Southern Hemisphere temperature anomalies during 

the Antarctic Cold Reversal. 

 

The oldest boulder age obtained for the lowermost end moraine in the Portal de las Yaretas 

valley (M3a; 13.5 ±0.5 ka) coincides with the ACR. Three boulders were sampled on M3a (Fig. 

2b), the youngest of which cannot be correct because it would make the moraine younger than 

M3b, which is morphologically impossible. Even if the older two boulder ages were averaged, 

M3a would still coincide with the ACR. The M3a moraine could be a terminal moraine (i.e., the 

glacier was previously smaller and advanced to this position during the ACR), or a recessional 

moraine (i.e., the glacier was previously larger and M3a represents a hiatus during its retreat 

that coincided with the ACR). The M3 moraines in the Río Cerrillos valley (Fig. 2a) exhibit an 

identical morphological expression, with end moraines ~500 m up-valley from the lowermost 

exposed M3 deposits. Although we did not sample the lowermost deposits in the Río Cerrillos 

valley, we interpret them to be equivalent to M3a in the Portal de las Yaretas valley. Therefore, 

we infer that the outermost mapped extents of the M3 moraines were formed at ~13.5 ka. As 

the M3 moraines clearly overprint M2, we interpret our data to indicate a glacier advance (i.e., 



24 
 

making M3a a terminal moraine) during the ACR, and therefore driven by cooling of the 

Southern Hemisphere. 

The results of a transient simulation of Southern Hemisphere temperature anomalies during 

the ACR by Pedro et al. (2016) is depicted in Fig. 8d. This record was generated using the 

Community Climate System Model v.3 TraCE simulation sensitivity experiment EXP-ACR (Liu 

et al., 2009; He et al., 2013), and the temperature anomaly was calculated as the mean 

temperature for the entire ACR minus the mean temperature during the 50 years before the 

onset of the ACR. This map therefore shows the simulated spatial reach of ACR cooling in the 

Southern Hemisphere. Pedro et al. (2016) compared these model results with palaeoclimate 

records, shown as symbols in Fig. 8b and coloured blue if they register a signal of ACR cooling, 

or grey if the presence of an ACR signal is ambiguous. In South America, as well as on other 

continents, existing palaeoclimate records show a clear response to the ACR at latitudes south 

of 40°S. Between 20°S and 40°S the presence of an ACR signal is unclear in existing 

proxies/archives, despite the palaeoclimate simulation predicting that temperatures might have 

cooled as far north as ~25°S. Therefore, a glacier advance concurrent with the ACR at the 

Sierra de Aconquija (marked with a star in Fig. 8b) is important evidence in support of the 

simulation by Pedro et al. (2016) and suggests that cooling during the ACR did indeed occur 

as far north as 27°S in South America. 

The YD is also represented in the Sierra de Aconquija moraine record. Four ages were 

obtained for the lateral M3 moraine in the Río Cerrillos valley, the oldest of which (12.5 ±0.5 

ka) corresponds to the YD. An average of all the sampled ages would still coincide with the 

YD. Similarly, the age of the M3b moraine sampled in the Portal de las Yaretas valley also 

coincides with the YD (12.3 ±0.5 ka). As stated previously, the M3b surfaces have end 

moraines situated ~500 m up-valley from the M3a deposits in both of the sampled catchments 

(Fig. 2), indicating a similar history of glacier dynamics at both sites. We infer that the M3 

glaciers were retreating after the ACR, within the long-term warming trend of global 

deglaciation, but that the M3b moraines represent a brief hiatus during retreat and a small re-

advance at ~12.3-12.5 ka. As this small re-advance coincides with the YD, we interpret that it 

occurred in response to enhanced monsoonal moisture transport to the Sierra de Aconquija, 

as the SASM is known to have been strengthened during the YD interval (see Section 2.2). 

Finally, the age of the uppermost M3c end moraine in the Portal de las Yaretas valley (Fig. 2b) 

coincides with Bond Event 5 (Bond et al., 1997), also known as the 8.2 ka event. Like the YD, 

the 8.2 ka event was a cold event in the North Atlantic and is recorded by a negative δ18O 

excursion in Greenland (Fig. 8b) and a decrease in North Atlantic temperatures of 1.5-3.0°C 

(Alley et al., 1997; Barber et al., 1999; Thomas et al., 2007). It has been suggested that the 

8.2 ka event occurred within a longer period of cooling starting at 8.6 ka and lasting up to 600 
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years (Rohling and Pälike, 2005). A southward shift of the tropical Atlantic summer ITCZ 

position between 7.8 ka and 8.4 ka has also been identified from sedimentary deposits in the 

Cariaco Basin (Haug et al., 2001; Rohling and Pälike, 2005), and lacustrine sedimentary cores 

indicate wet conditions in the Central Andes at exactly this time (Tiner et al., 2018). Jomelli et 

al. (2011) similarly identified a recessional moraine unit in the high Zongo valley of the 

Cordillera Real, Bolivia (16°S), with an age of 8.5 ±0.4 ka. Therefore, we interpret the M3c 

moraine age to coincide with Bond Event 5, representing a short-lived pause in glacier retreat 

due to intensification of the SASM and a corresponding increase in moisture delivered to the 

Sierra de Aconquija. This interpretation invokes an equivalent coupling between the tropical 

Atlantic and the SASM noted for the M3b/YD advance, only smaller in magnitude, which is 

consistent with the shorter length of the M3c glacier in the Portal de las Yaretas valley. 

The Sierra de Aconquija occupies a portion of the southern Central Andes that is especially 

sensitive to climate change; it is far enough south to register the ACR and far enough north to 

register fluctuations in the intensity of the SASM. Glaciers on the range responded to both the 

YD and the ACR, as well as Bond Event 5 during the Holocene. Colder temperatures during 

the ACR probably explain the outermost M3a positions followed by glacier retreat, as 

temperatures subsequently warmed. The retreat was seemingly interrupted during both the 

YD and the Bond Event 5, most likely as a result of intensification of the SASM. The Sierra de 

Aconquija is located at the southern-most limit of the LLAJ today (Fig. 1a); our findings indicate 

that at this latitude, brief intensification of the SASM was sufficient to pause glacier retreat, but 

insufficient to cause major re-advances. Consequently, we interpret this location to be 

approximately the most southerly latitude where a short-lived increase in precipitation related 

to the YD can be detected in moraine records along the eastern flanks of the Central Andes. 

 

5.2. Compilation of moraine ages across the Central Andes 

Our compilation of moraine ages for the Central Andes is the first to uniformly take the oldest 

boulder from clustered boulder ages to be the closest in age to the true timing of moraine 

formation, while also updating boulder exposure ages with the latest cosmogenic nuclide 

production rate constraints. The ‘oldest clustered boulder age’ approach recognises that the 

moraine ages reported across the Central Andes vary in their accuracy, and that at least half 

probably underestimate the timing of advances as a result of too few boulders having been 

sampled. Therefore, simply plotting all measured moraine ages (Fig. 6) generates a 

complicated picture that combines ages of varying probable accuracy. 

We re-plot the compilation of moraine ages from Fig. 6 for the 0-60 ka time period in Fig. 9. To 

focus on the spatial patterns in timing, the data are binned by latitude and age. By binning the 
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data, we assume that moraine ages in individual valleys are correlatable and representative of 

that latitude more generally. We used 5° bins for latitude, and variable bin sizes for age (0.5 

ka between 0 ka and 10 ka; 1 ka between 10 ka and 20 ka; 2 ka between 20 ka and 40 ka; 4 

ka between 40 ka and 60 ka), reflecting the increase in age uncertainty with increasing age 

(see supplementary material). In panels D, E, and F, we repeat the plot using data from 

moraines that have six or more boulders, five or more boulders, and four or more boulders, 

respectively. There is a trade-off between the accuracy of the ages and the number of 

moraines that can be included, but all three plots are likely to be reasonable reconstructions 

of when glaciers advanced (see Section 4.2). For comparison, panels A-C show a range of 

palaeoclimate proxies, including a 231Pa/230Th proxy for the strength of the Atlantic Meridional 

Overturning Circulation (AMOC), atmospheric CO2, sea surface temperatures from the 

northern coast of South America, and the average temperature for the entire Southern 

Hemisphere during the period of global deglaciation. Millennial-scale climate events are 

marked with grey bars. 
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Fig. 9. (A) Solar insolation in February at 30°S (Berger and Loutre, 1991), the BTV-3a Botuverá Cave 

δ18O record in southeast Brazil (Wang et al., 2007), and gamma counts from the Salar de Uyuni lake 

core, Bolivia (Baker at el., 2001). (B) The 231Pa/230Th proxy for the strength of the Atlantic Meridional 

Overturning Circulation (AMOC) from cores GGC5 and ODP1063 (McManus et al., 2004; Lippold et al., 

2009). (C) Atmospheric CO2 concentration reconstructed from Antarctic ice cores EDC96 and EDC99 

(black; Schmitt et al., 2012), western tropical Atlantic sea surface temperatures reconstructed from core 
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M35003 (orange; Rühlemann et al., 1999), and a proxy stack of temperature for the Southern 

Hemisphere (purple; Shakun et al., 2012). (D) Number of dated moraines in the Central Andes that fall 

into 5° latitude bins and variable age bins, and have six or more clustered boulder ages each (see text 

for details). (E) The same as panel (D) but including moraines with five or more clustered boulder ages 

each. (F) The same as panel (D) but including moraines with four or more clustered boulder ages each. 

‘YD’ = Younger Dryas; ‘ACR’ = Antarctic Cold Reversal; ‘HS’ = Heinrich Stadial. 

 

By excluding those ages that are most likely to be unreliable, panels D-F in Fig. 9 show tighter 

clusters of moraine ages than the entire compilation in Fig. 6. The spatial and temporal patterns 

also remain similar regardless of whether the threshold number of boulder ages per moraine 

is set at four, five, or six. Glaciers advanced throughout the Central Andes at ~40-45 ka, during 

the global LGM at ~20-26 ka, and several times during the late glacial period between 11 ka 

and 20 ka. These broad clusters are in agreement with earlier efforts to synthesise advance 

timings in the region (e.g., Zech et al., 2009b). They also match the three generations of 

moraines we identify at the Sierra de Aconquija, showing that our results from northwestern 

Argentina are in agreement with the general chronology of glaciation throughout the Central 

Andes. 

As described previously, two broad peaks in summer insolation in the Southern Hemisphere 

tropics/sub-tropics occurred at ~40-45 ka and ~15-25 ka, associated with an intensified SASM 

and wetter conditions in the Central Andes (Fig. 9a). Between 40 ka and 45 ka, glaciers 

advanced synchronously along more than 2000 km of the eastern margin of the Central Andes 

from 10°S in Peru to 27°S in Argentina. This advance coincided with the summer insolation 

maximum and the period of greatest depletion in the Botuverá Cave δ18O record, suggesting 

many of these glaciers indeed responded to increased monsoonal moisture flux. Similarly, 

glaciers advanced across latitudes in accordance with the global LGM between 20 ka and 26-

28 ka, when summer insolation increased in the southern tropics/sub-tropics, the Central 

Andes were relatively wet, and temperatures were low (Fig. 9a-c). These results support the 

interpretation that many glaciers in the Central Andes did advance in phase with intensification 

of the SASM during periods of increasing summer insolation in the Southern Hemisphere (e.g., 

Zech et al., 2008, 2009b). Additional support for this interpretation comes from the observation 

that, once re-interpreted, moraine ages in the Peruvian Andes exhibit ~25 ka periodicity as far 

back as 200-350 ka (Fig. 7). 

Heinrich Stadials are recorded in the spatial pattern of moraine ages at a finer temporal 

resolution. The youngest (Heinrich Stadial 1, HS1; 18.0-14.7 ka) is captured in the greatest 

detail because of the greater precision of younger ages. Glacier advances are registered 

during HS1 in all latitude bins from 5°S to 25°S, starting earlier in the north and progressively 
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later in the south. The same spatial pattern is also observed during Heinrich Stadial 2 (HS2; 

24.0-27.0 ka), although age uncertainties only permit dividing HS2 into two intervals. We infer 

that glaciers advanced in the Central Andes in response to increased monsoonal moisture flux 

during HS1 and HS2 (as well as potentially earlier Heinrich Stadials), and that the southward 

progression of moraine ages reflects the southward penetration of moisture during the SASM 

as tropical Atlantic temperatures warmed (Fig. 9d-f). This pattern in the timing of glacier 

advances matches the rise in sea surface temperatures and the timing of AMOC weakening 

(Fig. 9b-c). Furthermore, secondary peaks can be observed in both the Salar de Uyuni gamma 

counts and depletion of the Botuverá Cave δ18O record (Fig. 9a), confirming that Heinrich 

Stadials were coupled with peak wet conditions at these locations. The moraine age 

compilation indicates that intensification of the SASM during HS1 and HS2 influenced glaciers 

throughout the Central Andes to a southerly limit of 25°S. The lack of moraines at the Sierra 

de Aconquija with ages during Heinrich Stadials (Fig. 2) supports this interpretation. As a result, 

the spatial distribution of moraine ages reveals sensitivity to HS1 and HS2, and shows that 

once unreliable records are excluded (Section 4.2), moraine ages can be used to reconstruct 

spatial patterns in climate variability with fine temporal and spatial resolution.  

Both the ACR and YD climate events have been invoked to explain the timings of glacier 

advances in the Andes, but their relative importance is disputed (Bromley et al., 2011; Jomelli 

et al., 2014; Ward et al., 2015). Few moraines have been dated to either the YD interval or the 

ACR interval with 5+ boulders or 6+ boulders (i.e., the greatest confidence; Fig. 9d-e). These 

locations are restricted to the northern Central Andes between 5°S and 15°S, and they indicate 

that glaciers advanced during both events. This result matches our interpretations for the Sierra 

de Aconquija farther south at 27°S, where we identify both ACR and YD moraines (Fig. 8). If 

the threshold number of boulders per moraine is reduced to 4+ (Fig. 9f), additional sites are 

included in the compilation and a total of eight moraines fall between 11 ka and 13 ka (i.e., 

likely the YD) while five moraines fall between 13 ka and 15 ka (i.e., likely the ACR). The 

palaeoclimate simulation by Pedro et al. (2016) (Fig. 8b) predicts that temperatures cooled 

south of ~20°S and warmed north of 20°S during the ACR. Fine spatial boundaries in 

palaeoclimate simulations may not be entirely accurate, but it is nonetheless difficult to 

reconcile this simulation with multiple glacier advances during the ACR between 10°S and 

20°S (Fig. 9). Further work is warranted to pinpoint exactly how far north cooling associated 

with the ACR penetrated in the Andes, as our compilation of moraine ages suggests this might 

have been ~10° farther north than modelled by Pedro et al. (2016). In contrast to the ACR, the 

YD was a time of weakened AMOC (Fig. 9b), a warming tropical Atlantic (Fig. 9c), intensified 

SASM, and increased moisture transport to the Central Andes (Fig. 9a). The results of our 

compilation suggest that glaciers advanced throughout the Central Andes during the YD. Our 

observations at the Sierra de Aconquija show that, at 27°S, the YD only resulted in minor 
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glaciation (see Section 5.2.3), indicating that the Sierra de Aconquija could mark the 

approximate southern limit of enhanced monsoonal moisture flux during the YD interval. 

In summary, our re-calculation of moraine ages indicates that Central Andean glaciers 

advanced in response to a combination of strengthening of the South American Summer 

Monsoon and cool temperatures at various times during the last ~45 ka. Cross-latitude 

advances coincided with periods of wet climate associated with insolation maxima in the 

southern tropics, including during the global LGM and at ~40-45 ka. Those moraine ages likely 

to be most accurate indicate a ~25 ka periodicity as far back as 200-350 ka, at least in Peru 

(Fig. 7). The compilation of moraine ages also captures shorter-lived climate events, with 

advances occurring farther south in the Central Andes during Heinrich Stadials 1 and 2 and 

the Younger Dryas.  

 

6. Conclusions 

New moraine ages obtained at the Sierra de Aconquija reveal that glaciers advanced at 27°S 

on the eastern margin of the southern Central Andes multiple times during the last ~40 ka. We 

identify two large advances at approximately 22 ka and 40 ka, coincident with summer 

insolation maxima in the Southern Hemisphere tropics/sub-tropics. During global deglaciation, 

smaller advances occurred at ~13.5 ka during the Antarctic Cold Reversal and at ~12.5 ka 

during the Younger Dryas. One end moraine also records minor glaciation during the Bond 

Event 5. These results suggest that, at this location, glaciers responded sensitively to 

enhanced moisture delivery from the north during periods of strengthened South American 

Summer Monsoon, as well as to episodes of cooling in the Southern Hemisphere. 

We also compiled existing 10Be data from 144 moraines in the Central Andes and re-calculated 

their ages using the latest age calculation parameters. To control for the accuracy of moraine 

age estimates at different sites, we took a uniform approach to interpreting moraine ages by 

selecting the oldest ages among clustered boulder exposure ages as being the closest to the 

timing of moraine formation. Our compilation shows that the chronology of glacier advances at 

the Sierra de Aconquija is in general agreement with other sites across the Central Andes. 

Glaciers advanced throughout the region in response to strengthening of the South American 

Summer Monsoon during periods of increased summer insolation in the southern tropics/sub-

tropics. The compiled moraine ages also show sensitivity to millennial-scale climate events, 

including the Younger Dryas and Heinrich Stadials. We document a southward propagation of 

glacier advances during Heinrich Stadials 1 and 2, as temperatures warmed in the western 

tropical Atlantic and monsoonal moisture penetrated farther south in the Central Andes. Based 

on these data, and coupled with an absence of moraines with HS1 or HS2 ages at the Sierra 
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de Aconquija, we infer a southerly limit of ~25°S for enhanced monsoonal moisture flux in the 

Central Andes during Heinrich Stadials.  

This study shows that moraine chronologies are valuable palaeoclimate indicators at local and 

regional scales. When a consistent analytical approach is applied, the most reliable moraine 

ages in the Central Andes can be used to reconstruct past climate variability at fine spatial and 

temporal resolutions. In addition to establishing moraine chronologies at new locations, future 

studies could revisit moraines dated with a small number of boulders (e.g., two or three) and 

supplement these with additional boulder exposure ages in order to increase the accuracy of 

existing chronologies. Parallel modelling efforts to invert mapped glacier extents for 

temperature and precipitation scenarios could exploit the growing number of dated moraines 

in the Central Andes to better constrain the magnitudes of past climate changes. 
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8. Appendix 1: Interpretation of clustered boulder ages 

As outlined in Section 3, some previous studies have suggested taking the oldest boulder age 

within a cluster—after the exclusion of outliers attributed to nuclide inheritance—as the closest 

to the true timing of moraine formation (Putkonen and Swanson, 2003; Briner et al., 2005; Ivy-

Ochs et al., 2007; Zech et al., 2007a,b; Applegate et al., 2010; Heyman et al., 2011; May et 

al., 2011; Ivy-Ochs and Briner, 2014). The reasoning behind this approach is that processes 

leading to incomplete exposure (e.g., differential boulder erosion, exhumation, rotation, and 

shielding)  result in some boulder exposure ages that are younger than the moraine itself (cf. 

Putkonen and Swanson, 2003, Heyman et al., 2011). Here, we explore this concept further 

and consider how to interpret the exposure ages of boulders collected from a moraine.  

 

8.1. Nuclide inheritance 

Prior works identified anomalously old outliers on the grounds that they (i) sit far away from 

age clusters (e.g., Martini et al., 2017); (ii) violate the local stratigraphic order (e.g., Bromley et 

al., 2016; Ward et al., 2017; Zech et al., 2017); (iii) can be identified by statistical testing (e.g., 

Smith et al., 2005a,b; Jomelli et al., 2011); or (iv) by field observations that suggest a particular 

boulder is significantly older or was derived from hillslope debris (e.g., Martin et al., 2018). 

Often, these lines of evidence are used in combination and with site-specific information such 

as cross-cutting relationships or correlations. Collectively, these previous studies attributed 63 

boulder ages to nuclide inheritance out of a total of 794, i.e., 7.9 %. This is a greater frequency 

than the global average of <3 % (Putkonen and Swanson, 2003), indicating that nuclide 

inheritance is comparatively common in the Central Andes, perhaps due to the dry climate (cf. 

Blard et al., 2014).We have no reason to dispute the identification of old outliers by previous 

studies, so we maintain the interpretation of these boulders as outliers in our compilation, and 

exclude them from each ‘age cluster’ associated with individual moraines.  

 

8.2. Incomplete exposure 

Apart from nuclide inheritance, some sampled boulders are likely to be affected by incomplete 

exposure effects (erosion, exhumation, toppling, and shielding) (cf. Hall et al., 2009; May et 

al., 2011; Shakun et al., 2015; Jomelli et al., 2014). These processes will generate exposure 

ages that are younger than the moraine itself, and there is evidence that these processes affect 

boulder exposure ages from the Central Andes. For example the dispersion of boulder ages 

(i.e., the difference between the oldest and youngest boulder age) on each moraine we 

sampled at the Sierra de Aconquija increases with moraine age (Figs 2, 5). For moraine unit 
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M1, we obtained clustered boulder ages between 20 ka and 40 ka, meaning that some of these 

ages must be incorrect. Our data compilation for the Central Andes (Fig. 4, Table 2) reveals 

that the dispersion of boulder ages from individual moraines increases with the oldest boulder 

age, such that—over four orders of magnitude in age—the data fall beneath an upper envelope 

where the maximum dispersion increases as about half of the oldest boulder age (Fig. A1a). 

Given that there is no a priori reason to expect older moraines to have formed over longer 

timescales or increasingly suffer from nuclide inheritance, this positive correlation between 

dispersion and age must reflect incomplete exposure bias. Boulders are more likely to have 

been exhumed, eroded, toppled, and shielded on older moraine surfaces. These effects are 

differential (variable between boulders), so the dispersion of ages increases over time as some 

boulders become more eroded or rotated, and an increasing number are exhumed from the 

moraine interior (e.g., Fig. 3d). Of course, some moraines fall below the upper envelope and 

can still exhibit relatively low dispersion if the sampled boulders happen to not have been 

shielded, or if few boulder ages were measured. 

 

8.3. Boulder surface erosion 

Some of the dispersion of ages is likely to be explained by erosion of the boulder surfaces (and 

partial loss of accumulated 10Be). We can perform a sense-check of this process by quantifying 

the likely magnitude of surface erosion using the boulder ages we report from the Sierra de 

Aconquija moraines. For each moraine, we take the youngest boulder age measured 

(assumed to be most affected by incomplete exposure bias) and show how its calculated age 

changes as a function of continuous erosion of the boulder surface (Fig. A1b, coloured lines). 

For example, the youngest M1 boulder has an age of 20.3 ka when calculated assuming no 

surface erosion (Table 3). If a correction is made for surface erosion, the exposure age 

increases non-linearly to ~45 ka for a surface erosion rate of 0.025 mm yr-1. To aid comparison, 

the oldest boulder age obtained from each moraine (assuming zero surface erosion) is plotted 

as a star. If the oldest boulder age is an approximation of the true moraine age, the full 

dispersion of ages on each moraine could result from differential boulder surface erosion rates 

that range between zero (producing the oldest age in the cluster) and the maximum erosion 

rate indicated by the star (producing the youngest age in the cluster). 
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Fig. A1. (A) The dispersion of boulder ages 

for each moraine compiled in the Central 

Andes (i.e., the oldest boulder age, Amax, 

minus the youngest boulder age, Amin) 

plotted against the oldest boulder age. Both 

axes are logged. Old outliers due to 

inheritance were first eliminated in keeping 

with the original studies. The data fall below 

an upper envelope for which the dispersion 

increases as approximately half of the 

oldest boulder age. (B) The estimated age 

of the youngest boulder sampled on each 

moraine unit (Amin) at the Sierra de 

Aconquija, as a function of the assumed 

boulder surface erosion rate, ε. For faster 

assumed boulder surface erosion rates, the 

erosion-corrected exposure age is greater. 

Coloured shading indicates ±1σ 

uncertainty. Stars show the ages of the 

oldest boulder sampled on the moraine for 

comparison (following exclusion of clear 

outliers affected by inheritance), which 

likely approximates the age of moraine 

deposition (see text). Overall, the youngest 

age (Amin) from the older moraine units 

require a higher erosion rates to match to 

the oldest age (Amax) from the same unit. 

(C) The total amount of boulder surface 

erosion required to increase the value of 

Amin to make it equal to Amax (assuming no 

erosion for Amax). This is the maximum 

amount of differential boulder erosion 

needed on each moraine unit to explain the 

full dispersion of boulder ages entirely as a 

function of erosion.  

 

 

For the M3 moraines, the youngest boulder ages would increase to match the oldest boulder 

age in each cluster (i.e., the dispersion would be completely eliminated) with erosion rates of 
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~0.01 mm yr-1 (Fig. A1b). Over the full exposure history of the boulders, this is equivalent to 

losing 10-20 cm of material from the boulder surfaces (Fig. A1c). This thickness is a maximum 

estimate firstly because it is calculated for the youngest boulder on each moraine, and 

secondly because it does not invoke any other processes such as toppling or shielding. The 

loss of a few centimetres from the boulder surface over a period of 10-15 ka is a realistic 

scenario, and may be impossible to identify when sampling in the field. For the older M2 and 

M1 moraines, the erosion rate required to reconcile the youngest and oldest ages in each 

cluster increase to ~0.019 and ~0.023 mm yr-1, respectively. This is equivalent to removing 40 

cm and 90 cm of material from the tops of individual boulders over timespans of 20 ka and 40 

ka, respectively. We interpret these amounts to be less realistic based on our field 

observations; as a result, additional processes (boulder exhumation, toppling, and shielding) 

must be invoked for the older moraines to explain the age dispersion. This result is expected, 

as older moraines will have experienced more topographic decay, and therefore more boulder 

exhumation and disturbance. Our analyses of the dispersion-age pattern and maximum 

boulder erosion rates thus supports previous studies (Putkonen and Swanson, 2003; Briner et 

al., 2005; Heyman et al., 2011; Ivy-Ochs and Briner, 2014) that recommend taking the oldest 

boulder age within an age cluster (after the elimination of outliers due to nuclide inheritance) 

to be the closest to the true moraine age.  

 

8.4. Alternative approaches 

For the reasons outlined above, we take the oldest clustered boulder age, after the elimination 

of outliers attributed to nuclide inheritance, as closest to the actual moraine age. This approach 

recognises that boulder ages collected from moraines can be too old (due to nuclide 

inheritance) or too young (due to erosion, exhumation, toppling, and shielding processes), and 

has been taken by numerous prior studies in the Central Andes (Zech et al., 2006, 2007a,b, 

2009b, 2010; 2017; Hall et al., 2009; May et al., 2011). However, alternative approaches are 

also taken and there is currently no consensus about how to best interpret a moraine age from 

a spread of boulder ages. Some studies choose to only eliminate old outliers attributed to 

nuclide inheritance, and then average all remaining boulder ages, for example using a 

frequency density plot (Smith and Rodbell, 2010; Jomelli et al., 2011; Smith et al., 2011; Ward 

et al., 2015; Martin et al., 2018) or a mean value (Licciardi et al., 2009; Shakun et al., 2015b; 

Stansell et al., 2015, 2017; Bromley et al., 2016; Martini et al., 2017). It is therefore important 

to address whether these alternative approaches would result in significantly different moraine 

chronologies and palaeoclimatic interpretations. We explore this possibilitiy in Fig. A2. 
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Fig. A2. Comparison of moraine ages calculated using different approaches. (A) Moraines in the Central 

Andes (from the compilation in this study) with 4 or more clustered boulder ages were grouped according 

to which climatic episode they coincide with, as interpreted in this study. (B) The range of moraine ages 

in each group, calculated using different approaches. The oldest clustered boulder age approach (used 

in this study, top row) and mean ages (bottom row) are shown with coloured bars; in both cases all 

boulder ages interpreted by the original studies to be outliers resulting from nuclide inheritance were 

first excluded. Frequency distributions are shown below. For each climatic episode, all boulder ages 

from all moraines (including outliers attributed to nuclide inheritance) are plotted as a single frequency 

distribution normalised to a sum of 1. As these distributions incorporate a statistically meaningful sample 

size of boulders from moraines of equivalent age (between 26-106 boulders per curve), their shapes 

are significant.  

 

To perform this comparison of approaches to determining moraine ages, we selected all 

moraines in our compilation that have 4 or more boulder ages (see section 4.2) and have been 

interpreted to coincide with specific climate episodes. We chose the Younger Dryas, the 

Antarctic Cold Reversal, Heinrich Stadials 1 and 2, the global LGM, and the Minchin pluvial 

episode because these episodes include a significant number of well-sampled moraines of 

equivalent age. For each climate episode (indicated with colours), the range of individual 

moraine ages are shown when calculated using three different approaches: (i) the oldest 

clustered boulder age approach that we favour in this study; (ii) mean values of boulder ages; 

and (iii) frequency distributions of boulder ages. For the oldest clustered/mean ages we first 

excluded boulder ages attributed to nuclide inheritance by the original studies. The frequency 

distributions include all boulder ages, as their shapes may reveal information about the relative 



37 
 

importance of old and young outliers. Pooling data from multiple moraines in this way is 

essential for interpreting the shapes of the resulting frequency distributions, which require a 

significant number of data points to be meaningful. 

There is relatively close agreement between the moraine ages whether they are derived using 

the ‘oldest clustered boulder age’ approach, the mean values of clustered boulder ages, or the 

peaks of boulder age frequency distributions. The latter two approaches naturally result in 

slightly younger moraine ages because they include the youngest boulder ages obtained on 

each moraine. This discrepancy—the shift towards slightly younger ages for the mean age and 

frequency distribution approaches compared to the oldest clustered age approach—increases 

in magnitude as a function of moraine age. This observation is critical, because it presumably 

reflects the increasing importance of processes like boulder erosion, exhumation, rotation, and 

shielding in affecting boulder exposure ages as moraines become older. Furthermore, the 

frequency distributions in Fig. A2b are generally symmetrical, implying that both nuclide 

inheritance and incomplete exposure biases are present and should be addressed. For the 

older “Michin” moraines, the distribution has a negative skew (a longer ‘young tail’), which 

indicates that processes like boulder erosion and moraine degradation become more important 

as moraines age.  

For the reasons outlined in this Appendix, we favour the selection of the oldest clustered 

boulder age, after outliers attributed to nuclide inheritance have been excluded, as closest to 

the timing of glacier advance (in agreement with Putkonen and Swanson, 2003; Briner et al., 

2005; Ivy-Ochs et al., 2007; Zech et al., 2007a,b; Applegate et al., 2010; Heyman et al., 2011; 

May et al., 2011; Ivy-Ochs and Briner, 2014). Prior studies have identified that nuclide 

inheritance is a significant issue for Central Andean moraines. We maintain this interpretation: 

in defining the cluster of boulder ages for each moraine, we exclude all outliers affected by 

inheritance that were indentified by the original studies. Equally, we accept that many boulders 

are also affected by erosion, exhumation, toppling, and shielding, which may be impossible to 

identify when sampling boulders in the field. Evidence in support of the importance of these 

processes includes (i) the dispersion-age relationship in Fig. A1a; (ii) our sense-check 

calculations of boulder surface erosion in Fig. A1b-c; (iii) the increasing discrepancy over time 

between moraine ages derived using the oldest clustered age approach versus approaches 

that do not account for incomplete exposure; (iv) the shapes of boulder age frequency 

distributions that collate statistically meaningful sample sizes (Fig. A2b); and (v) field 

observations (Fig. 3). Nevertheless, Fig. A2b reveals that taking alternative approaches to 

interpreting moraine ages (i.e., identifying peaks in frequency distributions or calculating 

means of clustered boulder ages) would not change the fundamental palaeoclimate 

interpretations of this study, especially for moraines dating to the last ~30 ka. There is 
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significant overlap between moraine ages calculated using the different approaches, and the 

same relative age order of advances, with discrepancies of only 1-2 ka for LGM moraines and 

younger. 
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