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Similar to many other regions in the world, glaciers in the southern sub-polar regions are currently
retreating. In the Kerguelen Islands (49°S, 69°E), the mass balance of the Cook Ice Cap (CIC), the largest
ice cap in this region, experienced dramatic shrinking between 1960 and 2013 with retreat rates among
the highest in the world. This observation needs to be evaluated in a long-term context. However, data on
the past glacier extents are sparse in the sub-Antarctic regions. To investigate the deglaciation pattern
since the Last Glacial Maximum (LGM) period, we present the first 13 cosmogenic 3°Cl surface exposure
ages from four sites in the Kerguelen Islands. The >®Cl ages from erratic and moraine boulders span from
244 + 2.7 ka to 0.3 + 0.1 ka. We combined these ages with existing glacio-marine radiocarbon ages and
bathymetric data to document the temporal and spatial changes of the island's glacial history. Ice began
to retreat on the main island before 24.4 + 2.7 ka until around the time of the Antarctic Cold Reversal
(ACR) period (~14.5—12.9 ka), during which the Bontemps moraine was formed by the advance of a CIC
outlet glacier. Deglaciation continued during the Holocene probably until 3 ka with evidence of minor
advances during the last millennium. This chronology is in pace with major changes in 3'®0 in a recent
West Antarctica ice core record, showing that Kerguelen Islands glaciers are particularly sensitive and
relevant to document climate change in the southern polar regions.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction subject to the influence of maritime air masses from different Pa-

cific, Atlantic and Indian ocean origins. Recent investigations on

Reconstructing the extent of glaciers in the past and investi-
gating their main climate drivers constitutes a base-line to which
the impact of recent climatic changes on glaciers can be compared
(Solomina et al., 2015). In the mid-southern latitudes, glaciers are

* Corresponding author.
E-mail address: vincent.jomelli@lgp.cnrs.fr (V. Jomelli).
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0277-3791/© 2017 Elsevier Ltd. All rights reserved.

Patagonian and New Zealand glaciers revealed similar patterns of
changes since the Late Glacial (19.0—11.6 ka) (Kaplan et al., 2008,
2010; Schaefer et al., 2009, Putnam et al., 2010, 2013a,b; Aniya,
2013; Strelin et al., 2014; Darwill et al., 2016), with for instance a
major glacier advance during the Antarctic Cold Reversal (ACR,
~14.5—12.9 ka). However, little is known about glacier fluctuations
since the global Last Glacial Maximum (LGM) in the Indian Ocean's
sub-Antarctic regions located between Patagonia and New Zealand
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(Hodgson et al.,, 2014a; Solomina et al., 2015). This is due to the
scarcity of glacier-covered zones in this area. Rare geochronological
constrains have been reported in the South Orkney Islands
(60°35’S, 45°30’'W), where radiocarbon ages from marine sediment
cores revealed ice advances between 13.8 cal ka BP and 9.4 cal ka BP
(Bentley et al., 2007). In South Georgia (54°17’S, 36°30'W) (Fig. 1),
two onshore moraines were dated by °Be cosmic-ray exposure
(CRE) (Bentley et al., 2007). The resulting ages recalibrated with the
southern Hemisphere °Be production rate (Kaplan et al., 2011) are
162 + 1.8 Be ka and 4.6 + 1.4 °Be ka, respectively. To our
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knowledge, except these two locations in the Southern Atlantic, no
CRE ages exist for the Southern Pacific or Southern Indian oceans.

The Kerguelen Islands (Fig. 1) are located in the Indian Ocean
and represent a unique site because they constitute the largest
currently glaciated archipelago (520 km? glaciated in 2010;
Berthier et al., 2009) with several marine and land terminating
margins from the Cook Ice Cap (CIC) (Hodgson et al., 2014a). Hence,
constraining the timing of glacier changes in Kerguelen offers a
unique opportunity to document glacier fluctuations since the LGM
and to investigate the local climate mechanisms responsible for
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Fig. 1. A, Mid-southern latitude sites discussed in the text and location of the Kerguelen Archipelago. Pink line = polar front after Sallée et al. (2008). Grey surfaces represent the
sub-Antarctic ice surface regions discussed in this paper. B, MODIS® image showing sample sites analyzed in this paper with reference to their respective figures. Purple
Triangle = Port aux Frangais research station. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Ampere Glacier and moraine records. A: Locations of Ampere moraine samples (red dots) and the roche moutonnée sample (green dot) with the corresponding individual
36C] ages. Also shown is the arithmetic mean age for moraine M1 with the 1¢ uncertainty including standard deviation, analytical and production rate uncertainties. Sample Ker M1-
03 in italic was rejected as an outlier based on statistical tests. Black lines show moraines that were assigned to the 19—20th centuries by Frenot et al. (1993). White line shows the
front position in the 1970s. White squares display calibrated C ages from Frenot et al. (1997). The blue square represent the position of shot of the photograph in B; B: Oblique
photograph showing the locations of the 6Cl-dated surfaces and Table Fjord in relation to Ampere lake. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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Table 1
Geographic sample locations, topographic shielding factor, and sample thickness.

Sample Name Latitude (°S) Longitude (°E)

Elevation (m) Shielding factor Thickness (cm)

Ampere moraine M1

Ker-M1-01 49.44482 69.19164 27 0.995 3
Ker-M1-02 49.44481 69.19131 27 0.997 3
Ker-M1-03 49.44462 69.18935 32 0.977 3
Ker-M1-04 49.44463 69.18935 32 0.984 3
Ker-M1-07 49.44442 69.18886 34 0.989 4
Roche moutonnée
Ker-09 49.44837 69.18799 25 0.998 4
Erratic boulders on Presqu'ile Bouquet de la Grye
KBT1 49.28717 69.57753 82 0.996 3
KBT2 49.28967 69.57990 69 0.996 3
Bontemps moraine
KBT4 49.30237 69.55442 16 0.993 3
KBT5 49.30273 69.55437 16 0.993 3
KBT6 49.30293 69.55487 13 0.993 3
Erratic boulders at Amor lake
Ker- 23 49.49309 69.71265 177 1.000 3
Ker- 25 49.49391 69.71260 176 1.000 3
possible asynchronies between the Atlantic, Indian and Pacific Hemisphere.

zones of the sub-Antarctic area.

Here, we present the first direct dating of glacier fluctuations at
Kerguelen from 13 36Cl CRE ages obtained from one roche
moutonnée surface, four erratics and eight boulders collected on
moraines from two CIC outlet glaciers: Ampere and Explorateur.
We combine these 36Cl ages with multibeam bathymetric data and
radiocarbon ages from glacio-marine sediment cores collected in
the fjord connected to Table Bay draining the Ampere glacier
(Fig. 1). These new chronologic data allow us to discuss glacier
advances and retreats since the LGM on Kerguelen and compare
this chronology with other proxy records from southern

2. Study area

The French Kerguelen archipelago is a group of 300 isolated
islands (Fig. 1). The main island with an area of 7200 km? is the
largest sub-Antarctic island. The archipelago is an emerged part of
the Kerguelen oceanic plateau of volcanic origin dominated by
basaltic lava flows and formed about 40 Myr ago. The western part
of the archipelago is dominated by a mountainous morphology
with numerous U-shaped valleys and fjords. It is mostly covered by
the CIC, the largest ice cap on this island (410 km? in 2011, Verfaillie
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Fig. 3. Sample locations in Bontemps valley and Presqu'ile Bouquet de la Grye with the corresponding individual 36Cl ages. Red circles show samples on Bontemps moraine
highlighted by the yellow line, blue circles show erratic boulders on Presqu'ile Bouquet de la Grye. Also shown are the arithmetic means for the age populations with the 1c
uncertainty including standard deviation, analytical and production rate uncertainties. The sample KBT4 in italic was rejected as an outlier based on statistical tests (see text for
details). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Location of erratic boulders at Amor lake site with the corresponding individual >*®Cl ages and their arithmetic mean. The uncertainties in the individual *°Cl boulder ages
account for analytical and production rate uncertainties, while the 1o uncertainty in the mean includes standard deviation, analytical and production rate uncertainties.

et al., 2015), which is culminating at 1030 m above sea level (a.s.l.).
Glaciers are also present on Mont Ross 1850 m a.s.l,, the highest
summit on Kerguelen. The eastern part of the archipelago forms a
peninsula with a mean elevation of 200 m a.s.l., where the scientific
station Port-aux-Francais (12 m a.s.l.) is located, about 80 km away
from the CIC. Here, glaciers are currently absent and the peninsula
is characterized by undated glacial and glacio-fluvial deposits and
landforms (Hall, 1984), including numerous glacial lakes (Heirman
etal,, 2012). There is only one permanent weather station located at
Port aux Frangais. Daily values of temperature and precipitation are
available since 1951. The climate of Kerguelen archipelago is cool
oceanic with a mean annual temperature of 4.6 °C and about
800 mm of precipitation measured at Port aux Frangais. However,
meteorological stations set up in 2010 in the framework of glacio-
logical investigations (IPEV-Kesaaco) on and around the CIC
revealed strong spatial precipitation gradients (Verfaillie et al.,
2015). The CIC creates a topographic barrier perpendicular to the
dominant westerly winds and received a large amount of precipi-
tation, about 3150 mm per year at 250 m a.s.l. between 2010 and
2014 (Favier et al., 2016).

3. Previous work on glacier fluctuations at Kerguelen

Ampere glacier (about 67 km? in 2011) is the largest CIC outlet
glacier flowing to the south east towards Table Bay, which has been
extensively studied over the last decades. Between 1963 and 2006,
the retreat of Ampere glacier was 2830 + 161 m (Berthier et al.,
2009) and was associated with the formation of a proglacial lake
(Ampere Lake) in 1963 (Fig. 2), which covered an area of 3.5 km? in
2010. Using a distributed glaciological model forced by a unique
and consistent long-term meteorological and glaciological dataset
available since 1951 at Kerguelen, Favier et al. (2016) showed that
the CIC experienced a dramatic wastage over the last decades, with
ice loss values among the highest in the world. A total loss of 1.6 m

water equivalent per year (m w.e. a~') was measured over the ice
cap between 1960 and 2011, and the loss even reached 2.76 m w.e.
a~! on Ampere glacier. Favier et al. (2016) demonstrated that pre-
cipitation decrease was the first order cause for glacier wastage
since the 1960s.

Frenot et al. (1993) identified six moraines between the coast
and the present ice margin of Ampere glacier. The authors assigned
the timing of formation of these moraines to the last millennium,
based on a relative dating technique that uses the radial growth of
Azorella selago Hook, a cushion-forming Umbelliferae species
growing on the moraine. The farthest and most prominent
moraine, hereafter named M1, is located about 7 km away from the
2010 front position. Frenot et al. (1993) inferred from the above-
mentioned dating method that M1 was formed before the end of
the 18th century. The other moraines located at about 300 and
400 m upslope from M1 may have been formed during the 19th and
earlier 20th centuries (Frenot et al., 1993).

The recent rapid retreat of Ampere glacier favored the
outcropping of organic peat deposits located at about 60 m and
150 m in altitude on the right lateral margin of the glacier, which
were radiocarbon dated (Frenot et al., 1997). As these sample sites
must have been free of ice at the time corresponding to the for-
mation of the peats with an upstream Ampere glacier front posi-
tion, the radiocarbon ages were interpreted as reflecting two glacial
retreat periods, the first before 13.1—11.2 cal ka BP and the second
before 5.0—5.2 cal ka BP (Frenot et al., 1997) (Fig. 2), both ages
recalibrated using the Southern Hemisphere SSH13 radiocarbon
calibration curve (Hogg et al., 2013).

4. Methods
4.1. Sample sites

Between December 2010 and January 2014, fieldwork was
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conducted in the western part of the Kerguelen Islands on the
eastern slope of the CIC. Four sites were visited in order to collect
rock samples from glacial moraine boulders, erratic boulders
(identified as being transported by ice based on their location on
flat surfaces, their big size and their shape, Fig. 5) and one roche
moutonnée surface: Ampere valley, Bontemps valley, Presqu'ile
Bouquet de la Grye and Armor Lake, (sample locations in Fig. 1 and
Table 1). These terrestrial investigations were compared with the
findings from an offshore bathymetric and coring campaign in 2009
to document possible glacier extensions into the sea in Table Fjord.

In Ampere valley, five samples (Ker-M1-01 to -04, Ker-07; Fig. 2)
were collected along the oldest moraine crest M1, and located at an
altitude of about 35 m a.s.l. Another sample, Ker-09, was extracted
from a roche moutonnée located about 100 m downslope from
moraine M1 at 25 m a.s.L

In Bontemps valley, aerial photo analysis revealed a prominent
moraine located about 26 km down-valley from the current ice
front. This frontal moraine of about 10 m height and 30 m length
with a steep distal slope is covered by sub-angular large boulders
(>50 cm in length). It was formed by the CIC outlet Explorateur
glacier and dams Bontemps Lake, the largest lake on the main is-
land. On the top of this frontal moraine, samples KBT4, KBT5 and
KBT6 were collected at an altitude between 13 and 16 m a.s.l
(Fig. 3).

Two other samples KBT1 and KBT2 were collected from erratic
boulders, located about 15 m apart from each other at an altitude of
82 m a.s.l. and 69 m a.s.l., respectively, in a small neighbor valley,
Presqu'ile Bouquet de la Grye at the base of Mount Von Schleinitz,
located 1 km north of Bontemps valley (Fig. 3).

The fourth sample site is located on the south eastern slope of
Armor Lake about 38 km away from the CIC (Figs. 4 and 5). Armor
Lake is a large fjord-type lake of 3.5 km length, located about 2—4 m
a.s.l, above the Fjord Henri Boissiere. About 1.5 km south of Armor
Lake, two erratic boulders (B023, B025), deposited 100 m apart
from each other, were sampled on the basaltic flat plateau at an
altitude of 170 m a.s.l.

4.2. In situ 3°Cl dating

All samples were collected from the uppermost ~3—4 cm of the
surfaces of either flat-topped basaltic boulders or roche moutonnée
(Table 1), using a hammer and chisel (Fig. 5). We avoided the edges
of sampled surfaces, and measured topographic shielding using a
clinometer. We recorded geographic coordinates with a handheld
GPS device. The elevation was determined from shuttle radar
topography mission data (SRTM), which provided better accuracy
than the GPS measurements. Whole rock samples were prepared
for in situ 36Cl dating at CEREGE, Aix-en-Provence, France. First,
they were crushed and sieved. An aliquot of bulk rock was sent to
the Service d'Analyse des Roches et des Minéraux (SARM, Nancy,
France) for major and trace element analysis (Table 2). The bulk
rock composition is necessary to compute the low-energy neutron
flux in the samples, which controls the 38Cl production from cap-
ture of the low-energy neutrons on 3°Cl. Due to the mostly low Cl
concentrations in the etched samples (see Table 4), this production
reaction contributes to between 2% and 22% of the total 36Cl con-
centrations in the samples.

The grain size fraction 0.25—0.50 mm was etched in a diluted
HF/HNOs acid mixture to decontaminate from atmospheric 36Cl
and from potentially Cl-rich groundmass (Schimmelpfennig et al.,
2009). In this step, about 40% of the initial samples were
removed. After this pretreatment, 2 g aliquots of the remaining
solid sample grains were collected and sent to SARM to analyze the
concentrations of the major elements by ICP-OES (Table 3), as Ca, K,
Ti and Fe are the target elements for spallogenic/muogenic

production of >6Cl. Before total sample dissolution in a suprapur HF/
HNO; acid mixture, a 3°>Cl-enriched spike (~99%) was added to each
sample for isotope dilution (Ivy-Ochs et al., 2004). The 36Cl
extraction then follows the method outlined in Schimmelpfennig
et al. (2011). Two chemistry blanks were performed during the
procedure (Table 4). 36Cl and Cl concentrations were inferred from
the 36C1/2>Cl and 2°C1/*’Cl ratios measured by isotope dilution
accelerator mass spectrometry at the AMS facility ASTER-CEREGE
(Table 4). 35C1/3>Cl ratios were determined by normalizing to a
36l standard prepared by K. Nishiizumi (Sharma et al., 1990). The
stable ratio 3°Cl/>’Cl was also normalized to this standard,
assuming a natural ratio of 3.127.

Exposure ages were computed with the Excel® 36Cl age calcu-
lation spreadsheet published by Schimmelpfennig et al. (2009),
taking into account scaling factors (dependent on the geographic
locations), sample compositions, corrections for sample thickness,
and topographic shielding (Tables 1—4). Scaling factors were
calculated with the time-invariant “St” method (Stone, 2000). The
following 3Cl production rates, referenced to sea level and high
latitude (SLHL), were used: 42.2 + 4.8 atoms >6Cl (g Ca)~' yr~! for
spallation of Ca (Schimmelpfennig et al., 2011), 148.1 + 7.8 atoms
361 (g K)~! yr! for spallation of K (Schimmelpfennig et al., 2014),
13 + 3 atoms 36Cl (g Ti)~! yr! for spallation of Ti (Fink et al., 2000),
1.9 + 0.2 atoms 3Cl (g Fe)~! yr~! for spallation of Fe (Stone et al.,
2005), and 626 neutrons (g air)"! yr~! for the production rate of
epithermal neutrons from fast neutrons in the atmosphere at the
land/atmosphere interface (Phillips et al., 2001). The value of
160 g cm~% was applied for the high-energy neutron attenuation
length. A bulk rock density of 2.4 g cm~> was assumed for all
samples. Other parameters for 3Cl production, e.g. that from slow
muon capture by Ca and K, remained unchanged in the originally
published version of the Excel® spreadsheet (Schimmelpfennig
et al., 2009).

All resulting 38Cl ages are shown in Table 4. The 38Cl age un-
certainties correspond to 16 and were determined through full
propagation of analytical and production rate errors, unless
otherwise stated. When the mean of several individual ages is
presented (moraine age or erratic boulders of similar position), we
calculated the arithmetic means of the respective boulder age
populations, and their uncertainties include the standard deviation
and the mean of the individual age uncertainties (including
analytical and production rate errors), added by propagation in
quadrature. The internal consistency of the samples was tested
using both Chi% and Chauvenet's criterion tests.

Potential erosion of the sampled surfaces has not been taken
into account in the presented 36Cl ages, because surfaces with little
signs of erosion were preferred during sample collection and
because of the lack of quantitative information on erosion rates
since the last deglaciation at Kerguelen. A hypothetical erosion rate
of 5 mm kyr~! would increase the oldest 3Cl ages (erratic boulders
at Armor Lake) by at most 7% and would have less effect on the
younger ages. This is within the uncertainties of the final 3°Cl ages
and does not affect our conclusions. Similarly, possible snow cover
effects were not included in the 36Cl age calculations for several
reasons: 1) the present-day annual snow cover duration is very
short, ~1.5 months at 90 m altitude and ~3 weeks at 35 m altitude
based on glaciological modelling (Verfaillie et al., 2015; Favier et al.,
2016); using these snow cover durations would result in an insig-
nificant snow cover correction. 2) As the sampled erratic and
morainic boulders are protruding from the surrounding landscape,
they are well exposed to the prevailing winds, and the snow cover
on their rock surfaces is likely rapidly reduced or even removed. 3)
The high internal consistency of each of the boulder age pop-
ulations at the sites Armor Lake, Bouquet de la Grye, and Bontemps
moraine support the hypothesis that both snow cover and erosion
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Fig. 5. Pictures of some of the sites sampled during the field campaigns. A: block Ker M1-02 on moraine M1; B: sampling of the roche moutonnée in Ampere valley; C—D: erratic
boulders Ker-23 and Ker-25 near Armor lake; E: Bontemps moraine. Note the people in the red circle for scale; F: KBT1 sample on Presqu'ile Bouquet de la Grye. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Table 2

Chemical compositions of the bulk rock samples before chemical treatment. Analysis performed at the SARM-CRPG (Nancy, France) by ICP-OES (major elements), ICP-MS (trace element), atomic absorption (Li), colorimetry (B)

and spectrophotometry (Cl). The bulk of sample Ker-M1-02 was not analyzed, and the composition of Ker-M1-01 was used for the age calculations. See text for details.

Li(ppm) B(ppm) Sm(ppm) Gd(ppm) Th(ppm) U (ppm)

Cl (ppm)

Total %
100.82

LOI %

Si0%  CO2%
47.24
49.02

NaZO %

P,0s% TiOx%

0.31
0.43
0.24
0.34
0.39
0.47
0.36
0.41
0.38
0.38
0.22
0.22

K0% MgO0% MnO%
0.438

F6203%
13.01
15.32
11.51
11.13
12.39
15.86
14.39

14.797
13.42
13.61

Ca0 %
10.74
10.02
10.89
4.78
7.43
9.67
9.42
8.76

9.38

Al,05%
12.74
13.03
13.85

9.

Sample Name
Ker-M1-01

0.39
0.57
0.32
0.46
0.46
0.50
0.35
0.62
0.55
0.52
0.29
0.34

1.95
2.63
1.57
2.56
2.16
2.68
2.15
2.95
2.62
2.60
1.69
1.70

6.04
7.69
5.08
6.21
6.61
9.46
6.91
7.14
7.31
7.45
3.73
4.05

5.97
7.82
5.05
6.41
6.80
9.49
7.09
7.37
7.43
7.65
3.94
415

<2
<2

3.6
4.5

29
100

0.31
0.43
0.24
0.34
039
0.47
0.36
0.41
0.38
0.38
1.50
1.42

3.38
0.24
1.62
0.68
0.48
0.27
0.49
0.78
0.23
0.26
0.26
0.33

2.51
2.85
2.88
2.20
2.02
2.72
2.85
292
3.02
3.03
2.66
2.62

2.74
347
241
2.63
2.83
3.73
3.16
3.49
2.96
2.98
1.82
1.85

0.17
0.21
0.16
0.10
0.15
0.21
0.22
0.20
0.19
0.20
0.12
0.13

3.54
5.28
5.54
2.02
3.79
5.01
5.21
4.76
5.19
5.19
3.30
3.36

101.27

0.56
0.27
1.42
0.71
0.49
0.78

0.59

Ker-M1-03

6.6
23
15.0

25

100.64

44.96

Ker-M1-04

<2
<2

<20
55
88
53
93

100.40

63.83

10

Ker-M1-07
Ker-09
KBT1

100.13

57.5
47.02

10.39
12.88
13.60
13.63

13.71

5.3
6.5

99.96
100.51

<2
<2
<2
<2
<2
<2

47.06
48.45

KBT2
KBT4
KBT5

4.8

99.84
99.97
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49

50
32
44

49.5
49.27

0.91

52
4.6

100.42

0.80
0.70
0.66

945
11.93
12.16

13.79
21.11

KBT6

99.68
99.99

47.52

8.80
8.85

Ker- 23

3.6

24

47.69

21.03

Ker- 25

Table 3

Concentrations of the 36Cl target elements Ca, K, Ti, and Fe, determined in splits
taken from the samples after the chemical pre-treatment (acid etching). Analysis
performed at the SARM-CRPG (Nancy, France) by ICP-OES.

Sample Name Ca0 % K50 % TiOx% Fe,03%
Ampere moraine M1

Ker-M1-01 8.52 +0.17 0.48 + 0.07 297 +£0.15 9.64 + 0.19
Ker-M1-02 534 +0.11 0.14 + 0.02 3.08 + 0.15 79 +0.16
Ker-M1-03 9.78 + 0.20 0.52 + 0.03 3.72 £ 0.19 14.96 + 0.30
Ker-M1-04 272 +0.14 1.28 + 0.06 254 +0.13 11.26 + 0.23
Ker-M1-07 8.60 + 0.17 0.25 + 0.04 2.83 +£0.14 11.46 + 0.23
Roche moutonnée

Ker-09 6.47 + 0.13 0.57 + 0.03 2.83 +0.14 10.29 £ 0.21
Erratic boulders on Presqu’ile Bouquet de la Grye

KBT1 9.45 + 0.19 0.41 + 0.06 4.36 + 0.22 15.02 + 0.30
KBT2 9.01 £0.18 0.69 + 0.03 3.61+0.18 13.35+0.27
Bontemps moraine

KBT4 8.47 + 0.17 0.58 + 0.03 419 +0.21 14.75 + 0.20
KBT5 9.32 +0.19 0.94 + 0.05 3.63 +0.18 12.64 + 0.25
KBT6 8.83 +0.18 0.82+0.04 391+0.20 13.02 £ 0.26
Erratic boulders at Amor lake

Ker- 23 11.70 £ 0.23 0.56 + 0.03 1.77 + 0.09 730 £0.15
Ker- 25 12.27 £ 0.25 0.51 +0.03 1.61 + 0.08 6.12 + 0.12

have no significant influence on the 36Cl ages, because otherwise a
higher dispersion of the ages would be expected.

4.3. Bathymetry

A survey realized in March 2009 on board R/V Marion Dufresne
from the French Polar Institute (IPEV) during the MD172 expedition
allowed collecting for the first time multibeam bathymetric data,
3.5 kHz seismic profiles and giant piston cores in the Table Fjord
basin. Three cores collected at about 4, 7 and 15 km from the coast,
respectively, are presented in this paper to document and date
possible marine terminations of Ampere glacier into the Table fjord
(Figs. 1 and 6). The core at station A (MD09-3240) is 25 m long and
was collected at 169 m water depth offshore the Ampere delta. The
core at section 2 (MD09-3239) is 36 m long and was collected at
180 m water depth in the central basin. The core at section C (M09-
3238) of 25 m long was collected at 178 m water depth.

As detailed in Table 5 and Fig. 6, six AMS radiocarbon dates were
obtained on shell debris (Mollusk shells Kerguelenis and Signysis)
from Calypso cores MD09-3239 (three samples) and MD09-3238
(three samples) at ARTEMIS, the French national AMS 'C facility.
The Table Fjord is ~15 km long and 2 km large and is connected to
the Southern Ocean by two sills, the shallower one at 25 m depth
and the deeper one around 60 m depth. An estuarine circulation
occurs within the fjord with fresh water leaving the fjord at the
surface and oceanic water entering at depth. To correct the 'C ages
of the core samples for the '#C reservoir age of the fjord, we
considered the pre-bomb A C as estimated from the GLODAP data
set (Key et al., 2004). The polar front corresponds to a rapid increase
of the A'#C to the North (Fig. 7) and its position is currently located
either north or south of the Kerguelen archipelago (Roquet et al.,
2009). Thus, to calibrate the ™C ages of core samples we used a
reservoir age of 900 + 100 years (corresponding to a A¥C
of —103 + 10%c), the Southern Hemisphere SSH13 radiocarbon
calibration curve (Hogg et al., 2013) and the oxcal software (Bronk
Ramsey and Lee, 2013).

In addition, measurements performed on board R/V Marion
Dufresne of sediment magnetic susceptibility, gamma density and P
wave velocities on a GEOTEC core scanner with a sampling interval
of 2 cm allow characterizing two contrasted sedimentary units
associated with different acoustic facies on seismic data (Fig. 8).
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36C1 dating results, including measured 3>Cl/>’Cl and 36C1/*°Cl ratios, inferred 3°Cl and Cl concentrations, individual sample ages, and mean ages of boulder populations.
Procedural blank Bk1 was prepared with all samples but Ker M1-02, Ker 23 and Ker 25, which were prepared with blank Bk2. Spike is enriched in 3°Cl (~99.9%). Samples in italic
were rejected as outliers and excluded from mean age calculations.

Sample Sample mass of Cl 35¢127cl 36¢1/35¢l [C1] in sample [36c1) (10° Age (yr)® Mean age (yr)
Name weight (g) in spike (mg) (10714 (ppm) atoms g~ ')
Ampere moraine M1
Ker M1-01 59.416 1.613 13.610 + 0.061 0.78 + 0.12 104 2.86 + 0.84 560 + 210 (200)
Ker M1-02 62.178 1.598 56.01 + 0.31 0.85 +0.12 1.6 2.27 + 0.66 890 + 280 (270)
Ker M1-03 63.004 1.617 5.263 + 0.016 449 + 0.34 49.7 46.9 + 3.7 7620 + 990 (780) 700 + 320
Ker M1-04 55.147 1.616 8.536 + 0.042 0.82 +0.13 22.2 45+ 1.1 1020 + 330 (320)
Ker M1-07 66.554 1.620 26.88 + 0.20 0.68 + 0.11 3.9 1.55 + 0.62 350 + 170 (160)
Roche moutonnée
Ker 09 56.904 1.617 29.16 + 0.14 10.26 + 0.48 41 541+ 27 15700 + 1700 (1200) 15700 + 1700
Erratic boulders on Presqu'ile Bouquet de la Grye
KBT1 43.345 1.618 6.374 + 0.028 9.49 + 0.49 47.4 116.7 £ 6.2 19700 + 2300 (1600) 19800 + 2200
KBT2 51.976 1.612 41478 + 0.28 16.75 + 0.66 2.9 942 + 3.8 19900 + 2100 (1400) -
Bontemps moraine
KBT4 40.520 1.626 6.467 + 0.040 7.81 + 0.46 49.5 101.2 + 6.2 18100 + 2100 (1600)
KBT5 59.309 1.646 19.61 + 0.12 12.02 + 0.52 6.6 66.2 + 3.0 13200 + 1400 (980) 13300 = 1400
KBT6 43.095 1.613 29.16 + 0.14 9.15 + 044 55 632 +3.2 13400 + 1400 (1100)
Erratic boulders at Amor lake
Ker 23 59.428 1.602 13.446 + 0.058 2517 £0.73 104 1499 + 44 24200 + 2600 (1600) 24400 + 2700
Ker 25 76.064 1.601 15.572 + 0.030 33.89 + 0.98 6.7 151.7 + 44 24600 + 2700 (1600) -
Blanks Total atoms Total atoms

c1(10'7) 36¢1 (10%)
Bk1 — 1.623 300.7 £ 5.2 0.395 + 0.081 2.604 + 0.067 174+ 29 - —
Bk2 - 1.610 261.5 + 3.0 0.379 + 0.085 3.164 + 0.051 106 £ 24 — -

2 Age uncertainties are reported at 1 sigma level and were calculated through full propagation of analytical and production rate errors. Numbers in brackets are analytical

uncertainties only.
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Fig. 6. Ampere glacier and Table Fjord with the three station locations. Table Fjord multibeam bathymetry (B), and a close up section in (C) of the possible feature that may be a
moraine deposit in this fjord. White line in B localizes the 3.5 kHz profile along the axis of the fjord detailed in (D) and illustrates the location of giant piston coring stations A, B
and C, together with acoustic facies associated with sedimentary units 1 (black rectangle) and 2 (white rectangle) on Calypso cores. Reduced acoustic signal penetration within
unit 2 is likely resulting from gas-rich sediments. A peculiar seismic facies on a ridge, identified by both bathymetric data (B, C) and 3.5 kHz data (D), may suggest the
development of a glacial deposit (moraine?) formed after the LGM as discussed in the text. Black stars indicate depths of shell debris dated by radiocarbon given in Table 5 and

discussed in the text.
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Table 5

Radiocarbon ages (calendar ages (CE/BCE) obtained from shell debris sampled in piston cores from Table Fjord at stations B and C shown in Fig. 6. As detailed in the text, these
measurements were corrected from a reservoir age and calibrated. Results and uncertainties (2¢ probability) allow dating the onset of seismic unit 1 and the base of piston

cores collected in the axis of Table Fjord.

Core site  Lab. number Core depth (m) Sample type Age BP Res. Age Cor. '“C Age Age Cal BP from CE/BCE to CE/BCE to CE/BCE Seismic unit
Station C SacA 27588 8.19 shell debris 1720 =30 900 + 100 820 720 1135 CE 1310 CE 1276 CE  base Unit 1
Station C SacA 27591 11.89 shell debris 1930 + 30 900 + 100 1030 845 898 CE 1230 CE 1184 CE  upper part Unit 2
Station C SacA27594  24.35 shell debris 2795 +30 900 + 100 1895 1665 150 CE 396 CE 358 CE base core, Unit 2
Station B SacA16125  10.18 shell debris 1580 + 35 900 + 100 680 605 1217 CE 1451 CE 1402 CE  basal part Unit 1
Station B SacA 16126  13.15 shell debris 1785 +30 900 + 100 885 765 1061 CE 1274CE 1240 CE  top Unit 2
Station B SacA16139  35.54 shell debris 3975 +35 900 + 100 3075 3180 1400 BCE 1059 BCE 1130 BCE Dbase core, Unit 2
Bkg C14 [/mille] Bkg C14 [/mille]
-60
-80
~
S
§ -100
-120
-140

40°E 60'E 80'E 100°E

Fig. 7. Longitudinal (A) and latitudinal (B) sections of the natural carbon distribution in the Kerguelen area from GLODAP dataset (Key et al., 2004), plotted with Ocean data View

software (Schlitzer, R., Ocean Data View, http://odv.awi.de, 2016).

5. Results
5.1. 35Cl ages from erratics, moraine boulders and roche moutonnée

The 36Cl ages range from ~24.6 to ~0.3 ka (Tables 1—4) and can
be divided into two groups in terms of sampled glacial features
(Figs. 9 and 10). The first group is composed of the distant erratic
boulders at Armor site and Presqu'ile Bouquet de la Grye and the
roche moutonnée down valley from moraine M1 in Ampere Valley.
The two erratic boulders at Armor site are the oldest in our data set,
yielding internally consistent 36Cl ages of 242 + 2.6 ka and
24.6 + 2.7 ka with a mean age of 24.4 + 2.7 ka. This sampling site is
the farthest in our study, about 38 km from the CIC center, at the
highest altitude (170 m a.s.L.). Closer to the CIC (27 km) and at lower
altitude (70—80 m a.s.l.), two other erratic boulders collected at
Presqu'ile Bouquet de la Grye yield consistent 6Cl ages of 19.7 + 2.3

ka and 19.9 + 2.1 ka with a mean age of 19.8 + 2.2 ka. The roche
moutonnée sample is located at about 4.7 km from the current
front position of CIC Ampere glacier at an altitude of 25 m a.s.l. and
yields a 36Cl age of 15.7 + 1.7 ka.

The second group is composed of boulders on the top of mo-
raines. In Bontemps valley, three 36Cl ages from the moraine crest
are 18.1 + 2.1 ka, 13.4 + 1.4 ka and 13.2 + 1.4 ka. From this dataset,
sample KBT4 (18.1 + 2.1 ka) was rejected as an outlier based on the
Chi? and Chauvenet's criterion. This moraine boulder likely was
pre-exposed to cosmic radiation and reworked during the last
glacier advance. The remaining two consistent boulder ages yield a
mean of 13.3 + 1.4 ka (Fig. 10a). A careful aerial photo analysis
revealed a clear lack of moraine landforms upstream from Bon-
temps moraine and in the adjacent valleys, which would have
permitted documenting front position changes during later pe-
riods, except for some very fresh moraines close to the current front
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Fig. 8. Correlation of glacio-marine sediment magnetic susceptibility from Calypso cores sampled at stations B and C in Table fjord. In these two cores, the identification of a
volcanic layer (tephra) consisting of similar white pumices sands and gravels fully agrees with the evolution of sediment magnetic susceptibility within sedimentary unit 2 at both
stations. At station B, sedimentary unit 1 is, however, much thicker and characterized by higher values, suggesting higher sediment supply form the Ampere fluvio-glacial stream in
this part of the fjord during recent times as discussed in the text.
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Fig. 9. Probability plots of 36Cl ages from (a) Erratic boulders at Armor Lake; (b) Erratic boulders at Bouquet de la Grye. The Gaussian curves of the individual ages do not include the
36(1 production rate uncertainties (analytical uncertainties only). Vertical blue line and grey band represent arithmetic mean and standard deviation, respectively. Vertical red lines:
2 ¢ uncertainty. The error of the mean age in the white box includes the 3%Cl production rate uncertainties. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

position, which were formed during the 20th century. In Ampere statistical tests, also probably due to pre-exposure. The 3¢Cl mean
valley, 3°Cl ages of four boulders collected on moraine M1 crest age of Ampere moraine M1 is 700 + 320 a (n = 4), i.e. 1310 + 320 CE
range from 1.02 + 0.33 ka to 0.35 + 0.17 ka. In addition, one age (Ker (Fig. 10b).

M1-03: 7.62 + 0.99 35Cl ka) was rejected as an outlier based on



V. Jomelli et al. / Quaternary Science Reviews 162 (2017) 128—144 139
a Bontemps moraine b Ampere moraine M1
Il mean age: mean age:
13.3+14ka 700 =320 yr
a2 | 121 |
3 3
gl 141 -
a =1
2 18, g
] =
1 i 1 1 1 1 \.._ \-‘._ 1\ A
10 12 14 16 8 20 22 0 500 1000 1500 2000 2500
Age (ka) Age (yr)

Fig. 10. Probability plots of *5Cl boulder ages from (a) Bontemps moraine; (b) Ampere moraine M1. The gaussian curves of the individual ages do not include the **Cl production
rate uncertainties (analytical uncertainties only). Grey curve in (a) indicates outlier. Note that the 7.62 + 0.99 ka outlier has not been included in Fig. 10b. Vertical blue line and grey
band represent arithmetic mean and standard deviation, respectively (outliers are not included). Vertical red lines: 2 ¢ uncertainty. The error of the mean age in the white box
includes the *5Cl production rate uncertainties. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

5.2. Table Fjord geomorphology and basin fill

5.2.1. Table Fjord basin fill geometry and nature

Two different seismic units are identified within the upper 40 m
of the sedimentary infill of Table Fjord in the basin axis and were
sampled by giant piston cores at three sites (Fig. 6). Seismic unit 1 is
made of high-frequency and continuous high-amplitude reflections
and is thickest at Station B (Fig. 8). This upper seismic unit consists
of dark brown bioturbated muds rich in shell debris and charac-
terized by high values in sediment magnetic susceptibility (be-
tween 600 and 1200 10> SI) and gamma-density (between 2 and
2.6 gm/cm?). Higher values are associated with numerous hyper-
pycnal flood deposits (these centimetric layers are locally sandy
based and erosive at Station A while depositional up to 60 cm thick
at Station B). Seismic unit 2 is made of low-frequency continuous
high-amplitude reflections and consists of gas-rich brownish bio-
turbated muds rich in shell debris. On average, these sediments
have lower values of magnetic susceptibility (mean around 600
107 SI) and gamma density (mean around 1.8 gm/cm?) than unit 1.
However, several horizons with higher values similar to those of
seismic unit 1 are identified either at stations A, B or C and corre-
lated with continuous and higher amplitude reflections identified
on seismic data.

The base of the sedimentary infill of Table Fjord is not visible on
3.5 kHz data and the acoustic signal is absorbed by gas rich sedi-
ments in the lower part of seismic unit 2 at the bases of giant piston
cores.

5.2.2. Table Fjord basin fill chronology

Six AMS radiocarbon ages of shell debris collected close to the
transition between seismic unit 1 and seismic unit 2 and at the base
of the cores from station B and C do not exceed the last 4 ka cal BP
(Table 5) and thus suggest very high sedimentation rates during the
Late Holocene in the fjord. The onset of unit 1 is dated to 1110—1290
CE (2 o) and suggests an increase in the mean sedimentation rate
during the last millennium when applying a deposition model and
using the oxcal software (Bronk Ramsey and Lee, 2013).

6. Discussion
6.1. Interpretation of Table Fjord sedimentary record

Offshore from the Ampere delta and between 150 and 225 m
water depths, the fjord basin axis is filled with sediments and
surrounded by steep lateral slopes made of basaltic rocks, which
regionally outcrop above sea level and develop large cliffs along the
flanks of the fjord.

The combination of multibeam bathymetry and seismic data
highlight no obvious glacial deposits at the sea bed or within the
upper ~40 m of the fjord sedimentary infill (Fig. 6). However, we
interpret units 1 and 2 as typical well-stratified glacio-marine de-
posits identified offshore from the Ampere delta draining the
Ampere glacier and Ampere valley (Syvitski, 1991; Van Rensbergen
et al.,, 1999; St-Onge et al., 2012). Glacio-marine sedimentation is
known to be strongly influenced by clastic sediment supply
resulting from glacier fluctuations in the catchment area (Syvitski,
1991; Mulder and Chapron, 2011; Heirman et al., 2011). Higher
acoustic amplitudes within seismic unit 1 can be related to
enhanced clastic sediment supply identified in piston cores at
stations A, B and C both from higher values in sediment magnetic
susceptibility (Fig. 8) and gamma density (not shown). Available
radiocarbon data from piston cores at station B and C allow dating
the onset of this major change in sedimentation pattern in the fjord
between 1110 and 1290 CE (2 o). This change is contemporaneous
(within errors) to the development of moraine M1 in the Ampere
valley dated at 1310 + 320 CE and suggests that enhanced clastic
sediment supply in Table Fjord reflects increased glacial activity of
the CIC during the last millennium.

The distal south-eastern part of the fjord is free of recent sedi-
ments and the acoustic basement identified on 3.5 kHz data out-
crops between ~225 and 25 m water depths and develops the main
sill of this former glacial valley. As shown in Fig. 6B—C, at 23 km
from the Ampere glacier front and on the distal slopes of
Table Fjord, a 1 km long and 4 m high ridge is observed on the
bathymetric data. This landform may correspond to a glacial de-
posit (e.g. a frontal moraine) and may thus represent the only
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geomorphological evidence constraining the evolution of the
Ampere Glacier during the last glacial stage. The seismic facies of
this ridge indeed contrasts with the surrounding facies of the
basaltic basement (Fig. 6C—D) and is similar to the one frequently
observed on 3.5 kHz data at the base of glacial lakes or fjord sedi-
mentary basins at mid latitudes (Syvitski, 1991; Vasskog et al., 2011;
Heirman et al., 2011, 2012; Viel et al., 2015). An alternative hy-
pothesis is that the topographic sill of Table fjord at 25 m water
depth observed only on bathymetric data (Fig. 6B) may partially
result from a glacial maximum terminal moraine complex, as
recently documented in some fjords of South Georgia (Hodgson
et al., 2014b). Both interpretations need to be confirmed by the
analysis of box coring samples taken on these ridges in Table Fjord.

6.2. History of CIC glacier fluctuations

36Cl CRE dating of glacial erratics and morainic boulders
collected at different sites of Kerguelen Archipelago combined with
14¢ ages from sedimentary deposits on the Table Fjord provide the
first temporal constraints of the retreat history of the CIC since the
LGM. The earliest evidence of CIC retreat comes from erratic
boulders located close to Armor Lake indicating that retreat likely
began 24.4 + 2.7 ka ago (Fig. 11). The exact extent of the CIC during
the global LGM is unknown, but it probably exceeded the current
front position by ~20 km, as revealed by the location of the two
other erratics deposited ~20 ka ago (samples KBT1 and KBT2 in
Fig. 3). During the Late Glacial, the Explorateur glacier experienced

.Y

a major advance or stillstand at about ~13 ka ago, which formed the
moraine in Bontemps valley (26 km from the current front position)
most likely during the ACR chronozone (14.5—12.9 ka). However,
due to the uncertainties in our 3°Cl ages, we cannot exclude that
this moraine formation occurred during the Younger Dryas (YD,
12.9—11.6 ka) or during an older period. The marine landform
interpreted as a moraine in Table Fjord located ~23 km away from
Ampere outlet glacier may correspond to the same episode ac-
cording to their similar distance from the CIC. However, a higher
resolved bathymetric survey combined with C ages from this
sedimentary deposit are needed before any robust conclusion
about possible synchronous glacier advances in Ampere and Bon-
temps valleys. So far, we could not find any geomorphic evidence of
Holocene glacier fluctuations pre-dating the last millennia, sup-
porting the suggestion by Frenot et al. (1997) that Ampere glacier
was smaller than today during the early and middle Holocene,
based on the C ages in the peat formation upstream of Ampere
Lake (Fig. 2). Located at a higher altitude than the current front
position of Ampere glacier, these peat deposits were formed after
the glacier retreated in the early and mid-Holocene periods. A
readvance occurred during the late Holocene period covering the
peat sample location and formed moraine M1 (Frenot et al., 1997).
Finally, the most recent retreat period started in the last centuries
(Frenot et al., 1993; Favier et al., 2016). The interpretation of sedi-
ment cores in Table Fjord (Figs. 6 and 8) corroborates a shrinking
period during the early Holocene, and fluctuations in glacio-marine
sediment magnetic susceptibility (Fig. 8) suggest that the glacier

aﬁmtemps moraine
& 133*1.4ka

Cook Ice Cap ~_ '

Ampere moraine
700+320yr

157 1.7ka

Moraine in

Armor Lake*®
244+ 2.7 ka

Table Fjord ?

Fig. 11. Summary of 36Cl ages obtained at different sample sites. Reported mean 3¢Cl boulder ages account for analytical and production rate uncertainties. Red dots = moraine ages;
Blue dots = erratic ages; Green dot = age of a roche moutonnée; Purple triangle = landform interpreted as a moraine from bathymetric survey; Blue square = peat sample from Van
der Putten et al. (2015). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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started to grow again in the late Holocene but did not reach the sea
at least over the last 3000 years. Therefore, evidence of the latest
glacier advance/stillstand period is indicated by a series of frontal
moraines in Ampere valley, located at ~5 km from the seashore,
with the outmost ridge (M1) dated to 1310 + 320 CE (Fig. 11). This
moraine M1 attests to the maximum glacial extent of Ampere
glacier during the last millennium and possibly (within errors)
during the so-called Little Ice Age (~1450—1850 CE) in agreement
with previous studies (Frenot et al, 1993). Bathymetric survey
combined with the 38Cl age of the roche moutonnée (sample Ker
09), located slightly down-valley from moraine M1, suggest that
Ampere glacier had retreated to this area by ~16 ka ago, thus
implying that the last millennium M1 moraine may correspond to
the maximum Holocene glacier extent. However, more data are
needed to support this hypothesis, because we cannot exclude that
the roche moutonnée surface has been pre-exposed during earlier
periods of deglaciation, resulting in inherited *°Cl concentrations in
this sample.

6.3. Comparison with other paleo glacier records in southern mid
latitudes regions

Moraine records in Patagonia and New Zealand show several
episodes of ice advance during the LGM and late glacial periods. In
both regions, glacial culminations were recorded between 25 ka
and 18 ka (e.g. Hein et al., 2010; Kaplan et al., 2011; Putnam et al.,
2013a). Although potential (a)synchronies between glacier pat-
terns at Kerguelen and the other sub Antarctic regions should be
handled with care due to the large uncertainties of our 3°Cl ages,
erratic boulders dated to 24 ka suggest that glaciers at Kerguelen
were retreating at that time and may have experienced an earlier
culmination than in the two other regions. Moreover, unlike in
Patagonia and New Zealand, evidence of glacier advances between
19 and 15 Kka is so far missing at Kerguelen. Conversely, a possible
ACR advance occurred at Kerguelen synchronous with advances in
other southern mid (e.g. Fogwill and Kubik, 2005; Putnam et al.,
2010; Kaplan et al., 2010, 2011; Moreno et al., 2015; Darwill et al.,
2016) and even low latitude regions (Jomelli et al., 2014).

During the Holocene, several glacier advances were identified in
the early and late Holocene period in Patagonia and New Zealand
(Douglass et al., 2006; Putnam et al., 2010). The detailed moraine
record of Mueller glacier in New Zealand (Schaefer et al., 2009)
shows at least eleven advances during the late Holocene with a
progressive long term decreasing extent. During the Holocene,
glaciers at Kerguelen likely experienced a very different glacier
behavior compared to the other southern mid latitude regions, with
a glacier advance period during the late Holocene that culminated
during the last millennium.

6.4. Climate forcing for CIC retreat

The chronological data presented here raise questions about the
climate mechanisms underlying the CIC retreat patterns. Our
glacier record at Kerguelen depicts a remarkable synchronous
behavior with temperature and precipitation changes recently
documented by 3'®0 variations and snow accumulation rate
changes in the West Antarctica ice core (WAIS divide Project
Members, 2013; Fig. 12). Such common pattern may be due to the
fact that the locations of these two studies are affected by marine
climate conditions, in contrast to East Antarctica ice cores that are
more under the influence of continental climate conditions.

The West Antarctica ice core shows that the most depleted §'%0
values at ~26 ka precede a rapidly increasing trend until the Ho-
locene, only interrupted during the cold ACR episode. During the
Holocene, the recorded progressive 3'0 increase until the late

Holocene is followed by more depleted values during the last
millennium, in agreement with observations from other West
Antarctica areas (Goosse et al., 2012). These 3'80 variations reflect
atmospheric temperature conditions resulting from ocean circula-
tion and sea ice changes driven by local insolation increase (WAIS
divide Project Members, 2013).

The onset of significant warming at 26 ka is in concordance with
the timing of erratic boulder deposition at Armor lake. The rapid
warming during the Late glacial interrupted during the ACR also
agrees remarkably well with the strong glacier retreat at Kerguelen
documented by erratic boulders at Presqu'ile Bouquet de la Grye
and the re-advance of Explorateur glacier that led to the Bontemps
moraine deposition. Finally, the progressive cooler temperature
trend from the late Holocene to the last millennium is in agreement
with both Table Fjord sediment cores and the Ampere moraine
record.

Moreover, the resolution between 23 and 14 ka of the WAIS ice-
core record made it possible to document the snow accumulation
rate at a centennial time scale (not shown), which resembles the
330 changes. The accumulation of snow, low and stable between
23 and 19 ka, strongly increased until 14.5 ka, followed by a
decrease between 14.5 and 14.0 ka, the end of the measurements.
This increase during the late glacial period (19—14.5 ka) is inter-
preted as resulting from more frequent or stronger moisture-
bearing storms penetrating into West Antarctica, which supports
a southward shift or intensification of the mid-latitude storm track
(WAIS divide Project Members, 2013). The latitudinal position of
the storm track is mainly driven by the Southern Annular Mode
(SAM) whose positive phase (SAM+) is associated with a belt of low
pressure surrounding Antarctica (Thompson and Wallace, 2000;
Thompson et al, 2011). The SAM+ (southern position of the
storm track) is coupled with increased poleward flow and warm
conditions reflected in the WAIS 8'80 record and in reduced sea ice
in the region (e.g., Lefebre et al., 2004; Marshall, 2007; WAIS divide
Project Members, 2013). Under the current climate conditions, a
SAM+ is conversely associated with dry conditions in the Kergue-
len Islands (Favier et al., 2016).

Such a southward shift of the mid-latitude storm track between
19.0 ka and 14.5 ka is in agreement with a continuous organic
sequence recorded at Courbet Peninsula, on the eastern part of the
main Kerguelen Island (Fig. 11) (Van der Putten et al., 2015), whose
age spanning from 15.8 cal ka BP to 10.9 cal ka BP partly overlaps
the period of accumulation measurements. The multi-proxy anal-
ysis approach (pollen and plant macrofossils, magnetic suscepti-
bility, XRF analyses, biogenic silica content and humidification
degree) suggests a progressive change towards warmer and drier
conditions interrupted during the ACR period, which is character-
ized by very humid and windy conditions.

Consequently, temperature changes depicted at the West Ant-
arctic drilling site agree with CIC advances during the LGM, the ACR
and the last millennium. Glacier retreat at CIC between 19.0 ka and
14.5 ka may have also been caused by a decrease in precipitation
due to a SAM+ (southward position of the mid latitude storm track)
that reversed the snow accumulation pattern at WAIS divide (in-
crease in accumulation). This hypothesized influence of the SAM on
glaciers at Kerguelen in the past is supported by recent observa-
tions revealing that the unprecedented SAM+ situation over the
last millennium (Abram et al., 2013) was the main driver of recent
dryness at Kerguelen and of the resulting dramatic wastage of CIC
over the last five decades (Favier et al., 2016).

7. Conclusion

This paper presents the first direct glacier chronology in the
Kerguelen Islands based on 13 cosmogenic 36Cl surface exposure
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Fig. 12. West Antarctic 5'30 and Kerguelen glacier records. Purple: water isotope ratio from WAIS (West Antarctic Ice sheet Divide Ice core, 2013). Black curve: Spline smoothing.
Blue circle: mean erratic boulder age at Armor site and Presqu'ile Bouquet de la Grye. Red triangle: mean moraine age at Bontemps and Ampere sites. The errors of the mean ages
include the *5Cl production rate uncertainties. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

ages from boulders on moraines formed by the Explorateur and
Ampere glaciers and from erratics and a roche moutonnée surface.
Combined with a multibeam bathymetric data and radiocarbon
ages from glacio-marine sediment cores collected in Table Bay
draining the Ampere glacier, we document the glacier evolution in
this sub-Antarctic region. CIC outlet glaciers retreated during the
Late Glacial and possibly as early as ~24 ka with an interruption
during the time of the ACR period. Glaciers continued to retreat
during the Holocene probably until the last 3 ka ago. The last glacial
advance (moraine M1 of Ampere glacier) of the CIC is dated to
700 + 320 yr ago and is reflected by the onset of a major change in
Table Bay glacio-marine sedimentation consisting of a strong in-
crease of clastic sediment supply during the Little Ice Age period.
The remarkable concomitance between temperature and snow
accumulation changes documented from the West Antarctica ice
core and glacier changes at Kerguelen suggest strong large scale
climate drivers possibly related to the SAM. As Kerguelen is the
largest currently heavily glaciated archipelago in the sub-Antarctic
region, these findings offer the valuable opportunity to better un-
derstand climate change in southern polar regions.
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