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Abstract 17 

Documenting sub-Antarctic glacier variations during the local last glacial maximum is of major interest to 18 

better understand their sensitivity to atmospheric and oceanic temperature changes in conjunction with 19 

Antarctic ice sheet changes. However, data are sparse because evidence of earlier glacier extents is for most 20 

sub-Antarctic islands located offshore making their observation complex. Here, we present 22 cosmogenic 21 
36Cl surface exposure ages obtained from five sites at Kerguelen to document the glacial history. The 36Cl 22 

ages from roche moutonnee surfaces, erratics and boulders collected on moraines span from 41.9 ± 4.4 ka 23 

to 14.3 ± 1.1 ka. Ice began to retreat on the eastern part of the main island before 41.4 ± 4.4 ka. Slow 24 

deglaciation occurred from ~41 to ~ 29 ka. There is no evidence of advances between 29 ka and the Antarctic 25 

Cold Reversal (ACR) period (~14.5-12.9 ka) period. During the ACR, however, the Bontemps and possibly 26 

Belvedere moraines were formed by the advance of a Cook Ice Cap outlet glacier and a local glacier on the 27 

Presque Ile Jeanne d’Arc, respectively. This glacier evolution differs partly from that of glaciers in New 28 



2 
 

Zealand and in Patagonia. These asynchronous glacier changes in the sub-Antarctic region are however in 29 

agreement with sea surface temperature changes recorded around Antarctica, which suggest differences in 30 

the climate evolution of the Indo-Pacific and Atlantic sectors of Antarctica. 31 

 32 

Keywords: Glacier fluctuations, 36Cl cosmic-ray exposure dating, MIS 2-4, Kerguelen 33 

 34 

Highlights  35 

• Little is known about glacier fluctuations in sub-Antarctic regions. 36 

• We present 22 cosmogenic 36Cl surface exposure ages in Kerguelen Islands.   37 

• The 36Cl ages from erratic and moraine boulders span from 41 ka to 14 ka. 38 

• Ice began to retreat on the eastern part of the main island before 41.4 ± 4.4 ka.   39 

• Slow deglaciation occurred from ~41 to ~ 29 ka. 40 

 41 

• This pattern of deglaciation partly differs from that of glaciers in New Zealand and in Patagonia due to 42 

different regional climate conditions. 43 

 44 

 45 

 46 

 47 

 48 

 49 
 50 

1. Introduction 51 

Hodgson et al (2014) published a synthesis of terrestrial and submarine evidence of the extent and timing 52 

of the global Last Glacial Maximum (gLGM 26, 500-19, 000 years ago) (Clark et al., 2009) and the onset 53 

of deglaciation on the maritime-Antarctic and sub-Antarctic islands in the framework of the Scientific 54 

Committee for Antarctic Research (SCAR). Based on the lack of glacier chronologies or indirect evidence 55 

of glacier extents from the local LGM (lLGM), Kerguelen archipelago, located in the Indian Ocean (49°S, 56 

69°E; Fig 1), was classified as an area with a limited lLGM ice extent, but as subject to extensive earlier 57 

continental shelf glaciations. The Kerguelen archipelago is, however, the largest currently glaciated area in 58 

sub-Antarctic regions with numerous terrestrial glaciers. The Cook Ice Cap (CIC) and smaller glaciers 59 
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covered a total area of 520 km2 in 2009 (Berthier et al., 2009). These glaciers are known to be very sensitive 60 

indicators of climate change in the southern polar region. Favier et al (2016) showed that the current high 61 

wastage of the largest CIC outlet Ampere glacier was driven by atmospheric drying, which was induced by 62 

a latitudinal shift of the storm track over the last decades. This latitudinal storm track shift is mainly driven 63 

by the Southern Annular Mode, whose positive phase (SAM+) is associated with a belt of low pressure 64 

surrounding Antarctica (Thompson and Wallace, 2000; Thompson et al., 2011). In addition, Jomelli et al 65 

(2017) provided chronological evidences of a general glacier retreat since the Late Glacial in Kerguelen and 66 

suggested that this glacier retreat was concomitant with warming and snow accumulation decrease in 67 

Antarctica, thus demonstrating the sensitivity of the CIC to climate change in the Antarctic region. 68 

 69 

Considering this connection between glaciers in Kerguelen and Antarctic climate, new investigations on 70 

glacier extensions during and before the lLGM in Kerguelen is particularly relevant. It raises questions 71 

regarding their relative pacing with Antarctic climate and ice sheet changes. Moreover, a comparison of 72 

several ice core records from West and East Antarctic Ice Sheets revealed distinct variations, pointing to 73 

differences in the climate evolution of the Indo-Pacific and Atlantic sectors of Antarctica (Stenni et al., 74 

2010, 2011). A better knowledge of glacier changes at Kerguelen may be relevant to discussing possible 75 

differences in glacier behavior between the Indo-Pacific and Atlantic sectors of sub-Antarctic regions. 76 

 77 

To address these issues, a field campaign organized in the framework of two IPEV(Institut Paul Emile 78 

Victor) programs (Kesacco and Glacepreker) was conducted focusing on the geomorphology and the 79 

chronology of several glacially formed landscapes and deposits at the margin of the CIC with the aim to 80 

document the timing and extent of the LGM in Kerguelen. Here, we present 22 new 36Cl cosmic-ray 81 

exposure ages obtained from roche moutonnee surfaces, erratics and boulders collected on moraines over 82 

the whole extent of the main island. 83 

 84 

 85 

 86 

2. Study area 87 

The French Kerguelen basaltic  archipelago is located in the southern Indian Ocean (49°N, 69°E) about 88 

2000 km north of Antarctica. It is composed of one main island with an area of 6,700 km2 and about 300 89 

smaller islands (Fig. 1) emerged from the Kerguelen oceanic plateau about 40 Ma ago. It stretches over a 90 

distance of about 150 km. The western part of the archipelago is covered by the CIC, the largest ice cap on 91 

this island (410 km2 in 2011, Verfaillie et al., 2015), which is culminating at 1,030 m above sea level (a.s.l.). 92 



4 
 

Glaciers are also present at the base of three summits, at Mont Ross 1,850 m a.s.l., the highest summit on 93 

Kerguelen about 40 km south east of CIC, as well as on the highest slopes of Rallier du Bathy (1100 m a.s.l) 94 

45 km south of CIC and on Presqu’ile de la Société de Géographie (1081 m a.s.l). The eastern part of the 95 

archipelago forms an ice free peninsula with a mean elevation of 200 m a.s.l.. However, numerous undated 96 

glacial features such as erratic boulders, kettles, and Rogen moraines demonstrate that this area was covered 97 

by ice in the past (Hall, 1984). It is probable that evidence of earlier glacier extent exists off shore. To date, 98 

a LGM frontal moraine may have been identified from bathymetry off shore from Ampere glacier (Jomelli 99 

et al., 2017). 100 

There is only one permanent weather station on the Kerguelen Islands, located at the scientific station Port 101 

aux Français (PAF) (12 m a.s.l.) with daily values of temperature and precipitation available since 1951. 102 

Here the mean annual temperature is 4.6°C with 800 mm of precipitation. However, the precipitation 103 

amounts on the main island are affected by a strong W-E gradient due to foehn effect on the eastern side of 104 

CIC, which constitutes a barrier to the dominant westerly winds. At CIC, the precipitation amount reaches 105 

3,150 mm per year at 250 m a.s.l. (Verfaillie et al., 2015). 106 

 107 

 108 

 109 

Fig. 1. General location of the study area. A. Map of the Kerguelen (black circle) and sub-Antarctic areas, with the 110 
mean positions of the sub-Antarctic (pink) and polar (purple) oceanic fronts between 1993 and 2005. B. Red lines 111 
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show the five cosmogenic sample sites investigated in this study; yellow lines show geographic locations described in 112 
the paper. 113 

 114 

3. Previous glaciological studies on glaciers at Kerguelen 115 

The first glaciological investigations at Kerguelen were realized in the 1970s, during which surface energy 116 

and mass balance studies (Poggi, 1977; Vallon, 1977a, 1977b, 1987) were conducted on Ampere glacier. 117 

Additionally, satellite images made it possible to assess CIC wastage over the last decades (Berthier et al., 118 

2009; Verfaillie, et al., 2015). During the last six years, new glaciological investigations were conducted at 119 

Kerguelen. Ablation stakes were set up in December 2010 and January 2011 and were measured during the 120 

next three years to assess the glacier surface mass balance. A total loss of 1.6 meter water equivalent per 121 

year (m w.e. a-1) was measured over the ice cap between 1960 and 2011, with a maximum loss of 2.76 m 122 

w.e. a-1 on Ampere glacier. From a detection attribution analysis, Favier et al. (2016) demonstrated that 123 

precipitation decrease was the first order cause for glacier wastage since the 1960s. Precipitation changes 124 

were attributed to a shift of the latitudinal position of the storm track mainly driven by the Southern Annular 125 

Mode (SAM) whose positive phase (SAM+) is associated with a belt of low pressure surrounding Antarctica 126 

(Thompson and Wallace, 2000; Thompson et al., 2011) and dry conditions at Kerguelen. 127 

 128 

To better understand the long term evolution of glaciers at Kerguelen, 13 cosmogenic 36Cl surface exposure 129 

ages were determined at four sites, one located close to Ampere glacier front position and three  20 km away 130 

from the CIC (Jomelli et al., 2017). These data were combined with existing radiocarbon ages from 131 

terrestrial and marine sediments cores, bathymetric measurements and a relative dating technique that uses 132 

the radial growth of Azorella selago Hook, a cushion-forming Umbelliferae species growing on the moraine 133 

(Frenot et al 1993; 1997). Results revealed that deglaciation started at least ~24 ka ago and that the landscape 134 

up to 20 km east of CIC was still partly covered by ice during the Late glacial. Glaciers were shrinking 135 

through the Holocene probably until 3 ka with evidence of minor advances during the last millennium 136 

(Jomelli et al., 2017). 137 

 138 

4. Methods 139 

The fieldwork was conducted in different areas of the Kerguelen Islands on the slope east of the CIC in 140 

order to complement a previous study (Jomelli et al., 2017) and document earlier glacier extents on the main 141 

Island at various altitudes and distances from CIC. Frontal moraines are rare on the main island but erratics 142 

and roche moutonnees are very frequent making possible to document past ice extents. Five sites, Peninsule 143 
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Courbet, Val Studer, Armor Lake, Bontemps valley and Le Belvedere moraine (sample locations in Fig.1 144 

and Table 1; note that Armor Lake and Ampere glacier were studies by Jomelli et al., 2017. Their 145 

chronologies are discussed at the end of this paper) were visited in order to collect rock samples from glacial 146 

moraine boulders, erratic boulders and roche moutonnee surfaces:  147 

 148 

Samples were taken with a hammer and a chisel from preferentially flat surfaces of erratic and moraine 149 

boulders and of roche moutonnee. The geographic coordinates were recorded with a handheld GPS device 150 

and topographic shielding was measured using a clinometer (Table 1). The altitudes were later determined 151 

from shuttle radar topography mission data (SRTM), because they are more accurate than the handheld GPS 152 

data (Table 1).  153 

The in situ 36Cl dating was conducted on the basaltic whole rock samples at CEREGE, Aix-en-Provence, 154 

France, similar to the method described in Schimmelpfennig et al. (2011).  An aliquot of bulk rock was 155 

taken from several samples for major and trace element analysis at the Service d'Analyse des Roches et des 156 

Minéraux (SARM, Nancy, France) (Tables 2-3), necessary to estimate the low-energy neutron flux in the 157 

samples, which induces the 36Cl production from capture of the low-energy neutrons on 35Cl. Due to low Cl 158 

concentrations (Table 4), this production reaction contributed little to the total 36Cl production in most 159 

samples (between ~2% and ~9%), except for sample Ker-16 (16%).  160 

After crushing and sieving to a grain size fraction of 250-500 µm, the samples were decontaminated from 161 

potentially Cl-rich groundmass and atmospheric 36Cl in a diluted suprapur HF/HNO3 acid mixture 162 

(Schimmelpfennig et al., 2009). Following this step, which removed about 40% of the initial samples 163 

weight, 2 g aliquots of the rinsed and dried sample grains were taken for analysis of the major elements 164 

concentrations by ICP-OES at SARM (Table 3), because Ca, K, Ti and Fe, are the target elements for 165 

spallogenic/muogenic production of 36Cl. After addition of a 35Cl-enriched spike (~99%) for isotope dilution 166 

(Ivy-Ochs et al., 2004), the samples were totally dissolved in a HF/HNO3 acid mixture. Two chemistry 167 

blanks were processed together with the samples (Table 4). The remaining steps were identical with those 168 

described in Schimmelpfennig et al. (2011). Measurement of the 36Cl/35Cl and 35Cl/37Cl ratios by isotope 169 

dilution accelerator mass spectrometry at the AMS facility ASTER-CEREGE allowed the calculation of the 170 
36Cl and Cl concentrations (Table 4). 171 

36Cl age calculations were done using the Excel® spreadsheet published by Schimmelpfennig et al. (2009), 172 

using scaling factors based on the time-invariant "St" method (Stone, 2000) (Table 4) and applying the 173 

following 36Cl production rates, referenced to sea level and high latitude (SLHL): 42.2 ± 4.8 atoms 36Cl (g 174 

Ca)-1 yr-1 for spallation of Ca (Schimmelpfennig et al., 2011), 148.1 ± 7.8 atoms 36Cl (g K)-1 yr-1 for spallation 175 
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of K (Schimmelpfennig et al., 2014), 13 ± 3 atoms 36Cl (g Ti)-1 yr-1 for spallation of Ti (Fink et al., 2000), 176 

1.9 ± 0.2 atoms 36Cl (g Fe)-1 yr-1 for spallation of Fe (Stone et al., 2005), and 626 neutrons (g air)-1 yr-1 for 177 

the production rate of epithermal neutrons from fast neutrons in the atmosphere at the land/atmosphere 178 

interface (Phillips et al., 2001). A high-energy neutron attenuation length of 160 g cm-2 was used. We 179 

assumed bulk rock density of 2.4 g cm-3 for all samples. Further relevant input data (sample thicknesses, 180 

shielding factors, compositional data) are shown in Tables 1, 2 and 3. 181 

 182 

In Table 4, we present the 1s uncertainties of the resulting individual 36Cl ages inferred through full 183 

propagation of all errors (analytical and production rate errors) as well as of the analytical errors only. In 184 

the main text, we report the individual ages with their analytic uncertainties only for the sake of internal 185 

comparison between the ages; when presenting the mean of an age population, we report the arithmetic 186 

mean and the full error including the production rate error to allow comparison with climate records that 187 

were dated with different methods. We determined this full error by computing the standard deviation and 188 

adding analytical and production rate errors (represented by the mean of the relative individual age 189 

uncertainties) by propagation in quadrature. On the maps, all ages are shown with the full errors, unless 190 

otherwise stated. A Chi2 test was applied to identify potential outliers within an age population.  191 

 192 

The 36Cl ages are presented without erosion or snow cover corrections. Concerning erosion, quantitative 193 

information at Kerguelen is not available at present, but during sampling, surfaces with little evidence of 194 

erosion were preferentially targeted (degree of weathering and direct evidence on the boulder surface of 195 

frost, salt or wind action). Assuming an erosion rate of 5 mm ka would result in a 10% increase of the oldest 196 
36Cl ages (erratic boulders at Peninsule Courbet) and less for the younger ages. This is within the overall 197 

uncertainties of the final 36Cl ages and taking it into consideration would not change the conclusions of this 198 

study. Potential snow cover effects were not considered in the 36Cl age calculations, because of the modern 199 

short annual snow cover duration (~1.5 months at 90 m altitude and ~3 weeks at 35 m altitude as inferred 200 

from glaciological modelling (Verfaillie et al., 2015; Favier et al., 2016)), which would lead to an 201 

insignificant snow cover correction.  202 

 203 

 204 

5. Results 205 

 206 

5.1 Erratic boulders deposited far east of CIC 207 
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The 36Cl ages range from ~42 to ~11 ka (Table 1-4) with an ~80% contribution covering the 42-20 ka period. 208 

Our dataset can be divided into three groups (erratics, roche moutonnees and moraine landforms) in terms 209 

of sampled glacial features and distance from CIC.  210 

The first group is composed of the 13 distant erratic boulders located at Peninsule Courbet and Val Studer.  211 

Peninsule Courbet is the farthest sampling site located about 85 km east of CIC in our study, at an altitude 212 

between 37 m and 57 m a.s.l. (Figs.1, 2, 3; table 1). Most of this peninsula is relatively flat with altitudes 213 

lower than 100 m a.s.l. Numerous kettle lakes are visible. They are associated with losely-spaced ridges or 214 

small hills 2-5 m high, mostly covered by sand and gravel with few larger boulders that may correspond to 215 

a glacial till. These ridges may correspond to remains of Rogen moraines formed transverse to ice flow in a 216 

subglacial position and indicating the presence of an ice sheet flowing eastward. Three samples (Ker 26, 217 

Ker 27, Ker 28) were collected from large erratic boulders 8 km north east of PAF (Fig.2). These three 218 

erratic are the oldest dated samples in this study. Positioned on a rocky pavement, they yield consistent 36Cl 219 

ages of 40.9 ± 2.7 ka, 41.9 ± 2.8 ka and 41.3 ± 2.8 ka, with a mean age of 41.4 ± 4.4 ka (Figs. 2-4, 13). 220 

Erratic are rare closer the coast and on northeastern direction. Nevertheless two additional samples (Ker 29 221 

and Ker 30) were collected from erratics partly embedded in a sandy gravel pavement 5 and 11 km north 222 

east from the previous sampling site, respectively (Fig.2). They yield ages of 30.7 ± 2.0 ka and 26.7 ± 3.0 223 

ka. 224 

 225 



9 
 

 226 

  227 

 228 

Fig. 2. Location of 36Cl ages with their arithmetic mean at Peninsule Courbet site. The 1σ uncertainties in the individual 229 
36Cl errattic ages account for analytical and production rate uncertainties, while the uncertainty in the mean includes 230 
standard deviation, analytical and production rate uncertainties. The samples in italic were rejected as outliers based 231 
on a Chi2 test (see text for details).  232 

 233 

According to the Chi2 test, these ages do not belong to the same age population as the other three dates, but 234 

are statistically indistinguishable from each other with a mean of 28.7 ± 4.3 ka. Two explanations are 235 

possible: either these two younger boulders were deposited following a later ice advance compared to the 236 

deposition of the ~41 ka boulders, or they reflect post depositional erosion or exhumation processes. Since 237 

there is no firm evidence supporting either of the two scenarios, we assume these two younger boulder ages 238 

as outliers (reflecting possible post depositional erosion or exhumation processes) and do not further 239 

consider them.  240 

 241 

 242 

 243 

 244 

A 
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 249 
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 251 

 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 

 260 

 261 

 262 

 263 

 264 

Figure 3.Pictures of some of the sites sampled during the field campaigns. A: erratic boulders Ker-28 at Peninsule 265 

Courbet. B: erratic boulders Ker-34 at Val Studer. C: sampling of the roche moutonnee near Armor Lake. D: erratic 266 
boulder Ker-38 at Val Studer. 267 

 268 

 269 

C 

C

 

B 

A 

D
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 270 

 271 

Fig 4. Probability plots of 36Cl boulder ages from Peninsule Courbet. Please note that the gaussian curves 272 

of the individual ages do not include the 36Cl production rate uncertainties (analytical uncertainties only), 273 

while the error of the mean age in the upper left corner box includes the 36Cl production rate uncertainties. 274 

Grey curves are outliers. Vertical blue line and grey band represent arithmetic mean and standard deviation, 275 

respectively (outliers are not included).  276 

 277 

The second sample site is Val Studer, a typical deep U-shaped glacial valley located at 60 km from CIC and 278 

about 16 km from PAF. Three erratic boulders were collected at about 320 m a.s.l. on the southern slope of 279 

Montagne Verte (716 m a.s.l.), the highest summit on the left side of Riviere du Sud. These erratics (Ker 280 

31, 32, and 34) sampled on flat surfaces yield 36Cl ages of 11.06 ± 0.86 ka, 26.5 ± 1.8 ka, and 30.8 ± 2.1 ka 281 

respectively.  Rejecting Ker 31 (11.06 ± 0.86 ka) as an outlier based on the Chi2 test, Ker 32 and Ker 34 282 

give a mean age of 28.6 ± 4.1 ka. 283 

About 8 km downslope five other erratic boulders were sampled on the Plateau des Drumlins between 48 284 

and 63 m a.s.l. (Table 1, Fig. 3, 5).  These boulders (Ker 35-39) yield 36Cl ages of 40.6 ± 2.7 ka, 24.4 ± 1.7 285 

ka, 38.9 ± 2.7 ka, 31.3 ± 2.1 ka and 27.8 ± 1.9 ka (Fig. 5, 6). All these boulders were also collected on flat 286 

surfaces in order to avoid downslope movements. 287 

 288 

 289 
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 290 

Fig. 5. Location of 36Cl ages with their arithmetic means at Val Studer site. The 1σ uncertainties in the individual 36Cl 291 
boulder ages account for analytical and production rate uncertainties, while the uncertainties in the means include 292 
standard deviation, analytical and production rate uncertainties. A sample in italic from Montagne Vertes was rejected 293 
as outlier based on the Chi2 test (see text for details). For the boulders near Plateau des Drumlins there are two possible 294 
groups of outliers; see text for clarification.  295 

 296 

Based on the Chi2 test, two sub groups can be distinguished among samples Ker 35-39, leading us to consider 297 

two distinct hypotheses for these low elevation samples. The first hypothesis rejects the three samples Ker 298 

35 (40.6 ± 2.7 ka), Ker 36 (24.4 ± 1.7 ka) and Ker 37 (38.9 ± 2.7 ka) as outliers. Then Ker 38 and Ker 39 299 

yield a mean age of 29.5 ± 3.8 ka (Fig.5). This hypothesis implies a synchronous boulder deposition at the 300 

two elevations in Val Studer valley (Ker 32, Ker 34). The second hypothesis rejects the three samples Ker 301 

36 (24.4 ± 1.7 ka), Ker 38 (31.3 ± 2.1 ka), and Ker 39 (27.8 ± 1.9 ka) as outliers. Then Ker 35 and Ker 37 302 

yield a mean age of 39.7 ± 1.2 ka (standard deviation only) and 39.7 ± 4.0 ka (full uncertainty) (Figs. 5, 6, 303 

13). This second hypothesis implies two distinct depositional periods at Val Studer first at Plateau des 304 

Drumlins, then at Montagnes Vertes.  It also implies temporal synchronicity with the boulder ages from 305 

Peninsule Courbet, even supporting two synchronous deposition periods at both sites at ~40 ka and ~29 ka. 306 

However, this second hypothesis is not further discussed due to the lack of evidence of two boulder 307 

deposition periods. Nevertheless, this scenario does not contradict the general conclusions of this study.  308 

Finally, considering all ages from the two altitudes in Val Studer valley (Montagnes Vertes and Plateau des 309 

Drumlins), after rejection of Ker 31, Ker 35 and Ker 37 as outliers, yields a mean age of 28.1 ± 3.1 ka 310 

(Figs.5, 6). As this mean value is not statistically different from the first hypothesis presented above (29.5 311 
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± 3.8 ka) based on the mean of the two Ker 38-39 samples but based on a larger number of boulders, it will 312 

be considered as representative for the Val Studer site in the following text.  313 

 314 

 315 

 316 

 317 

Fig 6. Probability plots of 36Cl boulder ages from Val Studer. See caption of Fig. 4 for details. 318 

 319 

 320 

5.2 Roches moutonnees at 37 km from CIC  321 

The second group of samples comes from five roche moutonnees. Roughly 37 km east of CIC, five samples 322 

(Ker, 12, 13, 14, 15 and 16) were collected on the basaltic plateau on the south-western side of Armor Lake. 323 

Ker 12, 13 and 14 were sampled at an altitude of 132 m a.s.l and Ker 15 and 16 at 125 m a.s.l. and 53 m 324 

a.s.l. respectively (Table 1, Figs.3, 7). These roche moutonnees samples complement two 36Cl ages obtained 325 

from erratic boulders located at 176 m and 177 m a.s.l. and dated to a mean age of 24.4 ± 1.1 ka (Jomelli et 326 

al., 2017). 327 

 328 

The samples Ker 12-16 yield 36Cl ages of 29.5 ± 2.1 ka, 32.1 ± 2.2 ka, 41.4 ± 2.8 ka, 30.1 ± 2.1 ka and 25.9 329 

± 2.0 ka respectively (Figs. 7, 8). Rejecting Ker 14 (41.4 ± 2.8 ka) as an outlier based on the Chi2 test, the 330 

other samples yield a mean age of 29.4 ± 3.3 ka (full uncertainty). Grouping the ages previously dated by 331 

Jomelli et al., (2017) with those of the roches moutonnes and rejecting Ker 14 (41.4 ± 2.8 ka) and Ker 13 332 

(32.1 ± 2.2 ka) as outliers, yields a mean age of 26.9 ± 3.0 ka.  333 
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 334 

 335 
Fig. 7. Location of 36Cl ages at Amor lake site. Green circles show samples from roche moutonnees with their 336 
arithmetic mean and white circles show erratic boulder ages from Jomelli et al., (2017). The 1σ uncertainties in the 337 
individual 36Cl boulder ages account for analytical and production rate uncertainties, while the uncertainties in the 338 
means includes standard deviation, analytical and production rate uncertainties. The sample in italic was rejected as an 339 
outlier based on the Chi2 test (see text for details). 340 

 341 

 342 

 343 

 344 
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Fig. 8.  Probability plots of 36Cl boulder ages from Amor Lake. See caption of Fig. 4 for details. Light blue curves 345 
show ages of erratics from Jomelli et al. (2017). 346 

 347 

 348 

 349 

5.3 Moraine landforms  350 

The last group of 36Cl ages presented in this paper is composed of four boulders on the top of two distinct 351 

moraines.  352 

In Bontemps valley, the CIC outlet Explorateur glacier formed a prominent moraine located about 26 km 353 

down-valley from the current ice front, where it dammed Bontemps Lake, the largest lake on the main 354 

island. This moraine, covered by sub-angular large boulders (>50 cm in length), was tentatively dated to the 355 

ACR chronozone (13.3 ± 1.4 ka) by Jomelli et al (2017), based on three boulder ages, one of which was 356 

rejected as an outlier. In this study, one additional sample (KBT7) was collected from the top of this frontal 357 

moraine at 16 m a.s.l (Figs.3, 9) to better constrain the age of this moraine. 358 

 359 

 360 
Fig.9. Sample locations in Bontemps valley with the corresponding individual 36Cl ages. A red circle shows the new 361 
sample on Bontemps moraine highlighted by the yellow line, white circles show boulder ages from Jomelli et al., 362 

(2017). Also shown are the arithmetic means for the age population with the 1s uncertainty including standard 363 
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deviation, analytical and production rate uncertainties.  The sample in italic was rejected as an outlier based on the 364 
Chi2 test (see text for details).  365 

 366 

KBT7 is dated to 14.3 ± 1.1 ka and is consistent with previous boulder ages from the same moraine  KBT5 367 

13.2 ± 1.0 ka and KBT6 13.4 ± 1.1 ka (standard deviation only) (Fig. 9, 10, 13). All three samples from 368 

Bontemps moraine yield a mean age of 13.6 ± 1.5 ka. 369 

 370 

 371 
Fig. 10. Probability plots of 36Cl moraine boulder ages from Bontemps moraine. See caption of Fig. 4 for details. 372 

 373 

Three other samples HBN2, HBN3 and HBN4 were collected at an altitude between 115 and 138 m a.s.l. 374 

from boulders of about 70-100 cm height on the crest of the Belvedere moraine, about 72 km from CIC,  on 375 

the southeastern part of Kerguelen about 32 km south of PAF (Fig. 11). This left lateral moraine, formed by 376 

a local glacier is located on the southern slope of a small glacial cirque below the plateau les Haut de 377 

Hurlevent. This moraine of about 300 m long and 20 m high, has steep slopes and is covered by subangular 378 

boulders. 379 

The three samples yield 36Cl ages of 15.1 ± 1.1 ka and 15.9 ± 1.3 ka and 23.8 ± 1.6 ka, respectively. From 380 

this dataset, sample HBN4 (23.8 ± 1.6 ka) was rejected as an outlier based on the Chi2 test. This moraine 381 

boulder likely was pre-exposed to cosmic radiation and reworked during the last glacier advance. The 382 

remaining two consistent moraine boulder ages yield a mean of 15.5 ± 1.8 ka (Figs. 3, 11, 12). 383 

 384 
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 385 

Fig. 11. Location of 36Cl ages on Belvedere moraine site. The 1σ uncertainties in the individual 36Cl boulder ages 386 
account for analytical and production rate uncertainties, while the uncertainty in the mean includes standard deviation, 387 
analytical and production rate uncertainties. The sample in italic was rejected as an outlier based on the Chi2 test (see 388 
text for details). 389 

 390 

 391 

Fig. 12. Probability plots of 36Cl boulder ages from Belvedere moraine. See caption of Fig. 4 for details. 392 
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 393 

 394 

6. Discussion 395 

6.1 History of glacier fluctuations at Kerguelen from 41 ka to the late glacial 396 

36Cl cosmic-ray exposure dating of glacial erratics, roches moutonnees and morainic boulders collected at 397 

different sites over Kerguelen archipelago provide constraints on the glacier extents on the island from 41 398 

ka to the late glacial period. Erratics from Peninsule Courbet, the farthest site east of CIC provide direct 399 

evidence that this part of the main island of Kerguelen was deglaciated ~41 ka ago (Fig. 13). These erratics 400 

most likely do not represent the maximum glacier position and were probably transported by the ice during 401 

a glacier advance that pre-dates ~41 ka ago.  402 

Over the time period lasting from ~41 to ~29 ka, glacier shrinkage generally continued, possibly interrupted 403 

by stagnation or minor advances. We assume that before ~ 29 ka, outlet glaciers of CIC (or the glaciers that 404 

developed locally) had not retreated beyond the sample sites of Armor Lake and Val Studer for a significant 405 

period of time. This is supported by the similarity of the ages of the roches moutonnees at Armor Lake (~29 406 

ka) and those of the erratic boulder at Val Studer (~28 ka). If the glaciers had retreated further for a 407 

significant period of time, the exposure duration of the roches moutonnees would have been longer than that 408 

of the erratics. Moreover, the age of the erratics at Armor Lake (~24 ka) suggests that after ~29 ka the ice 409 

might have retreated to an unknown position for at most ~5 ka before readvancing at ~24 ka. In addition, 410 

the uncertainties associated with the ages at Val Studer and Armor Lake do not allow us to reach a resolution 411 

good enough to highlight possible (a)-synchronies of the CIC outlet glacier fluctuations in this part of the 412 

archipelago.  413 

After ~24 ka, the CIC outlet glaciers continued to retreat likely until the Antarctic Cold Reversal (ACR) 414 

period (14.5-12.9 ka). During this ACR period the Explorateur glacier, a CIC outlet, stagnated or re-415 

advanced forming, 26 km from its current front position the Bontemps moraine at about 13.6 ± 1.5 ka ago. 416 

The local glacier located on the Presqu Ile Jeanne d’Arc formed the Belvedere moraine at about 15.5 ± 1.8 417 

ka ago, which might have been contemporaneous with the formation of Bontemps moraine given their 418 

overlapping age uncertainties.  419 

 420 

 421 
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 422 

Fig. 13. Summary of 36Cl ages obtained at different sample sites. Reported mean 36Cl boulder ages account for standard 423 
deviation, analytical and production rate uncertainties. Red = moraine ages; Blue = erratic ages; Green = roche 424 
moutonnee age; dot = this paper; triangle = ages from Jomelli et al (2017) only.  425 

 426 

6.2 Comparison to other sub-Antarctic glacial chronologies 427 

 428 

Comparing our findings from the southern Indian Ocean with other sub-Antarctic glacial chronologies 429 

located in the South Pacific (New Zealand) and South Atlantic regions (Patagonia) reveals intriguing 430 

features (Fig. 14). The presented cosmic-ray exposure ages indicate that glacier retreat occurred in 431 

Kerguelen roughly 41 ka ago with a preceding glacier advance that must have been larger than that during 432 

the gLGM. Unfortunately, the exact location of the corresponding maximum CIC front position is unknown, 433 

as it might be offshore. The exact age of the glacier maximum extent that precedes the subsequent retreat 434 
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around 41 ka ago remains therefore also unknown. These findings do not fully correspond to what is 435 

documented in the two other regions. 436 

The glacier evolution at Kerguelen only partly resembles that described in New Zealand. Kelley et al., 437 

(2014) showed that Pukaki and Mt John glaciers in New Zealand started to retreat from a major extent about 438 

42 ka ago based on 10Be ages. At Pukaki, the glacier extent during the maximum MIS-3 ice cover was 439 

comparable to the subsequent glacier culminations, which occurred between 28 ka and 25 ka, as well as 21 440 

ka and 18 ka ago (Kelley et al., 2014). Consequently, in both regions, glaciers were larger during the MIS-441 

3 period than during the gLGM. At Kerguelen, large glacier extent occurred 42 ka ago, but it does not 442 

necessarily correspond to a maximum glacial advance. In both regions, comparable subsequent glacier 443 

extents occurred between about 28 ka and 19 ka ago, even if field evidence of a clear glacier advance at 444 

Kerguelen at 25, 21 and 18 ka ago are still lacking. Moreover, observations covering the more recent periods 445 

revealed significant differences in glacier evolution between the two regions (Schaefer et al., 2015; Jomelli 446 

et al 2017). 447 

Glacier evolution at Kerguelen also differs partly from Patagonia. In Patagonia, there is no clear evidence 448 

of large advances at 42 ka (Darvill et al., 2015). Fogwill et al. (2015) showed in a compilation of 59 449 

cosmogenic ages (10Be and 36Cl ages) that the culmination of the ice sheet during the lLGM occurred about 450 

28 ka ago, i.e. few millennia before the gLGM. However, this lLGM extent was smaller than pre lLGM 451 

glacier MIS-3 extents that mostly occurred at roughly 32 ka about 49°S (same latitude as Kerguelen) as well 452 

as at higher latitudes (Darvill et al., 2015). Uncertainties associated with the 36Cl ages do not permit to assess 453 

synchronous advances with those documented in Patagonia between 32 and 28 ka ago. In addition, field 454 

evidence of a clear glacier advance at Kerguelen around 32 ka ago is still lacking.  Also, glacier retreat in 455 

Patagonia between 28 ka to 19 ka ago was larger than at Kerguelen. These different patterns of glacier 456 

fluctuations in sub-Antarctic regions raise questions about the potential drivers of the glacier fluctuations in 457 

the southern hemisphere.  458 

Several hypotheses have been proposed to explain the major glacier advance during the MIS-3 period but a 459 

full understanding of the forcings involved in the glacier evolution at the hemispheric scale remains puzzling 460 

(Putnam et al., 2013; Kelley et al., 2014; Darvill et al., 2015; Schaefer et al., 2015). 461 

 462 

It is generally assumed as inferred from proxy data, that a northward migration and intensification of the 463 

southern westerly wind belt occurs during colder periods in Antarctica resulting in reduced deep ocean 464 

ventilation and low atmospheric CO2 concentrations (Lamy et al., 2010; Fletcher and Moreno, 2011). On 465 

the other hand, model studies show contrasting results on the position and strength of the westerly winds 466 
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during the LGM conditions with either an equatorward or a poleward position (Otto Bliesner et al., 2006; 467 

Rojas et al., 2009; Sime et al., 2013).  468 

 469 

Numerous ice core records have been extracted from the west and east Antarctic ice sheets (e.g. Watanabe 470 

et al., 2003; EPICA comm members, 2004, 2006; Stenni et al., 2011; Wais Divide, 2015). Every site 471 

temperature reconstructions based on d18O of ice cores show a progressive cooler trend during MIS-3 period 472 

with a major temperature minimum between 28 and 22 ka corresponding to the gLGM (Stenni et al., 2010; 473 

Parrenin et al., 2013; Wais Divide, 2015). These observations are the same in both the Indo-Pacific and the 474 

Atlantic sectors. Temperature and snow accumulation changes documented at Wais Divide showed a 475 

remarkable concordance with glacier changes at Kerguelen over the last 28 ka (Jomelli et al., 2017). 476 

However warm temperature in Antarctica during the pre-gLGM is counterintuitive with large glacier extent 477 

at that time observed in different regions of mid southern hemisphere. This suggests an important regional 478 

variability during the pre-LGM period. This regional variability is also seen in Antarctic ice core records 479 

over Marine Isotopic Stage 3 (MIS 3, 60 to 25 ka) during the succession of Antarctic Isotopic Maxima 480 

(AIM) associated with the abrupt Dansgaard-Oeschger events in Greenland. The warming phases of the 481 

AIM show strong variability when comparing the Atlantic and Indian-Pacific basins: it is much more rapid 482 

(a few centuries) on the Atlantic side. This creates a transient climatic dipole during warming phase of the 483 

AIMs with the Atlantic side of Antarctica being warmer than the Indian-Pacific side.   484 

 485 

Interestingly, several sea surface temperature (SST) reconstructions have been produced making possible 486 

the documentation of climate conditions in the Indian, Pacific and Atlantic circum-Antarctic regions 487 

(Pahnke and Sachs, 2006; Kaiser and Lamy, 2010). These SSTs point to significant differences in the climate 488 

evolution of the Indo-Pacific and Atlantic sectors over the last 60 ka (Fig.14). Sub-Antarctic SSTs from N 489 

Chatham Rise MD97-2120 sediment core located south east of New Zealand (45°S) show a long period 490 

lasting from 48 ka and 28 ka ago with relatively cold conditions (Pahnke and Sachs, 2006). Minima coincide 491 

with large glacier extent. On the north west of Kerguelen, SSTs from Cape Basin 1089/TN057 sediment 492 

core (41°S) show a different pattern with a progressive warming trend from a minimum 43 ka ago, 493 

interrupted by periodic cold peaks (Pahnke and Sachs, 2006). On the east coast of Patagonia, SSTs from the 494 

sediment core ODP Site 1233 (41°S) reveal several cold episodes, in particular at 43 ka, 32 ka and 22 ka 495 

(Kaiser and Lamy, 2010).  A parallel can be drawn between these differences in regional SSTs conditions 496 

and reconstructions of surface air temperature or climate of the evaporative source regions from proxy data 497 

in various Antarctic ice core records. Indeed and as mentioned above for the surface air temperature 498 

reconstruction from water isotopes, water isotopic records (d18O and d-excess) show strong differences 499 

during AIM warming phases between ice cores located on the Atlantic side of Antarctica and ice cores 500 
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located on the Indian – Pacific sides of Antarctica (Stenni et al., 2010; Buiron et al., 2012; Landais et al.,  501 

2015). At Kerguelen uncertainties associated with the 36Cl ages do not permit to assess synchrony between 502 

glacier changes and AIMs but we notice that nine AIMs occurred during MIS 3 period.  503 

 504 
 505 
 506 
Fig.14. Comparison between sea surface temperature and major glacier extent during MIS-3 and the lLGM in 507 
Patagonia (after Darvill et al., 2015; Fogwill et al., 2015), Kerguelen (this study) and New Zealand (after Kelley et al., 508 
2014). Pink curve shows SSTs from the sediment core ODP Site 1233 (41°S) on the east coast of Patagonia, (Kaiser 509 
and Lamy, 2010). Black curve shows Sub-Antarctic SSTs from N Chatham Rise MD97-2120 sediment core (45°S) 510 
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(Pahnke and Sachs, 2006). Blue curve shows SSTs from Cape Basin 1089/TN057 sediment core (41°S) (Pahnke and 511 
Sachs, 2006).  512 
 513 
 514 
 515 

 516 

7. Conclusion 517 

Twenty-two cosmogenic 36Cl surface exposure ages were collected from five sites on Kerguelen 518 

Archipelago on the eastern slope of the Cook Ice Cap. These samples collected from glacial moraine 519 

boulders, erratic boulders and roche moutonnee surfaces made it possible to document changes in glacier 520 

extent between 42 ka ago and the late glacial period. The data combined with an earlier record from 521 

Kerguelen reveal that glaciers retreated from the maximum extent at ~41 ka ago. From ~41 to ~15 ka, 522 

deglaciation generally continued, interrupted by several stagnations or minor culminations, at least at ~28-523 

29 ka and ~24 ka ago. A period of glacier advance occurred prior to ~15-14 ago. These glacier changes at 524 

Kerguelen are comparable with glacier fluctuations in New Zealand, but differ from those in Patagonia, 525 

where the maximum glacier extent occurred about 13 ka later. The reason of such asynchronous pattern is 526 

enigmatic so far, but we hypothesize that it is related to differences in the climate evolution of the Indo-527 

Pacific and Atlantic sectors of Antarctica documented by SSTs from sediment cores and surface air 528 

temperature and sea ice extent from proxy ice core records around Antarctica. A transient climatic dipole is 529 

created during warming phase of the AIMs with the Atlantic side of Antarctica being warmer than the 530 

Indian-Pacific side which may partly be responsible for such different regional climate conditions and by 531 

repercussion may explain the reason why Kerguelen glaciers exhibited a different evolution compared to 532 

other sub Antarctic regions. However, further investigations of the mechanisms responsible for such 533 

asynchronous pattern of climate change are needed to better understand the respective role of external and 534 

internal forcings and glacier dynamic. 535 

 536 
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