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Abstract 19 
We present a comprehensive 10Be chronology for Holocene moraines in the Lago Argentino 20 

basin, on the east side of the South Patagonian Icefield. We focus on three different areas, where 21 

prior studies show ample glacier moraine records exist because they were formed by outlet glaciers 22 

sensitive to climate change. The 10Be dated records are from the Lago Pearson, Herminita 23 

Península-Brazo Upsala, and Lago Frías areas, which span a distance of almost 100 km adjacent 24 

to the modern Icefield. New 10Be ages show that expanded glaciers and moraine building events 25 

occurred at least at 6,120±390 (n=13), 4,450±220 (n= 7), ~1,450 or 1,410±110 (n=18), 360±30 26 

(n=5), and 240±20 (n=8) years ago. Furthermore, other less well-dated glacier expansions of the 27 

Upsala Glacier occurred between 1,400 and ~1,000 and ~2,300 and ~2,000 years ago. The most 28 

extensive glaciers occurred over the interval from ~6,100 to ~4,500 years ago, and their margins 29 

over the last ~600 years were well within and lower than those in the middle Holocene. The 10Be 30 

ages agree with 14C-limiting data for the glacier histories in this area. 31 

We then link southern South American, adjacent South Atlantic, and other Southern 32 

Hemisphere records to elucidate broader regional patterns of climate and their possible causes. In 33 

the early Holocene, a far southward position of the westerly winds fostered warmth, small 34 

Patagonian glaciers, and reduced sea ice coverage over the South Atlantic. Although we infer a 35 

pronounced southward displacement of the westerlies during the early Holocene, these conditions 36 

did not occur throughout the southern mid-high latitudes, an important exception being over the 37 

southwest Pacific sector. Subsequently, a northward locus and/or expansion of the winds over the 38 

Patagonia-South Atlantic sector promoted the largest glaciers between ~6,100 and ~4,500 years 39 

ago and greatest sea ice coverage. Over the last few millennia, the South Patagonian Icefield has 40 

experienced successive century-scale advances superimposed on a long-term net decrease in size. 41 

Our findings indicate that glaciers and sea ice in the Patagonian-South Atlantic sector of the 42 

Southern Hemisphere did not achieve their largest Holocene extents over the last millennium. We 43 

conclude that a pattern of more extensive Holocene ice prior to the last millennium is characteristic 44 

of the Southern Hemisphere middle latitudes, which differs from the glacier history traditionally 45 

thought for the Northern Hemisphere. 46 
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1. Introduction 47 

In pioneering work, Mercer (1968) inferred that during the Holocene glaciers in Patagonia 48 

may have been larger before the last millennium. He reasoned that, if correct, then such glacier 49 

behavior must be related to climates far from Northern Hemisphere influences, where he assumed 50 

that Holocene maxima occurred during the European Little Ice Age. In Europe, over the last ~1000 51 

years glaciers were at, or very close to, their maximum Holocene extents (e.g., Grove, 2004; 52 

Holzhauser et al., 2005; Davis et al., 2009; Schimmelpfennig et al., 2012), and the conventional 53 

wisdom is that this period contained generally the most persistent cold conditions of the epoch 54 

(Davis et al., 2009; Kaufman et al., 2009). However, it still remains unclear (e.g., IPCC, 2014) 55 

whether the Southern Hemisphere contains different expressions of Holocene glacier-climate from 56 

that in the Northern Hemisphere.  57 

In Patagonia, as elsewhere, hypotheses such as Mercers’ have been difficult to test robustly, 58 

because glacier deposits are difficult to date. 14C dating is commonly used to construct Quaternary 59 

glacier chronologies. Although invaluable, this approach often only provides minimum limiting, 60 

and less commonly maximum limiting, ages for glacier landforms because they typically lack 61 

fossil matter.  Moreover, when trying to resolve decadel-multidecadal glacier fluctuations over the 62 

last ~500 years, global 14C variations may not permit assignment of unique ages, increasing the 63 

uncertainty of the dating approach (e.g., Stuiver, 1978; Porter, 1981).  64 

To this end, we obtained >80 10Be surface exposure ages that are used to reconstruct 65 

Holocene fluctuations of South Patagonian Icefield outlet glaciers (Figs. 1, 2). We use recent 66 

advances in the 10Be method (Schaefer et al., 2009) to date directly for the first time the exposure 67 

ages of moraine boulders and thus former glacier positions in Patagonia throughout the Holocene, 68 

including those that are <500 years old. We targeted the Lago Argentino area for study for several 69 
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reasons. First, prior efforts documented which specific glaciers are particularly sensitive to climate 70 

and have left the most thorough landform and stratigraphic archives (e.g., Mercer, 1968, Strelin et 71 

al., 2014). Earlier studies carried out detailed mapping, stratigraphic studies, and 14C based 72 

reconstructions (Mercer, 1968, Aniya, 1995, 2013; Aniya and Sato, 1995; Aniya et al., 1997; 73 

Malagnino and Strelin, 1992; Strelin et al., 2011, 2014). This study differs in approach from these 74 

valuable prior efforts, as we focus primarily on 10Be dating directly moraine boulders throughout 75 

the basin. In particular, we build on the recent work of Strelin et al. (2011, 2014), which 76 

demonstrated that in the Lago Argentino basin two independent dating approaches can indeed be 77 

used, 14C and 10Be, totaling the confidence and information obtained using both chronologies 78 

(Figs. 2-5). For example, combining both approaches allows 1) information on times of glacier 79 

expansion (10Be) and retraction (14C); 2) replication of glacial-event ages within a given valley, 80 

including knowledge of the bounds of limiting 14C ages; and 3) additional tests of the apparent 81 

similarities and differences between valleys.  82 

We then use the record in Patagonia to review broader patterns of paleoclimate in the 83 

middle latitudes, by linking the findings with records from the adjacent, downwind, South Atlantic 84 

Ocean. Core TN057-13 is near the southern side of the Antarctic Polar front and northern limit of 85 

sea ice (Fig. 1). This core thus affords records of sea ice, oceanographic, and climatic conditions 86 

also at higher latitudes than just at the drilling site (Kanfoush et al., 2000; Anderson et al., 2009; 87 

Divine et al., 2010). By ascertaining similarities between the terrestrial and marine realms, broader 88 

hemispheric patterns are reasonably inferred because it can be shown a regional climate change 89 

was not only experienced in southern Patagonia. Moreover, we compare our terrestrial-marine 90 

based findings with other records in the southern middle latitudes, including of the glacier history 91 

in New Zealand, to obtain a hemispheric-wide view.  92 
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2. Background and Methods 93 

 Mountain glaciers respond sensitively to climate and they are well suited for past climate 94 

studies. In particular, glaciers in Patagonia respond directly to atmospheric conditions associated 95 

with the globally important Southern Hemisphere Westerly winds and Polar ocean-air climate 96 

systems (Fig. 1). 20th/21st century observations document that on timescales of several decades 97 

summer temperature dominates glacier history, with precipitation important locally and on the 98 

shorter-term (Rignot et al., 2003; Oerlemans, 2005; Rivera and Casassa, 2004; Naruse, 2006; 99 

Carrasco et al., 2008; Willis et al., 2012; Casassa et al., 2014). Also, Patagonian glaciers react 100 

rapidly to even small changes in climate given the temperate setting. This has led Patagonia to 101 

contain some of the fastest waning ice masses in the Southern Hemisphere at present (Rignot et 102 

al., 2003; Willis et al., 2012; Casassa et al., 2014). 103 

 104 

2.1. Lago Argentino 105 

The regional geology and climate of the Lago Argentino basin, south-central Patagonia, 106 

are summarized in detail in Strelin et al. (2011, 2014) and other works (e.g., Aniya, 1995). Two 107 

prominent landform complexes are found in the basin, which are informally named Pearson 1 and 108 

2, with the former occurring up to several kilometers beyond the latter (Fig. 2) (Mercer, 1968; 109 

Strelin et al., 2014). Sequences of moraines of different ages are preserved at Lago Argentino, 110 

because subsequent ice front limits were less extensive and obliteration did not occur, and also 111 

they were not eroded by later outwash or river systems. Data from several sites allow us to 112 

reproduce our findings (Figs. 2, 3) and see which dated landforms are preserved in respective 113 

valleys. For the glacier lobes we focus on in this study, moraines and subaerial outwash plains 114 

document that the ice margins were land-terminating or terrestrial based, except for a small section, 115 
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which is the right (west) lateral margin of Upsala Glacier that presently faces Brazo Upsala (Fig. 116 

2). Hence, calving processes are not an issue for our interpretations, given a focus on moraines 117 

associated with such subaerially formed features (e.g., also mapped fluvial channels, Fig. 3). 118 

The 10Be samples came from large boulders embedded in the crests of moraine ridges that 119 

appear stable. All boulders were photographed (e.g., Fig. 4) and their heights measured relative to 120 

the ground. For the most part, we sampled boulders at least 50 cm above the moraine matrix. We 121 

interpret the ages on boulders rooted on the surfaces of moraine ridges as representing the 122 

culmination of its construction, close to the end of a cold period and before onset of retreat due to 123 

warming. We sampled hard rhyo-dacitic and granitic boulders. Samples were taken from the upper 124 

1-3 cm from the most stable flattish section of the boulder top, with a hammer and chisel or a drill. 125 

The azimuthal elevations of the surrounding landscape were measured using a compass and 126 

clinometer. We used either a Trimble ProXH GPS system or a handheld Garmin, relative to the 127 

WGS 1984 datum, to measure position and altitude. Measurements were relative to benchmark 128 

datums near El Calafate established by the Argentine Military. Post processed uncertainites (1σ) 129 

were less than 50 cm for the Trimble system and <10 meters (assumed) for the handheld; 130 

comparison of Trimble and handheld measurements at the same location typically agree within 131 

~10 m. All samples were processed at the Cosmogenic Nuclide Laboratory at Lamont-Doherty 132 

Earth Observatory (Tables S1 and S2). We followed standard geochemical processing protocols 133 

explained in Schaefer et al. (2009) and Kaplan et al. (2011). Previously, Strelin et al. (2014) 134 

published 15 10Be ages as an outline of the glacier history.  135 

Of crucial relevance for this paper, recent developments enable measurement of 10Be 136 

concentrations of only 103 atoms/g for the first time in Patagonia. The method advances are 137 

summarized in Schaefer et al. (2009) and briefly, include: 1)  ‘custom-made’ low process blanks 138 
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made from deep mine beryl crystal, the details of which are provided in the Supplementary 139 

Material; and 2) recent developments at the Center of Accelerator Mass Spectrometry at Lawrence 140 

Livermore National Laboratory that make it possible to measure the low 10Be concentrations. A 141 

custom-designed ion source produced high 9Be ion currents ranging typically from 10 to 20 uA 142 

for the samples presented in Figure 3. 143 

Additional analyses are presented in the Supplementary Material, where it is shown that 144 

different statistical central tendencies, i.e., mean, median, and associated errors, notably provide 145 

the same finding. The overall coherence of the datasets indicates that geological or geomorphic 146 

processes such as erosion or inheritance have minimal effects on these samples (i.e., within 1-2σ 147 

uncertainty), except for obvious outliers. Given the relatively youth of the moraines, that is, less 148 

than ~6 ka for all samples, we assume erosion has had negligible effect, which is supported by our 149 

observations of boulder quality and characteristics (e.g., striations) in the field. For the arithmetic 150 

mean ages of the moraines discussed in the main text, we choose to present a conservative error, 151 

i.e., including that for the analytical AMS measurement and the production rate.  152 

 We minimize systematic uncertainties by using a recently-established, high-precision 10Be 153 

production rate from the study area (Kaplan et al., 2011). This production rate is statistically 154 

indistinguishable from that in New Zealand, also in the middle latitudes of the Southern 155 

Hemisphere (Putnam et al., 2010). In Table S2, we provide ages according to the different currently 156 

accepted scaling schemes (Balco et al., 2008), although given a local calibration and low elevations 157 

and the latitude, ages between the various formulations agree within analytical uncertainties and 158 

thus do not alter our findings.  159 

 Last, all 10Be ages are presented relative to the year of collection (e.g., FR-07-04 is 6,190 160 

years before 2007; Table S1). Whereas, all 14C years are presented in years before present relative 161 
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to 1950 (e.g., ka BP). In this paper, the difference (<60 years) does not change any findings when 162 

comparing chronometers, especially in the context of analytical uncertainties, but it is noted. 163 

 164 

2.2 TN057-13 records 165 

Details regarding collection, sampling, age models and other methods are summarized in 166 

Nielsen et al. (2007) and Anderson et al. (2006, 2009, 2014). Evaluation of lithogenic and biogenic 167 

fluxes follow standard protocols as summarized in these references. Core TN057-13 is a 14-meter-168 

long jumbo piston core obtained in 1996 on cruise TN057 aboard the R/V Thomas Thompson. The 169 

core is located at 53°S, south of the present-day polar frontal zone and 2° north of the average 170 

winter sea ice limit. Data in Figure 6 are from Anderson et al. (2009), except for additional samples 171 

analyzed in this study throughout the Holocene. All data from core TN057-13 are archived at the 172 

National Climatic Data Center of the National Oceanic and Atmospheric Administration.  173 

 174 

3. Results 175 

 176 

3.1. Lago Argentino, southern South America 177 

In the northernmost of the three areas (Fig. 2), near Lago Pearson, we dated moraines 178 

formed by two outlet lobes of the Upsala glacier flowing east and southeast (Fig. 3A). For both 179 

outlet lobes, moraines are steadily younger towards the present ice margin. Samples from the 180 

outermost moraine that wraps around the south end of Lago Pearson (Pearson 1a, yellow on Fig. 181 

3A) have 10Be ages of 5,080±90 to 4,250±180 years. In the area of the upper right lateral, two 182 

boulders from short outermost moraine ridges yielded older 10Be ages. The relation is unclear 183 

between these apparently older preserved crest slivers and the terminal ~5,000-4,000 ka Pearson 184 

1a moraine that wraps around Lago Pearson. Pearson 1b and c moraines returned ages from 185 
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2,170±70 to ~1,000 years. Inside the latter, Pearson 1c limit, all moraines formed within the last 186 

~1 ka. This includes unvegetated moraine ridges on the north end of Lago Pearson, where four of 187 

the youngest samples dated have 10Be ages of between 250±20 and 270±20 years.  188 

In the second area we focused on, around Herminita Península and Brazo Upsala, (Figs. 2, 189 

3B), moraines formed during southward expansions of the Upsala Glacier. Moraines are steadily 190 

younger towards the present ice margin. Specifically, three samples from the outermost moraine 191 

have ages of 5,580±170, 4,760±110, and 4,510±150 years. Inboard, Pearson 1b and c moraines 192 

returned 10Be ages from 2,130±70 to 1,360±60 years (cf., Lago Pearson in Fig. 3A). And, inside 193 

the Pearson 1c limit, all moraines formed within the last ~700 years. 194 

 On the west side of Brazo Upsala we dated two right lateral moraines formed along the 195 

Upsala Glacier surface (inset on the left side of 3B). The upper Pearson 1c lateral moraine has 10Be 196 

ages (n=4) of 1,410±100 to 1,130±50 years. The lower Pearson 2a lateral moraine has 10Be ages 197 

(n=4) of 270±30 to 210±20 years. The lateral moraines document that the surface of the Upsala 198 

Glacier was at a lower elevation during the last few hundred years, after the higher Pearson 1c 199 

moraine formed (i.e., 1,360±30 to 1,130±50 years). In addition, a moraine located southwest of 200 

Bahía Onelli, that formed after the Onelli and Upsala Glaciers separated, has two 10Be ages of 201 

1,480±90 and 1,420±80 years (from Strelin et al., 2014).  202 

The third area where we focused 10Be dating is around Lago Frías (Figs. 2, 3C). Here, a 203 

prominent outermost moraine complex, locally mapped as Frías 1a, yielded 13 ages with a range 204 

from 6,550±200 (and 6,550±150) to 5,360±250 years. Inside this outer ~6 ka limit, a moraine near 205 

the south end of Lago Frías has 10Be ages of 5,800±200 and 5,600±200 years; hence, the 10Be ages 206 

on either side of Lago Frías are statistically indistinguishable. Closer to the present ice margin, 207 
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boulders yielded 10Be ages of 530±40 to 140±20 years. Only one outlier is identified (1,110±110) 208 

because it violates the relative stratigraphy and all other ages in the inner Frías valley.  209 

For the Lago Argentino basin, for the sake of discussion, for the different outlet glaciers 210 

we provide average ages only for moraines that are the best dated; that is, with at least four 211 

statistically indistinguishable 10Be ages on continuous traceable ridges (details in Supplementary 212 

Material). These mark expanded glaciers at 6,120±390 (Frías, n=13, no outliers at 1-2σ), 213 

4,450±220 (at Lago Pearson, n= 7), ~1,450±90 ka (Herminita Península-Onelli, n=8), 1,410±110 214 

(Lago Pearson, n=8), 360±30 years (on Herminita Península, n=5, no outliers), 260±10 years ago 215 

(Lago Pearson, n=4), and 230±20 (Herminita Península-Onelli, n=4). Combining the four 216 

youngest 10Be ages at both Lago Pearson (Fig. 3A) and west of Brazo Upsala (Fig. 3B) provides 217 

an age of 240±20 years (no outliers), a limit that represents the last major dated advance of the 218 

Upsala Glacier (Fig. 1). Individual 10Be ages on other less well-dated moraine ridges at Lago 219 

Argentino are consistent with the mean moraine ages provided above. For example, three different 220 

outermost moraine crests on the Herminita Península (Fig. 3B) also have three respective ages 221 

ranging from 5,580±170 to 4,510±150 years, consistent with Pearson 1a ages around the Lago 222 

Pearson and Frías areas (Figs. 3A and C). Interestingly, several of the outliers (e.g., 5080±90, Fig 223 

3A; 2210±140, Fig. 3B), although statistically older than the other ages on the crests they are from, 224 

are consistent overall with periods of expansion (Fig. 6). Perhaps, at least some of these outliers 225 

are on older erratic boulders preserved in landforms that are younger for the most part. 226 

 227 

3.2. TN057-13 and the southern South Atlantic. 228 

 229 

 Most of the results were discussed in prior papers and here we only briefly review the 230 

salient observations, which include new data (Fig. 6) relevant for the Discussion in Section 4. In 231 
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core TN057-13, the highest opal fluxes (>6 g/cm2/ka) are observed during the early Holocene, 232 

before ~6 ka, and subsequently values decrease towards 1 g/cm2/ka for the remainder of the epoch. 233 

Also during the early Holocene, lithogenic fluxes exhibit high viability, but this is superimposed 234 

on a net increase to almost 0.25 g/cm2/ka by ~7 ka. After ~ 3 ka, through the reminder of the 235 

Holocene, lithogenic fluxes to the South Atlantic generally decreased, although there are notable 236 

centennial-scale periods of increase (Fig. 6). 237 

 Sea ice fluctuations in the South Atlantic, including latitudinal changes, are discussed in 238 

Divine et al. (2010) and include data from TN057-13 (Fig. 6). Overall, there appears to be a 239 

positive correlation between sea ice and lithogenic fluxes; and both of these proxies are negatively 240 

correlated with opal flux (at least) in the early Holocene. That is, the lowest sea ice values (e.g., 241 

months/yr) are in the earliest Holocene, before about 9 ka, when the winter ice edge appears to be 242 

consistently south of ~54°S. Towards the middle of the Holocene, although variable, there is a 243 

general net increase in months/yr of sea ice. Over the last several thousand years, the amount of 244 

sea ice fluctuates between ~1 and 4 months/yr along with maximum winter ice edge latitude.  Our 245 

findings of a marked change from the early to mid-Holocene, and then relatively sustained values 246 

after, are in agreement with earlier, lower resolution results from TN057-13 in Hodell et al.( 2001). 247 

 248 

4. Discussion 249 

 250 
4.1. Lago Argentino 251 

Eighty three 10Be ages allow us to build on the known framework of the glacier history in 252 

the Lago Argentino area (Section 1). We highlight that there are no observed Holocene moraines 253 

10Be dated prior to about 6 ka, with a possible exception of two older 10Be ages (8660±180 and 254 

6990±200) on small ridges preserved along the uppermost left lateral at Lago Pearson (Fig. 3A). 255 

To decipher the glacier behavior during the earliest Holocene prior to ~6 ka, we turn instead to the 256 
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complementary 14C chronology (Fig. 5), presented in Strelin et al. (2011, 2014). Their 14C results 257 

include maximum-limiting ages on reworked pieces of wood in sediments in stratigraphic sections 258 

in Agassiz Este Valley, and on samples from basal sections of bog cores around Lago Anita and 259 

Lago Frías (Figs. 3, 5; Table S3; Strelin et al., 2011, 2014). These data indicate that after the Late 260 

Glacial advances the South Patagonian Icefield retreated to close to present ice margins (Figs. 3A, 261 

C; Strelin et al., 2011, 2014). Any early Holocene advances (e.g., ~8-7 ka, in Strelin et al., 2014) 262 

of the glacier margin were within the subsequent maximum expansions (Fig. 3). 263 

For the rest of the Holocene, we point out the following glacier patterns. First, a robust 264 

finding – reproduced between all sites studied – is that at least three different outlet glaciers of the 265 

South Patagonian Icefield exhibit maximum expansions in the middle Holocene, between ~6 ka 266 

and ~4.5 ka (Figs. 2, 3). Strelin et al. (2014) defined the middle Holocene expansion from ~6 to 5 267 

ka. The 10Be data can be used to infer that either this period persisted longer than previously 268 

appreciated, or the younger 4.5 ka event was a subsequent pulse. Second, at all sites glacier 269 

advances were smaller in size after ~4.5 ka, and smaller after their limit at ~600-500 years ago. 270 

Over the last 600 years, glaciers are far less extensive than their earlier counterparts (Fig. 3). 271 

Decreasing ice extents after the middle Holocene are best revealed around Lago Pearson and on 272 

the Herminita Península, which have the most comprehensive moraine records, and in the Frías 273 

valley (Fig. 3A,B and C). Lateral moraines around Lago Pearson and west of Brazo Upsala also 274 

document that the surface of the Upsala Glacier was lower during successive expansions, including 275 

at 230±20  years ago (Figs. 3A, B).  276 

Overall, the 14C and 10Be data are in agreement, excluding two outliers that occur on 277 

moraines on the Herminita Península (1450±80a/1360±60b and 2210±140, Fig. 3B) and one in the 278 

lower part of the Frías river valley (1110±110, Fig. 3C). We point out that the two chronometers 279 
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do not need to overlap to be consistent. The 14C ages discussed in Strelin et al. (2011, 2014), as 280 

well as in earlier studies (e.g., Aniya, 1995, 2013) often only provide minimum- or maximum-281 

limiting ages and thus bracket the timing of moraine building events.  282 

In addition to the common patterns highlighted above, we note that there are some 283 

differences between the valleys in terms of dated moraines preserved (Fig. 3). However, we 284 

emphasize though that the observed pattern of maximum expansions in the middle Holocene, and 285 

smaller successive margins after, are independent of the (secondary) differences between the 286 

valleys – these are reproduced patterns over ~100 km of the eastern side of the Icefield (Fig. 3).  287 

Strelin et al. (2014) discussed in depth the differences in moraines preserved between valleys and 288 

their possible causes. They demonstrated that such differences in preservation can be explained 289 

largely by happen chance (e.g. an example is shown in Figure S1d) and variability in hypsometry, 290 

which leads to dissimilar glacier sensitivities to a regional climate event and responses in glacier 291 

length. In essence, during a given climate change, where the change in equilibrium line altitude 292 

(ELA) occurs in relation to glacier hypsometry can determine the magnitude of response in glacier 293 

length (Figs. 15 and 16 in Strelin et al., 2014). Mercer (1968) originally discussed that the Upsala 294 

Glacier illustrates the key role hypsometry can play, as ELA changes there consistently occur over 295 

a low surface gradient, causing a relatively large area to be affected. Hence, it is not surprising that 296 

the Upsala Glacier moraines are widely separated and well-preserved at Lago Argentino (Fig. 3B; 297 

Mercer, 1968; Strelin et al., 2014). The argument of Strelin et al. (2014) is also partly based on the 298 

observation that climate does not vary in a major way over the 100 km along this eastern sector of 299 

the Icefield (Fig. 2), and the focus here is on past non-calving glaciers (except for small sections).  300 

 301 

4.2. Southern South America 302 
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Our findings on Patagonian glacier evolution derived from moraines are in agreement with 303 

observations from other diverse data sets in southern South America. Paleotemperatures have been 304 

estimated in nearby areas for the discrete time periods in which maximum and minimum glacier 305 

extents are observed in the Lago Argentino basin. Specifically, before 6 ka, when outlet glaciers 306 

were relatively small (Mercer, 1976; Moreno et al., 2009; Strelin et al., 2011. 2014; Menounos et 307 

al., 2013), estimates for onshore and offshore temperatures are ~2-3℃ warmer than present (e.g., 308 

Heusser, 1974; Lamy et al., 2010). Additionally, paleoecologic data document that the early 309 

Holocene was the warmest and driest part of the epoch, prior to the 20th century (e.g., Moreno and 310 

Leon, 2003; Markgraf et al., 2007; Whitlock et al., 2007; Kilian and Lamy, 2012).  311 

In the earliest and middle Holocene, evidence for centennial-scale advances also exists 312 

both to the north and south of the Lago Argentino area (Mercer, 1976; Douglass et al., 2005; 313 

Moreno et al., 2009; Aniya, 2013). Douglass et al. (2005) estimated a ~300 m lowering of the 314 

equilibrium line altitude (ELA) at 46°S, corresponding to temperatures ~2 to 3℃ cooler than 315 

present (a maximum value if it is wetter as well as colder). The finding of prior efforts, of 316 

pronounced middle-early Holocene glacier expansions, much earlier than the last millennium, is 317 

consistent with our findings. 318 

In the late Holocene, tree-ring and modeling-based temperature reconstructions agree, with 319 

estimates about 1 to 2°C colder than present between ~600 and ~200 years ago, with the lowest 320 

temperatures earlier in this interval (Villalba et al., 2005). Others have also noted that glaciers in 321 

the middle latitudes of South America advanced during the last ~600 years (e.g., Mercer, 1976; 322 

Aniya, 1995, 2013; Aniya and Sato, 1997; Kilian and Lamy, 2012; Strelin et al., 2008). However, 323 

10Be dating directly ice marginal limits over the last ~600 years, defined by moraines, reveals that 324 

these advances were less expansive than those during the mid Holocene. 325 
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 326 

4.3 South Atlantic - Southern South America 327 

At site TN057-13, opal flux is interpreted to represent a proxy for upwelling in the Southern 328 

Ocean, which can be forced by the prevailing westerlies (Anderson et al., 2009). Lithogenic 329 

material deposited at the core site is mainly volcanic in origin and transported from the South 330 

Sandwich Islands by sea ice (Nielsen et al., 2007). Such material may increase due to sea surface 331 

temperature decline and sea ice survival (Anderson et al., 2006, 2009, 2014; Nielsen et al., 2007; 332 

Kanfoush et al., 2000; Divine et al., 2010). Regardless of the specific factors regulating changes 333 

in the deposition of lithogenic material, its flux reflects sea ice cover, which along with opal flux, 334 

are a function of the position of the westerly wind belt. That is, the position of the westerlies and 335 

the winter ice extent are positively correlated (e.g., equatorward westerlies = equatorward ice 336 

edge). Hence, we equate less (or more) sea ice with a southward (northward) displacement of the 337 

winds. We assume southward/northward displacement of the winds (or intensity) may be also 338 

associated with contraction/expansion of the wind belt, although our data alone cannot address 339 

such dynamics (e.g., Lamy et al., 2010; Björck et al., 2012).  340 

Given that the South Atlantic Ocean and adjacent southern Patagonia are at a similar 341 

latitude and affected by the core of the westerly wind belt (Fig. 1) (e.g., Villalba et al., 1997; Yuan 342 

and Martinson et al., 2000; Stammerjohn et al., 2008), linking the terrestrial record with marine-343 

based findings can reveal paleoclimate outlines that are regionally coherent over a broad swath of 344 

the southern latitudes. (Fig. 6). We first highlight that we are mainly pointing out broad patterns 345 

and we are not necessarily focusing on correlating short-term individual peaks or events (e.g., less 346 

than a century), given differences between proxy types and some spatiotemporal variability might 347 

be expected. During the early Holocene, peak opal fluxes (Anderson et al., 2009) imply a far 348 
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southerly position of the westerlies, which explains a climatic optimum with warm and dry 349 

conditions over the southern Andes (e.g., Moreno and Leon, 2003; Whitlock et al., 2007; Kilian 350 

and Lamy, 2012), causing glaciers to be similar to or behind present limits (Figs. 3, 5; Strelin et 351 

al., 2014). Perhaps the early Holocene is an analog for a warmer future in Patagonia. Before ~6 352 

ka, lithogenic fluxes in TN057-13 exhibit high variability, but this is superimposed on a net 353 

increase (Fig. 6). Subsequently, the greatest sea ice coverage in the South Atlantic over the 354 

Holocene, as indicated by months/yr and lithogenic flux reconstructions (Fig. 6), was over the time 355 

interval of the most extensive outlet glaciers, from ~6 to ~4.5 ka. Both South American and South 356 

Atlantic data are consistent therefore with colder air over these latitudes (~50-55°S) during the 357 

middle Holocene, when supposedly the westerly winds are more equatorward compared with the 358 

early part of the epoch. Our conclusions are in agreement with those in an earlier study in the South 359 

Atlantic by Hodell et al (2001). Paleoecologic data are consistent with this finding (e.g., Markgraf 360 

et al., 2007; Whitlock et al., 2007; Schäbitz et al., 2013). After the middle Holocene, over the last 361 

few thousand years, the findings from the South Atlantic and southern Patagonia indicate cold 362 

conditions generally remain sustained. There is a notable gap in dated moraines between ~4 and 363 

~3 ka, which may imply glaciers were small at this time, or instead, any expansions were just 364 

inside the subsequent limit and not preserved. For the Holocene, the data also may imply the 365 

westerlies do not exhibit their early Holocene position in a persistent manner again (until the 20th 366 

century), and perhaps fluctuate between settings reached in the early and middle parts of the epoch. 367 

 For comparison to the findings shown on Figure 6, we also mention other observations 368 

closer to southernmost South America (Fig. 7) and in the South Atlantic Ocean. We are not aware 369 

of high-resolution records for the entire Holocene from ocean sediments in the South Atlantic 370 

nearer to Patagonia (i.e., west of TN057), or in the Pacific away from the Chile shelf, within the 371 
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latitude band of our records (~50-53°S) and the core of the westerlies. On the Pacific side of 372 

Patagonia, Lamy et al. (2010) studied a range of proxies for wind strength and precipitation in 373 

fjords and adjacent land bogs. On the South Atlantic side, as no high resolution records are 374 

available closer to southern Patagonia, instead, we present recent results from Björck et al. (2012), 375 

who inferred wind changes from deposition of locally-derived coarse grained lithogenic material 376 

on Isla de los Estados, ~55°S (building on prior studies, such as Ponce et al., 2011).  377 

 Before discussing comparisons between records, we first emphasize that we agree with the 378 

conclusion of Björck et al. (2012) that differences between records (especially distinct ‘events’) 379 

could be primarily due to what the proxies imitate and the seasons they represent. Also, the 380 

sensitivity of a proxy to changes in westerly strength could vary depending on where the core of 381 

the winds are located relative to the site (e.g., Figs. 7b, 7c). Nonetheless, for the sake of discussion, 382 

some broad patterns between records are highlighted. Notably, all records on Figure 7 are 383 

consistent with the interpretation that the westerly winds are displaced far southward during the 384 

early Holocene. Lamy et al. (2010) inferred that perhaps (analogues) characteristics of the 385 

westerlies during the modern summer and winter typified the early and late Holocene, respectively. 386 

Subsequently, they shift back north by the middle Holocene. For the remainder of the Holocene, 387 

other paleoclimate records shown on Figure 7 are consistent with our inference that the westerlies 388 

fluctuated between their early and middle Holocene positions. In addition, after recently 389 

synthesizing available data for the last ~30 ka from the South Atlantic Ocean, irrespective of the 390 

resolution, Xiao et al. (2016) also inferred southward displacement of the westerlies and early 391 

Holocene warmth, and subsequently, a generally more northward position for the rest of the epoch. 392 

Nonetheless, how the winds shift, that is, whether a displacement and/or contraction/expansion, 393 

remains an open question (Björck et al., 2012). 394 
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 395 

4.4 Other Southern Hemisphere comparisons 396 

 397 

Briefly, we also compare past glacier behavior at the middle latitudes on both sides of the 398 

South Pacific Ocean - that is, the same type of proxy record that is largely responsive to summer 399 

conditions. Outside the sub Antarctic realm, New Zealand is the other major landmass in the 400 

middle latitudes of the Southern Hemisphere, besides South America, that contains glacier 401 

records for the last ~11,500 years (e.g., Grove, 2004;  Kirkbride and Winkler, 2012; Schaefer et 402 

al., 2009; Solomina et al., 2015). As discussed in Sections 4.1-4.3, in the early Holocene glaciers 403 

are generally retracted in the warm dry Southern Andes (Moreno and Leon, 2003), with South 404 

Atlantic evidence in agreement and implying southward displacement (and perhaps contraction 405 

to higher southern latitudes) of the westerlies over this sector of the hemisphere (Fig. 6). In 406 

contrast, in New Zealand the lowest ELAs and maximum glacier expansions are observed during 407 

the early Holocene (Putnam et al., 2013; Kaplan et al., 2013). Also, when southern Patagonian 408 

ice fronts are most extensive between ~6 and 4.5 ka, for comparison, glaciers in New Zealand are 409 

behind their earlier Holocene maxima (Gellatly et al., 1988; Schaefer et al., 2009; Putnam et al., 410 

2013; Kaplan et al., 2013). 411 

To explain the possible cause of early Holocene (as well as later in the Epoch) climate 412 

similarities and differences across the middle latitudes of the Southern hemisphere, we offer the 413 

following testable hypothesis. Over the last few decades, there have been opposing regional 414 

trends in mean climate states between the Antarctic Península/southern Bellingshausen Sea and 415 

the western Ross Sea region, with contrasting temperatures, sea ice duration and concentrations 416 

(Yuan and Martinson, 2000; Stammerjohn et al., 2008). A strong Antarctic dipole reflects an out-417 

of-phase relationship between the central/eastern Pacific and Atlantic sectors of the Antarctic 418 
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(Pittock, 1980; Yuan and Martinson, 2000). Such patterns can be explained based on the 419 

eccentricity of the circulation or polar vortex around the South Pole (Fig. 8). We infer that 420 

sustained modes of relatively high eccentricity of the polar vortex during the early Holocene, 421 

similar to that of the last few decades (Fig. 8), typically favored a weak subtropical jet and a 422 

strong polar front jet in the Southern Hemisphere. In the early Holocene this caused warm winds 423 

and less sea ice around the South Atlantic-Weddell Sea sector (Section 4.3), but the opposite in 424 

the southwest Pacific sector including around New Zealand. Also, during this time New Zealand 425 

was likely affected by the relatively cool up-wind East Australian Current, linked to the behavior 426 

of the West Pacific Warm Pool and tropical climates (Fig. 1) (Putnam et al., 2012). Moreover, 427 

given the higher latitudes of southern Patagonia, its climate may have been influenced by the far 428 

southward westerlies acting in concert with the duration of summer insolation, near the sea ice 429 

edge (Huybers and Denton, 2008). We speculate that, perhaps, a corollary is that the polar vortex 430 

and circulation around the South Pole was less eccentric (similar regional trends in mean climate 431 

states) during cold events of the last ~600 years, when glaciers on both sides of the Pacific Ocean 432 

appear to have advanced repeatedly (e.g., Gellatly et al., 1988; Kirkbride and Winkler, 2012; 433 

Schaefer et al., 2009; Putnam et al., 2013; Kaplan et al., 2013; Solomina et al., 2015).  434 

We also point out another possible implication of a relatively eccentric polar and westerly 435 

circulation in the early Holocene. Prior to the Holocene, southward displacement of the westerly 436 

winds appears to occur with cold Northern Hemisphere stadials, such as during deglacial time, 437 

~18 ka to 15 ka (Denton et al. 2010). The early Holocene may present a different scenario, 438 

whereby, parts of the mid to high southern latitudes instead experience southward displacement 439 

of the winds during Northern Hemisphere nonstadial or interglacial climates, in association with 440 

an eccentric polar and Westerly circulation. Future observations and modeling experiments can 441 
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test such ideas, for example, on the effects of eccentricity of polar circulation and westerly winds 442 

in past climates. 443 

 444 

5. Conclusions 445 

Cosmogenic 10Be dating directly on Holocene morainal landforms allows new insights into 446 

glacial histories in Patagonia, building on prior studies that have had to rely mainly on limiting 14C 447 

ages. Furthermore, when the terrestrial South American record is linked with marine South 448 

Atlantic findings, this reveals paleoclimate patterns that were quasi-hemispheric. The Patagonian-449 

South Atlantic view of the early Holocene is a time of general warmth, and dry conditions over 450 

the southern Andes, with retreated glaciers. Afterwards, glacial and marine-based records 451 

collectively are in agreement that colder conditions characterized the middle Holocene. A 452 

sustained northward displacement of the westerly wind belt (intensity and/or expansion) during 453 

the middle Holocene is compatible with the largest glacial expansions and sea ice concentrations. 454 

As in prior works, we observe advances during the last ~600 years (e.g., Mercer, 1976; Aniya, 455 

1995, 2013; Aniya and Sato, 1997; Kilian and Lamy, 2012; Strelin et al., 2008, 2014). However, 456 

directly dating former glacier limits defined by landforms, based on the exposure duration of its 457 

constituent boulders, reveals that these advances were less expansive than during the middle 458 

Holocene.  459 

From a broader perspective, there appear to be differences and similarities between 460 

paleoclimatic records across the middle latitudes of the Southern Hemisphere. On the one hand, 461 

glacier and marine based evidence suggest out-of-phase patterns between the Patagonia/South 462 

Atlantic and New Zealand/southwest Pacific sectors, during the earliest Holocene. Perhaps, these 463 

differences can be explained by invoking comparison with 20th/21st century opposing regional 464 

trends in mean climate states around the mid-high southern latitudes (e.g., Yuan and Martinson, 465 
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2000; Stammerjohn et al., 2008). Specifically, we hypothesize perpetual modes of relatively high 466 

eccentricity of the polar vortex, similar to that of the last few decades, favored warm winds and 467 

less sea ice around the South Atlantic-Weddell Sea, but the opposite in the southwest Pacific 468 

sector. On the other hand, a common finding is that during the Holocene glaciers on both sides of 469 

the South Pacific Basin were not the largest during the last millennium. Sea ice proxies from the 470 

South Atlantic Ocean are consistent with the glacier moraine based evidence. This raises the 471 

question of the degree to which glacier (or cyrospheric) histories in the Southern Hemisphere are 472 

categorically analogues to defined patterns of Little Ice Age behavior in the Northern Hemisphere. 473 

 474 

Appendix A. Supplementary data. Supplementary data related to this article can be found at 475 

http:XXXXX. 476 
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Figure 1. Setting of places discussed in the text (e.g., Figs. 2, 3, 6, 7), in a Southern Ocean and Polar 

context. Sites discussed (stars) include, from left to right, southern Patagonia (Fig. 2), Isla de los 

Estados (Fig. 7), TN057-13 (Figs. 6, 7) and South Island, New Zealand. For simplicity, currents are 

shown only for the Southern Hemisphere. Patagonia is downwind of the Southeast Pacific, where the 

cold Humboldt Current flows northward (Fig. 2). The location of TN057-13 is influenced by sub 

Antarctic climate regimes, being near the Polar front and northern limit of the sea ice influence (see 

text). Base image from Ocean Data View (ODV), http://odv.awi.de/. 

Figure 2. Setting of the Lago Argentino basin. Pearson 1 and 2 are two prominent landform 

complexes found throughout the basin, with the former occurring up to several kilometers beyond 

the latter (Mercer, 1968; Aniya, 1995; Aniya and Sato, 1995; Aniya et al., 1997; Malagnino and 

Strelin, 1992; Strelin et al., 2014). Evidence for the extent of glaciers during the early Holocene 

is best preserved in Agassiz Este Valley, near the present ice front (Fig. 5; Strelin et al., 2014). A 

star also marks Isla de los Estados (Fig. 7; Björck et al., 2012). 
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Figure 3A. Figures 3A to 3C cover three former outlet glaciers of the South Patagonian Icefield, Lago 

Pearson, Herminita-Brazo Upsala, and Lago Frías areas, respectively (Fig. 2). Geomorphic maps show 

landforms that represent former glacier margins (from Strelin et al., 2014). Also shown are 10Be ages 

(±1σ analytical uncertainty) (Figs. 4-6, Tables S1 and 2), and 14C ages (Fig. 5; Table S3, from Strelin 

et al., 2014). Colored symbols in front of 14C ages correspond to moraine ages shown on Figure 5; if 

there is no symbol (Fig. 3B), then it dates the event. For more explanation of the 14C data, see Table 

S3. Note that there was no lake (i.e., no calving) around Lago Pearson when the outer moraines formed. 

The legend applies to Figure 3A and B. Known outliers are in italics.  
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Figure 3B. The Herminita-Onelli area. The legend is the same as in Figure 3A. 
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Figure 3C. The Lago Frías valley. Note that there was no lakes (i.e., no calving) when 

the moraines formed. 
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Figure 4A. Photographs of sampled boulders and moraines in the Lago Pearson area. i) Sample PE-10-

02 (4,300±130) is on the top of a Pearson 1a left lateral crest. The photo is looking towards the northeast. 

Glacially-scoured terrain deglaciated in the early Holocene is seen beyond Pearson 1A. ii) PE-09-45 

(4570±220) is rooted in the top of a Pearson 1a left lateral crest. The photo is looking towards the 

northeast. iii) PE-10-04 (2,170±70) is rooted in the top of a Pearson 1b left lateral crest. The photo is 

looking towards the south-southwest. iv) PE-09-48 (1,300±70) is rooted in the top of a Pearson 1c left 

lateral crest. The photo is looking towards the southwest. In the background of the photo are outwash 

(subaerial) deposits from the Lago Pearson lobe that surround the lake. v) PE-07-32 (1,120±60) is rooted 

in the top of a Pearson 1c right lateral crest in front of Lago Pearson. The photo is looking northward. 

Lago Pearson is in the background. vi) PE-10-07 (270±20) is rooted in a crest in front of Lago Pearson. 

The photo is looking towards the east. In the background is the Fossil Canyon, which was the source of 

outlet lobe that formed this moraine. Note freshness of the deposit and it overlies striated bedrock. vii) 

PE-10-09 (250±20) is in a crest in front of Lago Pearson. The photo is looking towards the west. Note 

the freshness of the deposit given it is ~240 years old (Fig. 3A). 
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Figure 4B. Photographs of sampled boulders and moraines in the Herminita-Brazo Upsala area. i)

Sample PE-06-08 (1,530±80) on the top of the fifth Pearson 1c crest. The photo is looking towards the 

southeast and other Pearson 1 ridges are seen in the background (from Strelin et al., 2014). ii) Sample 

PE-07-04 (230±20) is rooted in the top of a Pearson 1c right lateral crest adjacent to Bahía Upsala.  

Figure 4C. Photographs of sampled boulders and moraines in the Frías Lobe, Figure 3C. i) Sample 

FR-07-02 (6,550±200) is on the top of a Frías 1 crest. The photo is looking towards the north and 

Brazo Sur is seen in the background. ii) Sample FR-07-14 (6,290±270) is on the top of a Frías 1 crest. 

The photo is looking towards the northwest. Note the top of the boulder is well above surrounding 

vegetation. iii) Sample FR-07-31 (140±20) is on the top of a Frías 2 crest. The whitish areas on top 

of the boulder are the sampled spots. The photo is looking towards the northeast and other Frías 2 

ridges are seen in the background, including the area of samples FR-07-29 and -30. 
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Figure 5. Plot of 10Be and 14C ages used to define glacial histories in the Lago Argentino basin. 

All 10Be and 14C ages are listed in Table S1 to S4. The number next to each symbol corresponds 

to the 14C ages (shown on Fig. 3) in Tables S3 and S4. Moraine names follow Figure 3 and 

Strelin et al. (2014). Behind the 10Be ages are summed probability distributions or ‘camel 

humps’ of all ages. On the Herminita Peninsula there are at least two Pearson 1a (Pe1a) 

moraines represented (Fig. 3B). Minimum-limiting 14C ages older than 10 ka, which define the 

timing of deglaciation from Late Glacial limits (Strelin et al., 2011), are shown along the right 

border of the top and bottom panels. Ages from Agassiz Este Valley (AEV) are plotted in the 

middle panel; here, the ages >6 ka define glacial limits close to the present ice front (Strelin et 

al., 2014). This figure also highlights that 14C ages often provide underestimated minimum or 

maximum-limiting ages and thus only bracket the timing of moraine building events. 
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Figure 6. Southern South American and South Atlantic climate patterns. a) 10Be and summed 

probability density plots of all the ages shown in Figure 3a-c.The ‘camel humps’ essentially reflect times 

of moraine formation. b) Time-distance plot for the Upsala ice front relative to modern, which 

incorporates data on Figures 3A and B and average moraine ages. Closed and open rectangles symbolize 
10Be- and 14C-dated frontal limits, respectively. Also shown is an advance 14C-dated to ~8-7 ka in 

Agassiz Este Valley (Fig. 2; Strelin et al., 2014). Not shown is the 6.1±0.4 ka advance of the Frías 

Glacier at the southernmost site (Fig. 3C). c) Opal and lithogenic flux data are from core TN057-13. 

Arrows in blue reflect overall net changes, as discussed in the text: WIE = winter ice edge latitude (dark 

blue); SIP= Sea ice presence (black); dashed purple line represents 1000-year smoothing. 
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Figure 7. Comparison of records from near southern South America and in the South Atlantic. a) and 

b) are from Figure 6. c) Data are from Lamy et al. (2010). Biogenic CaCO3 is inferred to be a proxy 

for salinity, which is a function of rainfall from the continent, with times of higher values reflecting 

the proximity of intense westerlies. Triangles indicate stratigraphic levels of 14C ages and stars ash-

layers. AR=accumulation rates; Corg=organic carbon. d)  Data are from Björck et al. (2012). The 

annual flux of grains is inferred to be influenced by wind conditions. 
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Figure 8. From Stammerjohn et al. (2008). Schematic depiction of high-latitude polar ice-

atmosphere responses to a positive Southern Annular Mode (SAM). In the case shown, the 

“eccentricity” of the polar vortex (Pittock, 1980) is a function of the response to a positive 

SAM, with the arrows schematically depicting wind anomalies during such a scenario. We 

hypothesize that such a scenario may have been typically dominant during the early Holocene. 

Other discussions of the dynamics of the polar vortex and its consequential spatiotemporal 

effects on Southern Hemisphere climate are in Villalba et al. (1997, 2005) and Pittock (1980). 

 

 




