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ARTICLE INFO ABSTRACT

Handling Editor: P Rioual Climatic variability in the Southern Hemisphere is largely controlled by the latitudinal position of the Southern
Hemisphere Westerly Winds (SHW), whose migration influences precipitation, temperature, and Antarctic up-
welling. This study presents the results of analyses of two lacustrine sediment cores from Lake Armor, located on
the subantarctic Kerguelen Islands (49°15'S, 69°10'E), within the SHW belt. Lipid biomarkers (Glycerol Dialkyl
Glycerol Tetraethers, n-alkanes, and their hydrogen isotopes) were used to reconstruct mean annual air tem-
perature above freezing (MAF) and humidity conditions. These records are compared with a high-resolution
diatom-based summer sea surface temperature (SST) reconstruction from marine core MD11-3353, situated
150 km southwest of Lake Armor.

In the late glacial and Early Holocene, our results reveal a period of warm air temperature, comparable to
current values and very warm sea surface temperature, 5 °C above the current values. Around 9000 cal a BP, an
abrupt transition occurred, marked by a cooling of 5 °C in SST and 1.5 °C in MAF, interpreted as a northward
migration of the SHW and associated oceanic fronts. The Mid-to-Late Holocene period is characterized by pro-
nounced MAF variability, including a notably warm interval between 3000 and 2000 cal a BP, when n-alkane dD
suggests the prevalence of wetter conditions. Since ~250 cal a BP, a southward migration of the SHW has
produced a 2.5 °C rise in MAF.

Our findings are overall consistent with previous studies from the Indian Ocean, but permit us to go a step
further as by comparing SSTs and air temperatures. This suggests that SST is not a reliable predictor of air
temperature on the Kerguelen Islands, particularly during the Early Holocene. We hence argue that Kerguelen air
temperature is predominantly controlled by the position of westerly winds, as an indicator of reorganisations in
air mass trajectories.

1. Introduction and current climate change (Forster et al., 2020; Knutti et al., 2017). In
the Southern Hemisphere, data remain sparse compared with those in

Palaeoclimate studies provide insights into the centennial-to the Northern Hemisphere (Erb et al., 2022), leading to a significant lack
millennial-scale natural variability that has modulated the Holocene of knowledge. Among the main drivers of climate variability in the
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Fig. 1. Study Area. A: The main Island of the Kerguelen archipelago with the location of the principal features. Sediment cores: Lake 5 (Zwier et al., 2024),Estacade
peat (Van der Putten et al., 2015), Table Fjord (Chassiot et al., 2024), MD11-3353 (Civel-Mazens et al., 2021a, 2021b, this study), Lake Armor (this study). Glaciers:
Mg: Guynemer, Exp.:Explorateur, Bt: Bontemps, V: Val Travers, Amp.: Ampere, A: Arago, G: Gentil, Bv: Belvedere. B: Maps of the main oceanic currents around

Kerguelen (Civel-Mazens et al.

, 2021b). Return current (RC), Sub-Tropical Front (STF), Sub-Antarctic Front (SAF), Antarctic Polar Front (APF). C and D: Lake

sediment core locations along with Lake Armor bathymetry map and a simplified seismic profile, based on Heirman et al. (2012) and Arnaud et al. (2020). Sedi-
mentary units (U1, U2 and U3) and slides were described in Heirman et al. (2012). E: Monthly mean meteorological data since 1995 CE, recorded at the French

weather station at Port-aux-Francais.

Southern Hemisphere, the strength and latitudinal position of the
Southern Hemisphere Westerly Winds (SHW) are crucial parameters
2014). These winds indeed influence regional climate
patterns and govern the Antarctic Circumpolar Current (ACC) (Li et al.,

(Abram et al.,

2020; Moreno et al., 2018; Paterne et al., 2019; Toggweiler, 2009). The
ACC is composed of different fronts: the Southern ACC Front (SACCF),
the Antarctic Polar Front (APF) and the Sub-Antarctic Front (SAF) (Orsi
et al., 1995; Rintoul et al., 2001; Sokolov and Rintoul, 2009). Their
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position depends on the SHW position (Allison et al., 2010). Conse-
quently, SHW shifts play a key role in the upwelling around Antarctica
and, therefore, in the carbon pump (Moreno et al., 2010; Saunders et al.,
2018; Toggweiler et al., 2006). Currently, during the austral summer,
the SHW is strengthened and concentrated close to the Antarctic
(Marshall, 2003, 2007). Indeed, over the last few decades, a large
southward migration of the SHW belt has been observed in response to
atmospheric warming induced by the increase in anthropogenic green-
house gas emissions and ozone depletion (Gillett and Fyfe, 2013; Swart
et al., 2015). This southward migration led to warm conditions and
glacier retreats over the Southern Hemisphere (Favier et al., 2016a;
Verfaillie et al., 2022), with potential impacts on the carbon pump
(Saunders et al., 2018). However, observations are too short in time, and
it is necessary to acquire palaeoclimate records to better understand
these relationships over longer periods (Saunders et al., 2012).

Until recently, SHW's past dynamics research focused mainly on the
Atlantic and Pacific sectors of the Southern Ocean (Foster et al., 2016;
Gilli et al., 2005; Lamy et al., 2001, 2010; Moreno et al., 2018; Razik
et al., 2013; Saunders et al., 2012, 2018; van der Bilt et al., 2022; Van
Der Putten et al., 2004; Xia et al., 2020). In contrast, the Indian Ocean is
sometimes referred to as the ‘forgotten ocean’, since little is known
about the palaeoclimate evolution in this region, which is even more
pronounced for the Southern Indian Ocean.

In the sub-Antarctic Indian Ocean, only a few studies have docu-
mented the relative position of SHW during the Holocene on the Ker-
guelen, Marion, Crozet and Amsterdam Islands (Van Der Putten et al.,
2008; Van der Putten et al., 2015; Li et al., 2020; Perren et al., 2020;
Charton et al., 2022; Chassiot et al., 2024; Zwier et al., 2024). These
islands are key locations for climate reconstruction because of their
geographic position and the potential of the continental archives to
provide high-resolution palaeoclimate reconstructions (Van Der Putten
etal., 2012). The Kerguelen Archipelago, in particular, currently lies in a
strategic position, right on the Subantarctic water mass front and at the
centre of the SHW belt (Fig. 1). However, tracking SHW past locations is
challenging because of the absence of direct proxies (Spoth et al., 2023;
Zwier et al., 2024). These studies are based on their interpretation of the
observations of Fogt and Marshall (2020a) and Favier et al. (2016b),
whereby shifts in the position of the SHW are accompanied by changes
in air temperature and precipitation. When air temperature re-
constructions are not available, some studies based their interpretations
on sea surface temperatures (SST) (Jomelli et al., 2017, 2021; Charton
et al., 2021, 2022; Tuestad et al., 2024b). Nevertheless, the air tem-
perature can vary independently of the SST. On Kerguelen Island, only
relative air temperature (colder/warmer) reconstructions based on
glacier advances/retreats and palaeoecology data are available (Charton
et al., 2021, 2022; Chassiot et al., 2024; Frenot et al., 1997; Jomelli
et al., 2017, 2021; Tuestad et al., 2024; Van der Putten et al., 2015;
Young and Schofield, 1973; Zwier et al., 2024). Glacier fluctuations are
reconstructed from the presence of geomorphological remains such as
preserved moraines (Charton et al., 2021, 2022; Jomelli et al., 2017,
2018; Sleire et al., 2025; Tuestad et al., 2024). However, glacier fluc-
tuations depend not only on temperature but also on precipitation.
Conversely, palaeoecological studies based on individual species found
in lake or peat sedimentary archives (Van der Putten et al., 2015; Young
and Schofield, 1973; Zwier et al., 2024) provide continuous, but quali-
tative, reconstructions. Therefore, a continuous and quantitative record
of air temperature in Kerguelen Archipelago is still missing for the Ho-
locene period in order to better understand the regional climate dy-
namics and the atmosphere-ocean coupling. Moreover, interpretations
based on marine or atmospheric temperatures alone can be biased by
oceanic current changes, which could be partially independent of SHW
behaviour (Kim et al., 2012). Therefore, a multi-archive analysis
addressing both atmospheric and marine temperatures is necessary to
understand the complexity of the system. In this work, we aimed at
investigating the position and strength of the SHW throughout the Ho-
locene in the Southern Indian Ocean by comparing independent air and
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sea surface temperature reconstructions. SST were estimated from a
diatom-based transfer function in core MD11-3353, taken 150 km to the
southwest of Kerguelen Islands. Air temperature was reconstructed from
lipid biomarkers (Glycerol Dialkyl Glycerol Tetraether lipids, GDGT)
preserved in two sediment cores from Lake Armor on Kerguelen main-
land. In addition, we propose an indirect reconstruction of precipitation
and/or wind stress based on the hydrogen isotopic compositions of the
n-alkanes preserved in the lake cores.

2. Materials and methods
2.1. Study area

In the south Indian Ocean, the Kerguelen-Gaussberg Oceanic Plateau
forms a significant obstacle to the Antarctic Circumpolar Current (ACC),
generating a division of the oceanic water masses (Park et al., 2009).
Hence, the Subantarctic Front (SAF) passes to the north of Kerguelen,
while the Antarctic Polar Front (APF) passes to its south. Further south,
the Southern Antarctic Circumpolar Current Front (SACCF) follows the
bathymetry through the Fawn Trough (Civel-Mazens et al., 2021a; Park
et al., 2019). The latitudinal migration of APF-induced changes in pro-
ductivity due to the remobilisation of iron from the sediments (Kim
et al., 2009).

Kerguelen's main island has an area of 7215 km? (Fig. 1A). It is the
emerged part of the Kerguelen-Gaussberg Oceanic Plateau. The west
side is mountainous, whereas the topography of the east side is gentler,
characterised by stratified basalt, incised by moderately deep valleys.
The island has a cold oceanic climate, with little seasonal variations
(Van der Putten et al., 2015) (Fig. 1E).

A weather station has been operated by Météo-France at Port-aux-
Francais on the east side of the island since 1950 CE. For the period 1995
to 2022, the mean annual air temperature was 5.0 °C, with an annual
amplitude of 6 °C, and the mean annual precipitation was 703.5 mm at
Port-aux-Frangais, with an annual amplitude of 26.5 mm (Fig. 1E). The
latter value, which is rather low for a sub-Antarctic island, is due to a
strong orogenic effect concentrating precipitations on the western side
of the island, where the mean annual precipitation can reach 3200 mm
(Frenot et al., 2001). The mean annual wind velocity was 9.7 m s’l, and
the wind direction was predominantly from the west (Fig. 1E).

2.2. Marine sediment core: MD11-3353

2.2.1. The core

The marine core MD11-3353 (50°34.02'S—-68°23.13'E, 1568 m water
depth) was collected onboard the R/V Marion Dufresne II in 2011 during
the oceanographic expedition MD185 INDIEN-SUD 1. We selected this
core due to its proximity to the Kerguelen Archipelago (155 km south-
westward; Fig. 1A) and the previously established low-resolution Ho-
locene SST reconstruction (Civel-Mazens et al., 2021a). The core is
38.50 m long and is composed of diatom oozes, of which the upper 1.90
m correspond to the Holocene period (Mazaud and Michel, 2011). At
this location, the nearest oceanic front is currently the APF (Park et al.,
2019). The modern summer SST at the core location is approximately
4.5°C.

2.2.2. Dating and age model

The age model of core MD11-3353 was developed by correlating the
TEX$® and radiolarian-based SST records to the EPICA Dome C 8D record
(Civel-Mazens et al., 2021b; Thole et al., 2019). The age model of the
upper part of the core was improved by the addition of 16 radiocarbon
dates obtained from monospecific foraminifera Neogloboquadrina
pachyderma sinistral (NPs) samples. The samples were prepared
following standard protocols at the LMC14 Laboratory (Dumoulin et al.,
2017) and the analyses were performed at the ARTEMIS AMS facility of
the LMC14 National Laboratory (Moreau et al., 2020). The conventional
14C dates were calibrated through a Bayesian model via the package
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Table 1
Results of dated samples for core MD11-3353, with the radiocarbon ages and
their error, the variable regional deviation of the reservoir age and its error, the
age range (minimum and maximum) calculated by the Bayesian model in
rbacon.

Core Samples Depth Conventional Reservoir Calibrated ages
(m) age (a BP) age (yr) (cal a BP) [min-
max]

MD11-  SaCA 1 1700 + 30 400 + 100 190-1270
3353 70219

MD11-  SaCA 11 1885 + 30 400 + 100 370-1410
3353 51437

MD11- SaCA 21 2320 + 30 400 + 100 730-1940
3353 70220

MD11-  SaCA 31 2510 + 30 400 + 100 930-2170
3353 51438

MD11-  SaCA 41 3025 + 30 400 + 100 1470-2790
3353 70221

MD11- SaCA 51 5300 + 30 400 + 100 4290-5640
3353 70222

MD11-  SaCA 61 5880 + 30 400 + 100 5010-6280
3353 70223

MD11- SaCA 71 6650 + 30 400 + 100 5890-7150
3353 70224

MD11-  SaCA 81 7045 + 30 400 + 100 6290-7510
3353 70225

MD11-  SaCA 91 7470 + 30 400 + 100 6760-7920
3353 70226

MD11-  SaCA 101 8060 + 30 400 + 100 7400-8520
3353 70227

MD11- SaCA 121 8535 + 30 400 + 100 7850-9180
3353 70229

MD11- SaCA 141 9145 + 35 400 + 100 8480-9920
3353 70231

MD11- SaCA 151 10880 + 40 400 + 100 10730-12470
3353 51439

MD11- SaCA 171 12605 + 40 500 + 100 12820-14120
3353 70232

MD11- SaCA 191 12660 + 45 500 + 100 12870-14240
3353 70233

rbacon (version 3.2.0, Blaauw and Christen, 2011) developed for the
R-platform, the Marine20 calibration (Heaton et al., 2020), and a vari-
able marine reservoir deviation (AR) accounting for the outgassing of
old carbon during the last part of the deglaciation (Table 1) (Gottschalk
et al., 2020; Siani et al., 2013). Rbacon models were run with 8,800,000
iterations using the default options (Fig. 2). More information is pre-
sented in section 3.2.1.

2.2.3. Diatom analysis and transfer function

Sixty samples over the 0-190 cm section were analysed and com-
bined with previously published data (Civel-Mazens et al., 2021a,
2021b) to obtain a 2-4 cm resolution. Sediment processing and slide
preparation followed the methodology detailed in Crosta et al. (2020).
Diatom counting was conducted as described in Crosta and Ko¢ (2007).
Approximately 350 diatom valves were counted in each sample at 1000
x magnification on a Nikon Eclipse 80i phase contrast microscope.

Summer (January to March) SST was estimated by applying the
Modern Analog Technique (MAT) to fossil diatom assemblages. The
modern database is composed of 257 surface sediment samples, called
analogues, for which locations of modern summer SST were interpolated
on a 1° x 1° grid from the World Ocean Atlas (Locarnini et al., 2018)
through Ocean Data View (Schlitzer, 2002). The MAT was implemented
from the “bioindic” package (Guiot and de Vernal, 2011) developed for
the R-platform. For each fossil sample, we used the relative abundances
of 33 species and the chord distance to select the 5 most similar ana-
logues. The threshold above which the selected analogues are too dis-
similar to the fossil assemblage is fixed at the first quartile of random
distances on the validation modern dataset. The quantitative estimates
of summer SST represent a distance-weighted average of the climate
values associated with the selected and reliable modern analogues. This
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method yields an R? of 0.96 and a root mean square error or prediction
(RMSEP) of 1.06 °C.

2.3. Continental sediment cores: Lake Armor

2.3.1. The cores

Kerguelen mainland hosts hundreds of lakes, ranging from small
ponds to several kilometres-long lakes. Lake Armor (49.46°S-69.71°E) is
located in the eastern part of the island (Fig. 1A-C), it is 4 km long and
500 m wide. While it is a fjord-type lake, Lake Armor's watershed is
located about 40 km east of Mount Cook's ice-cap and does not currently
receive any glacier meltwater. Seismic investigations suggested this
disconnection occurred during the last deglaciation or even earlier
(Heirman et al., 2012). Although the lake's water level is only a few
metres above the current sea level, there is no evidence of seawater
intrusion. In 2006, during the first mission of the PEISACG program,
funded by the French polar institute (IPEV), bathymetry surveys
revealed that the Armor Basin was composed of three sub-basins with
different depths: the northern basin (100 m depth), the perched basin
(20 m depth) and the southern basin (50 m depth) (Fig. 1C and D,
Heirman et al., 2012). The lake sediments present three sediment units
(Fig. 1D-Heirman et al., 2012). No temperature data are available for
Lake Armor. A single measurement of the surface water temperature
(4 °C) was taken during a fieldtrip in summer, when the mean air
temperature was around 8 °C. This difference between air and water
temperatures suggests an efficient mixing of the water column as denser
waters reach the surface. This mixing is probably linked to persistent
windy conditions all around the year. During the winter season, the
absence of ice cover and windier conditions (mean air temperature of
2.5°C as shown in Fig. 1E) should also favour mixing of the lake waters,
precluding any inverse stratification. However, it is possible that the
lake was stratified in the past under less windy and/or warmer summer
conditions. Currently, the northern basin is fed by terrigenous input
from the Northern River, whereas the perched basin is isolated and fed
mainly by atmospheric and autochthonous inputs. Sediment cores were
collected in 2014 at two separate sites in Lake Armor during a second
expedition, PALAS1. One site is situated in the northern basin (Sites II,
ARM14-1I), while the other is positioned in the perched basin (Site I,
ARM14-1). Both cores cover most of Unit 3 (U3; Fig. 1D), which was
deposited when the glacier had completely retreated from the Lake
Armor basin (Heirman et al., 2012). The vegetation around is predom-
inantly composed of Accaena magellanica, Azorella selago and Poaceae,
and no ligneous species are present. No important change in vegetation
composition occurred on Kerguelen mainland during the Mid- and Late
Holocene (Zwier et al., 2024). Therefore, our n-alkane hydrogen isotope
reconstruction was not influenced by vegetation changes.

2.3.2. Dating and age model

Twelve and fourteen plant macrofossils were sampled in ARM14-I
and ARM14-11, respectively, for AMS radiocarbon dating. Radiocarbon
content was measured at the Laboratoire de Mesure 14C (LMC14)
ARTEMIS at the CEA (Atomic Energy Commission) Institute at Saclay
(samples referenced with the prefix Sac in Table 2) and at the Poznan
Radiocarbon Laboratory (samples referenced with the prefix Poz in
Table 2). Macroremains of terrestrial plants were picked for 1*C dating,
except in the core ARM14-1, which did not contain any and for which
radiocarbon dating was done on fragments of aquatic plants. However,
as there is no carbonate in the catchment area, we do not expect any
significant reservoir effect. Radiocarbon ages were calibrated using the
SHcal20 calibration curve (Hogg et al., 2020). Then, we used a Bayesian
model with the package rbacon (version 3.2.0), the R-based algorithm
developed by Blaauw and Christen (2011), to generate an age/depth
model. Two age models based on independent carbon ages were there-
fore computed for the two lacustrine lake cores. Ages are expressed in
calibrated years Before Present (cal a BP), being before 1950 CE.
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Fig. 2. Stratigraphic description and age model for the ARM14-I core (left), the one adjusted for ARM14-II core (middle) (based from Arnaud et al. (2020)) and for
the MD11-3353 core (right). The blue shadings represent the calibrated ages with their distribution, the red line represents the mean age-depth relationship, and the
grey dotted line represents the 95 % confidence interval. Rejected 1*C ages are identified by a red cross, see Table 1. Green shadings represent ages of volcanic
eruptions in cal ka BP deduced by the age model of ARM14-I and taking into account in the ARM14-1I age model (See Supplementary data). Capital letters identify
tephra layers. Yellow stripes highlight layers interpreted as tephra deposits. Grey stripes highlight ARM14-II layers interpreted as a posteriori reworked volcanic
material. The orange line in the lower boxes represents the sedimentation rate for each core.

2.3.3. Extraction and analysis of biomarkers

For biomarker analysis, 32 and 68 samples were taken from ARM14-
II and ARM14-I cores, respectively. Samples were freeze-dried and
homogenised, prior to lipid extraction using a Mars 6 microwave-
assisted solvent extraction system (CEM Microwave Technology) with
10 mL of a mixture of dichloromethane (DCM) and methanol (MeOH),
3:1 (v/v). The extraction was repeated twice, and the total lipid extract
was filtered on 20 pm Teflon filters and evaporated under a nitrogen
flow. After the addition of a known amount of a synthetic C46 GDGT
standard (Huguet et al., 2006), lipids were separated into 3 fractions by
SiO2 column chromatography. Separation was realised using 8 mL
hexane (apolar fraction including n-alkanes), 5 mL hexane-DCM (1:1,
v/v), and 10 mL DCM-MeOH (1:1, v/v) (polar fraction including GDGT).

N-alkanes from sites ARM14-I and ARM14-II were analysed at the
LGL-TPE (Université Claude Bernard Lyon 1) and at EDYTEM using an
HP 6890N Gas Chromatograph coupled to an Agilent HP 5975C Mass
Spectrometer and a PerkinElmer Clarus 600 Gas Chromatograph
coupled to a Clarus 600 T Mass Spectrometer, respectively. Both GC-MS
instruments provided comparable data.

The carbon and hydrogen isotopic compositions of n-alkanes from
site ARM14-I were measured at the LGL-TPE (Université Claude Bernard
Lyon 1) using an Agilent 7890B GC coupled to an Isoprime visION
Isotope Ratio Mass Spectrometer (IRMS) via an Isoprime GC-5 com-
bustion interface (Elementar). For carbon isotope measurements, the
GC-5 interface was equipped with a Quartz tube packed with CuO and

operated at 850 °C. Autotuning, tests of stability and linearity of the
signal were performed daily using the ionOS software. Stable carbon
isotopic compositions (expressed as 5 13C values) were calibrated using a
reference CO; gas reported to VPDB scale. Two mixed hydrocarbon B4
standards (A Schimmelmann, Indiana University) were measured every
4 to 5 samples and used to correct the 5 '3C values. Samples were ana-
lysed in duplicates. For stable hydrogen isotopic compositions
(expressed as 8D values), the GC-5 interface was equipped with a
ceramic tube operated at 1450 °C. Daily autotune, H3 correction and
test of stability were performed. 8D values were calibrated using the
reference H; gas reported to VSMOW. The pyrolysis furnace was regu-
larly conditioned with hexane and the Mix hydrocarbon B4 standards
were used for data correction (Schaaff et al., 2025).

Due to the low concentrations of n-alkanes in sediments from site
ARM14-I1, samples were pooled to perform 8D analyses. Because of this,
these pooled samples represent a greater timespan. The 8D values of n-
alkanes from site ARM14-1I were measured using an online continuous
flow gas chromatograph Trace-GC-Ultra coupled with an Isotopic Ratio
Mass Spectrometer Delta V Plus via a pyrolysis furnace (1400 °C) and an
inflow IV interface from Thermo Fischer Scientific at the ALYSES plat-
form (IRD/SU) of the IRD Bondy. Accuracy and reproducibility of the
GC-Py-IRMS measurements were assessed with an A6 standard mixture
of n-alkanes purchased from Arndt Schimmelmann, Indiana University,
of known isotopic composition. The n-alkane standard mixture was
injected three times at the beginning of each sequence and then once
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Table 2

Results of dated samples for cores ARM14-I and ARM14-I1, with the radiocarbon
ages and their error, the age range (minimum and maximum) calculated by the
Bayesian model in rbacon (from Arnaud et al. (2020)). Samples written in italic
bold are dates no used in the age models.

Core Samples Depth Conventional age  Calibrated ages (cal a
(m) (a BP) BP) [min-max]
ARM14I1 Poz-77362 70 800 + 40 549-903
ARM141 SacA42461 170 2605 + 30 2355-2858
ARM14I SacA42462 261 4225 + 30 4424-4961
ARM14I1 Poz-77363 327 5200 + 31 5660-6190
ARM141 SacA42463 371 6320 + 35 6910-7420
ARM141 Poz-77285 400 7030 + 40 7590-8020
ARM141 SacA42464 425 5335 + 35 5775-6295
ARM14I SacA42465 456 8485 + 45 9130-9680
ARM141 SacA42466 493 9345 + 45 10390-11060
ARM14I Poz-77286 532 9580 + 60 11250-11240
ARM14I Poz-73369 657 10200 + 50 11250-12460
ARM141 SacA42467 689 11320 + 50 12935-13450
ARM14I1 SacA- 18 360 + 30 —3.5-508
122202
ARM14I11 SacA-9751 26.3 425 + 60 —5.8-652
ARM14I1 Poz-69603 52 970 + 30 679-958
ARM1411 Poz-69604 81 1297 + 30 964-1305
ARM14I11 Poz-89883 91 1775 + 30 1429-1831
ARM14I1 Poz-69605 108 2355 + 35 2105-27018
ARM1411 Poz-69606 141 3395 + 35 3368-3878
ARM1411 Poz-69607 187 4680 + 40 4975-5590
ARM14I1 Poz-89884 214 5340 + 40 5760-6305
ARM14I1 Poz-89885 256 6540 + 40 7170-7580
ARM14II  Poz-89887 306 8460 + 50 9030-9655
ARM1411 Poz-89888 351 8720 + 50 9460-10180
ARM14I1 Poz-89889 365 9090 + 50 9765-10560
ARM1411 Poz-89891 435 9920 + 50 10880-11760
Table 3

Equations of the different indices and transfer functions based on brGDGT.
Roman numbers represent the relative abundance of referred brGDGT structures
as a function of total brGDGT.

Index name Equation Reference
Isomer Ratio IR¢me =
index 3" (6methyl — brGDGT) De Jonge
S (6methyl — brGDGT + 5methyl — brGDGT) etal.
(2014a,b)
Methylation Lo+1 + I
o of MBTsne = f, oy + T + I, + 1y + 1T, + 11, De Jonge
Branched et al.
Tetraether 5me (2014a,b)
Cyclisation ratio CBT = e Jonee
of Branched 10pgg (T + Mo+ 1 + IT, + T, + 1T, + T, mong
Tetraethers 08 ( Io + I, + I, ) et al.
(2014a,b)
pH in lake pH =7.15+ 1.59 x CBT e Jonse
RMSE — 0.52,n = 221,R? = 0.85,p — value < g
00001, outliers = 5 etal.
(2014a,b)

ACL21—33 =
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Pressure Chemical Ionization-Mass Spectrometer (Agilent technologies
1260 Infinity II). Chromatography separation was performed on two
silica columns (BEH HILIC columns, 2.1 x 150 mm, 1.7 pM; Waters) in
series (Hopmans et al., 2016). The mass/charge ratios (m/z) selected for
the analysis are 744, 1303, 1300, 1298, 1296, 1294, 1992, 1050, 1048,
1046, 1036, 1034, 1022, 1020 and 1018.

2.3.4. GDGT index and temperature calibrations

Branched Glycerol Dialkyl Glycerol Tetraethers (brGDGT), produced
by heterotrophic bacteria, are used for palaeothermometry, especially in
lacustrine environments (Blaga et al., 2010; Castaneda and Schouten,
2011). The discovery of isomers has reduced estimation uncertainty, and
the Isomer Ratio index (IRgn,, Table 3) quantifies their relative abun-
dance (De Jonge et al., 2014a). The degree of methylation and the
number of cycles, quantified respectively by the Methylation index of
Branched Tetraether (MBT s5p, Table 3) and the cyclisation ratio of
branched tetraethers (CBT’, Table 3), vary with temperature (Blaga
etal., 2010) and pH (Raberg et al., 2021), reflecting an adaptation of cell
membranes in terms of fluidity and permeability.

Previous studies have shown that seasonality, due to a drop in
brGDGT production during winter, can bias mean annual temperature
reconstructions at mid to high latitudes (Pearson et al., 2011; Shanahan
et al., 2013; Q. Sun et al., 2011; X. Sun et al., 2021). New calibrations
have emerged based on local rather than global datasets (Pearson et al.,
2011), and/or on the mean air temperature during the Months Above
Freezing (MAF) (Martinez-Sosa et al., 2021; Raberg et al., 2021; J. Zhao
et al., 2022). Eventually, Zhao et al. (2023) established new transfer
functions to estimate MAF for lacustrine environments, based on the
global database, which we used in this study:

MAF =0.19 (£0.29) + 26.49 (+0.55) x MBT,

Sme

RMSE=3.13°C,n = 552,R*> = 0.81,p — value < 1072%

We tested several calibrations and finally chose to present only the
results computed from Zhao et al. (2023)'s equation (see Supplementary
Materials, Part IV.).

2.3.5. n-alkane index

Linear normal alkanes (n-alkanes) with carbon chain lengths ranging
from Cy7 to Cs3 are produced mainly by terrestrial higher plants
(Eglinton et al., 1996; Ficken et al., 2000). In contrast, submerged
aquatic plants produce n-alkanes ranging from Cy; to Cgs (Aichner et al.,
2010; Liu et al., 2018; Sachse et al., 2012) whereas bacteria, algae, and
fungi are characterised by even shorter chains of n-alkanes, <Cyy (Rao
et al., 2009). To evaluate the relative contribution of these organisms to
our n-alkanes record, we computed the average chain length (ACL) of
n-alkanes ranging from Cp; to Cs3 as follows (Poynter et Eglinton et al.,
1996):

21 x nCy + 23 x NCa3 + 25 X NCys5 + 27 X NCy7 + 29 X NCyg + 31 x nNCs; + 33 x nCs3

nCy; + nCsyz + nCys + nCyy + nCag + nCsy + NCs3

every 3 samples. The 8D is expressed in %o against the VSMOW. Hj
factor was determined daily.

For GDGT analysis, the polar lipid fraction was analysed by High
Performance Liquid Chromatography coupled with an Atmospheric

2.3.6. Interpretation of n-alkane 5D values

The 8D of n-alkanes from terrestrial plants is commonly interpreted
as a proxy for temperature and/or precipitation (Jacob et al., 2007;
Aichner et al., 2010; Wang et al., 2018).
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Fig. 3. Comparison of climatic variability inferred from Lake Armor with climatic regional data. A. Mean annual temperature above freezing (MAF, °C). Red point on
axe represents the modern temperature. B. Hydric stress of terrestrial plants (gr.qq), from Lake Armor in Kerguelen (this study). C. Summer Sea Surface Temperature
(SST) from MD11-3353 (this study). The red points on the axes represent the modern ocean and air temperatures. The time span of the ACR and OCR is highlighted in
blue (Stenni et al., 2001). D. Pollen abundance of Pediastrum sp. and Botryococcus sp. at Estacade peatpog (Fig. 1) used as a proxy of open water pond and, warmer
and/or less windy conditions (Van der Putten et al., 2015). E. Influx of Charcoal and Long Distance Travelled pollens, from Lake 5 sediment core (Fig. 1) (Zwier et al.,
2024). F. Apparent ages of moraine preserved on Kerguelen Island (Charton et al., 2022; 2022; Jomelli et al., 2017, 2018; Verfaillie et al., 2021; Tuestad et al., 2024)
(Fig. 1). Vertical blue and yellow lines with the associated numbers represent ages where changes are significant according to the SiZer analysis (Chaudhuri and
Marron, 1999) on MAF and SST values, respectively.
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The 8D values of the nCy3 alkane mainly produced by aquatic or-
ganisms reflect those of the lake water and, consequently, of precipita-
tion (Sachse et al., 2012), which, at high latitudes, is controlled mainly
by air temperature (Huang et al., 2015). On the contrary, the n-alkane
8D values of terrestrial plants (nCs3;) can be affected by both temperature
and evapotranspiration. The latter leads to an enrichment of the heavier
isotopes in cell-water relative to the 8D values of precipitation (Sachse
et al., 2012). Consequently, Rach et al., and Jacob et al. (2007) used the
difference between terrestrial and aquatic lipid 8D values (ggr.qq) tO
correct for temperature effects and reconstruct changes in evapotrans-
piration, and thus in relative humidity. On Kerguelen Island, wind plays
a major role as determining the environmental forcing factor. As a
consequence, plant evapotranspiration processes are favoured not only
by dryer conditions, but also by windier ones. Therefore, higher values
€ter-ag> could indicate drier but also potentially, windier conditions, and
vice versa. Note that changes in precipitation water sources do not alter
this ratio.

2.4. Determination of the period for climatic palaeo-reconstruction

Palaeoclimate periods were determined using the SiZer package
(Significance of Zero Crossings of the Derivative, version 0.1-8) in
RStudio (Chaudhuri and Marron, 1999). SiZer was used to identify
statistically significant changes in the reconstructions. By analysing the
first and second derivatives, the start and end ages for each period were
adjusted. This method was applied to both the MAF and SST re-
constructions (for further details, refer to Supplementary Material, Part
VIII).

3. Results
3.1. Marine sediment core MD11-3353

3.1.1. Age model

The core MD11-3353 age model was previously based on the com-
parison of the SST records and EPICA Dome C 8D record (Civel-Mazens
et al., 2021b; Thole et al., 2019) with only a few tie points for the late
deglaciation and Holocene periods. Based on 16 new e ages (Table 1),
we computed a new age-depth model for the uppermost 190 cm of the
core, i.e., the period between 13,500 and 650 cal a BP (Fig. 2).

The linear sedimentation rate (LSR) is highly variable, ranging from
~0.004 cm/yr between 12,000 and 9000 and 5000-2000 cal a BP in-
tervals, to ~0.5 cm/yr around 13,000 cal a BP. During the other periods
of the Holocene, the LSR is around 0.02-0.04 cm/yr. As a result, the
temporal resolution of the diatom counts and SST reconstruction is
500-1000 years when the LSR is lowest and ~50 years when the LSR is
highest. In the other periods, the resolution is around 150 years.

3.1.2. SST reconstruction from diatoms

The reconstructed summer SSTs range between 3.5 and 9.3 °C
(Fig. 3C and Fig. SM 2). With values ranging between 7 and 9 °C ocean
waters around Kerguelen were much warmer between 13,600 and 9000
cal a BP than they currently are (4.5 °C). Then, they rapidly dropped to
5 °C between 9000 and 7700 cal a BP prior to experiencing a slight
decreasing trend and reached ~4 °C only at 1900 cal a BP. Multi-
centennial variability is superimposed to those two decreasing trends.
The SST difference between the two periods is significantly greater than
the RMSEP of ~1.1 °C related to the calibration and the standard de-
viation calculated for each sample. Since 900 cal a BP, the SST have
broadly increased. SiZer analysis revealed significant changes in SST at
9000, 7700, 1900, and 900 cal a BP (Fig. 3C and Supplementary Ma-
terial, Part VIII).
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3.2. Lake Armor sediment cores

3.2.1. Sedimentology and lithology

The two lacustrine cores present organic brownish fine mud and
abundant diatom remains (Fig. 2) with interbedded mineral layers
containing white volcanic pumices ranging in size from millimetre to
centimetre (Arnaud et al.,, 2020). In ARM14-I, fibrous plant
macro-remains are frequent, which is consistent with field observations
of aquatic bryophytes living on the lake bottom in the perched basin,
suggesting that the bottom of site I currently lies within the photic zone.

Two distinct types of interbedded mineral layers were identified
(Sabatier et al., 2022): tephra deposits, which are direct atmospheric
fallouts (9 layers in ARM14-I and 7 in ARM14-II), and a posteriori
reworking of volcanic material (64 layers in ARM14-II). In ARM14-II,
more interbedded layers were identified, indicating that this deep site
is subject to lateral sediment inputs. We interpret them as the result of
the remobilisation and redeposition of volcanic products deposited in
the catchment and/or on the lake slopes surrounding site ARM14-II. The
sedimentological study, combined with independent age models,
allowed the correlation of the seven volcanic fallout deposits from
ARM14-1 with their contemporaneous deposits in ARM14-II, thus
increasing the chronological match between the two sequences.

3.2.2. Age models

The 'C dates of the samples are shown in Table 2 (Arnaud et al.,
2020). The uppermost samples for C dating were taken at 70 cm and
18 cm for ARM14-1 and ARM14-1I, respectively. The calibration curve
SH-Zone 1-2 was selected (Reimer and Reimer, 2004). Two radiocarbon
dates were excluded, one too old compared to the others (core
ARM14-II), probably due to remobilisation and redeposition of
macro-remains stored in the lake's catchment area, and the other too
young in ARM14-I, possibly due to contamination during sampling
(Table 2, Fig. 2).

The event layers, considered as instantaneous deposits, were
removed from both sequences before age-depth modelling (Arnaud
et al., 2020). The two independent age models led to the same age for
direct volcanic fallout deposits within age uncertainties (2 ¢) (Fig. SM
1). To assess the robustness of the age model, we carried out a
cross-comparison. The ARM14-I age model was subsequently used to
date all the event deposits and therefore the volcanic eruptions, due to
its more homogeneous sedimentation. To adjust the ARM14-II age
model, volcanic eruption ages were assigned to the corresponding
tephra deposits (Fig. 2). The age gap between the age model of ARM14-II
before and after adjustment ranges between —93 and 45 years, with a
mean of —23 years, which is well below uncertainties.

The first 670 cm of sediment core ARM14-I and the first 450 cm of
sediment core ARM14-II cover the last 13,000 and 11,500 cal a BP,
respectively. For the uppermost 50 cm, the event-free sedimentation rate
for ARM14-1I ranges between 0.038 and 0.079 cm/yr, with a mean of
0.052 cm/yr, and for the rest of the core, it ranges between 0.015 and
0.037 cm/yr, with a mean of 0.024 cm/yr. For ARM14-1, the mean
event-free sedimentation rate is 0.042 cm/yr, ranging between 0.022
and 0.062 cm/yr below 70 cm sediment depth, and increases to 0.088
cm/yr for the uppermost 70 cm, probably in relation to the higher water
content of this organic-rich sediment.

3.2.3. Distribution of GDGT and inferred temperatures

Samples of Site I and Site II present a brGDGT distribution with a
higher proportion of hexamethyl and pentamethyl compounds (50-70 %
and 80-90 %, respectively) compared to tetramethyl homologues
(30-50 %) (Fig. SM 5). The MBT’ 5y, index values are low and vary from
0.11 to 0.24 at Site I and from 0.08 to 0.21 at Site I (Table 3, Fig. SM 6).
Using the global calibration of Zhao et al. (2023), the reconstructed
temperatures range from 3.1 to 6.5 °C and from 2.2 to 5.9 °C for sites I
and II, respectively (Fig. SM 6). The MAF and MBT’ 5., reconstructions
yield consistent absolute values and temporal patterns between the two
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sites. The record begins with a MAF at 3 °C, prior increasing significantly
to 5.5 °C until 10,600 cal a BP and decreases slightly to 10,300 cal a BP
(Fig. 3A). To discuss the significant changes in the index and MAF
variation, the SiZer package has been used. According to SiZer, in the
long term, the cooling started at approximately 9900 cal a BP and ended
at 8250 cal a BP, when MAF reached 4 °C (Fig. 3A). Then, MAF increased
again to reach its maximum value of around 6.5 °C at 1900 cal a BP
(Fig. 3A). Regarding mid- and short-term trends, the warming began
significantly at 7700 cal a BPcal a BP and at 8000 cal a BP, respectively,
and stopped at 3000 cal a BP (Fig. SM 13). Between 3000 and 2000 cal a
BP, the MAF remained high, around 5 °C, but with important variations
(Fig. 3A). Afterwards, cooling started significantly at 2600 cal a BP, with
a moderate-term age trend (Fig. SM 13), to reach 3 °C. However, this
cooling became more pronounced at 2200 cal a BP, according to the
analysis of the second derivative with SiZer (Fig. SM 13). Finally, the
increase in MAF at the end of the record is significant in the short term.

At sites I and II, IR, ranges from 0.15 to 0.42 and from 0.19 to 0.31,
respectively; the CBT’ values range from —0.73 to —0.15 and from
—0.64 to —0.32, respectively (Table 3, Fig. SM 6), which are translated
into pH values varying from 6.0 to 6.9 and from 6.1 to 6.6, respectively
(Table 3, Fig. SM 6) (De Jonge et al., 2014a).

In contrast to MAF values, pH variations are different at the two sites
between 1000 and 4000 cal a BP (6.6 for Site I and 6.4 for Site II)
(Fig. SM 6). The correlation between MBT’ 5., and MAF is influenced by
the pH (De Jonge et al., 2014b; Raberg et al., 2021) when the IRgy, is
higher than 0.5 (Bauersachs et al., 2024), which is not the case in the
Armor records (See Supplementary Material, Part V, for more details).

3.2.4. n-Alkane distributions, concentration and stable hydrogen isotopic
composition

The total n-alkane concentrations range from 2.81 to 79.66 pg/g and
1.92-25.26 pg/g of dry sediment at sites I and II, respectively. In both
cores, the most abundant n-alkanes are the nCys and nCyy (Fig. SM 11).
The ACLjy;.33 values vary between 23.9 and 28.1, and between 25.8 and
28.8, for sites I and II respectively (Fig. SM 8). The values on Site I are
lowest at the beginning of the sequence, around 11,000 cal a BP, and
increased to around 26.7 between 10,000 and 1000 cal a BP, except
between 8200 and 7000 cal a BP when they decrease to ca. 26.0 (Fig. SM
8). The values then rose again until 6000 cal a BP, reaching 28.1, at the
most recent part of the record, potentially indicating an increasing in-
fluence on terrestrial sources (Poynter and FEglinton, 1990). The
n-alkane sediment core composition is produced by two main groups.
The first one is aquatic, composed of micro-organisms and submerged
plants, which produce mid-length chains of n-alkanes (nCy; and nCsg).
The second are the terrestrial higher plants, which produced long-length
chains n-alkanes (nCz; and nCss, including nCyg for Site II) (See Sup-
plementary Material, Part V, for more details on n-alkane sources).

The hydrogen isotope values, 8D, of nCy3 ranged from —184 to —137
%o, and from —183 to —118 %o for sites I and II, respectively. 8D nCs;
values range between —177 and —150 %o; and —166 and —141 %, for
sites I and II, respectively (Fig. SM 8).

For Site II, the ger.qq values are higher than those for Site I, ranging
from —32.6 %o to 26.3 %o, and from —35.5 %o to 4.5 %o, respectively
(Fig. 3B). Owing to the low resolution of the isotopic data for Site II, it is
difficult to assess the similarity between the two trends, although a
degree of similarity can be observed in the variations in €gr.qq.

3.2.5. Consistency between the two lacustrine cores

The difference between the two age models of ARM14-II is smaller
than the associated age uncertainty. Therefore, the two cores could be
considered dated independently. Moreover, the two sediment cores
were sampled in two different sedimentary environments. This specific
methodology allowed us to question and confirm the reproducibility of
reconstructed parameters across two independent sequences. We are
therefore highly confident in the climatic interpretations of the proxy
records.
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Similar trends and ranges are observed in the GDGT-derived tem-
peratures and 8D values of n-alkanes for cores ARM14-1 and ARM14-1I
(Figs. SM 6, 8). The lower concentrations in n-alkanes at Site II, due to its
location below the photic zone, generate low resolution and large un-
certainties in 8D measurements, and therefore more discrepancies be-
tween the two sites for this particular proxy.

4. Discussion

4.1. Integration of Lake Armor data into Kerguelen climate
reconstructions

In the absence of air temperature reconstructions, previous studies of
Kerguelen glacier fluctuations have relied on the assumption that these
variations reflect changes in SST (Charton et al., 2022). Our results led
us to reconsider this assumption thanks to quantitative air temperature
as well relative precipitation and/or wind regime reconstructions. We
also based our interpretation on the framework of palaeovegetation
records, which provide additional information on qualitative air tem-
perature, moisture conditions and the latitudinal position of SHW (Van
der Putten et al., 2015; Zwier et al., 2024).

4.1.1. The end of the late glacial period (16,000 to 11,500 cal a BP)

Quantitative sea water (SST) and air temperatures (MAF) can only be
directly compared over the last 12200 years, i.e. the oldest information
we have from Lake Armor. We hence used qualitative air temperature
information from the Estacade peat bog record (Van der Putten et al.,
2015), located in the northeastern part of Kerguelen (Fig. 1), for periods
before 12,200 cal a BP.

At 16,000 cal a BP, warm SST values were prevailing (approximately
6.5°C, Civel-Mazens et al., 2021b), which is consistent with the rela-
tively warm and wet conditions deduced from the Estacade record (Van
der Putten et al., 2015).

During the late glacial periods, our records appear to catch two cold
events which were observed in the ice cores of Dome C: the Oceanic Cold
Reversal between 13,600 and 11,650 cal a BP (OCR, in the precipitation
moisture source, i.e. South of the Indian Ocean) and the Antarctic Cold
Reversal between 14,550 and 12,800 cal a BP (ACR, in Antarctica)
(Stenni et al., 2001; Van der Putten et al., 2015). Indeed, toward the end
of the ACR period and the beginning of the OCR, colder SST appeared to
prevail near the Kerguelen Islands (8 °C between 13,400 and 12,500 cal
a BP, i.e. 1° less than that in the following periods) (Fig. 3C). By this
time, wetter conditions were recorded at Estacade, inducing an increase
in open water pond size (Van der Putten et al., 2015, Fig. 3D), and ev-
idence of multiple glacier advances were reported (Charton et al., 2022,
Fig. 3F). However, the major cold and wet event occurred between 13,
600 and 12,900 cal a BP, congruent with the OCR (Fig. 3C). Thereafter,
SSTs from MD11-3353 reached a maximum of 9 °C at 10,000 cal a BP
(Fig. 3C).

In contrast, Lake Armor MAF had the lowest air temperatures on
record, e. g, ~3 °C at 12,200 cal a BP (Fig. 3A), however, more data is
needed. Then MAF rose to 5 °C by 11,600 cal a BP, in accordance with
the slight warming recorded at Estacade at 11,600 cal a BP (Van der
Putten et al., 2015).

The €gr.qg values were high at 11,700 cal a BP, suggesting an
important hydric stress for terrestrial plants due to dry conditions and/
or strong winds (Fig. 3B). As Van der Putten et al. (2015) suggested less
windy and drier conditions (Fig. 3D), our 8D record could hence reflect
dry conditions. However, this observation at Armor must be taken with
caution, as it is based on two samples only, from two different cores (Site
I and Site II).

4.1.2. Early Holocene (11,500-9000 cal a BP)

A warm period occurred between 11,500 and 10,000 cal a BP. Both
SST and MAFs reach an Early Holocene maximum of 9.2 °C and 5.2 °C,
respectively (Fig. 3A-C). This is consistent with multiple evidence of
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glacial retreats: a peat bog deposit dated to 10,220 + 90 a BP (i.e. 11,840
+ 560 cal a BP using the Southern Hemisphere SHCal20 radiocarbon
calibration curve (Hogg et al., 2020)), and several boulders whose
exposure ages were dated with % Cl between 11,100 + 300 a BP and 10,
400 + 400 a BP at Col Louise (Tuestad et al., 2024). At Kerguelen, this
period is currently defined as a climatic optimum (Civel-Mazens et al.,
2021a; Frenot et al., 1997 ; Labracherie et al., 1989; Young and Scho-
field, 1973; Zwier et al., 2024).

During this period, both the air and sea surface temperatures slightly
decreased between 11,600 and 10,500 cal a BP (Fig. 7A-C). This co-
incides with the advance of a local glacier located north of the island
(Glacier Guynemer; Tuestad et al., 2024), whereas there is no evidence
of a contemporary advance of any of the Cook ice-cap tongues (Fig. 3F).
This local glacier advance, during a period of relatively high tempera-
ture (MAF = 5.2 °C, compared with 6 °C at the current time), suggests a
control by precipitation. Unfortunately, we were not able to get D data
for this period to corroborate this hypothesis (Fig. 3B).

4.1.3. 9000 cal a BP: an important cooling event

Around 9000 cal a BP, the transition between the Early Holocene
temperature optimum and the Mid-Holocene period was marked by a
drastic drop in both sea water (from 9 °C to 4.5 °C) and air (from 5 °C to
6 °C) temperatures (Fig. 3A-C). At that time, the SAF and APF migrated
northwards (Civel-Mazens et al., 2021b). Zwier et al. (2024) described
an abrupt coeval decrease in a long-distance pollen influx, which they
attributed to an African source (Fig. 3E). Whereas the drop in air tem-
perature is less marked than the one in SST (Fig. 3A-C), our findings
point to a concomitant shift in air-mass trajectories (Fig. 3E) and an
oceanic water-mass organisation. A continuous rise in air temperature
from 8000-3000 cal a BP.

At 8000 cal a BP, the MAF temperature shows a progressive warming
trend from 4 to ~6 °C (Fig. 3A). Zwier et al. (2024) inferred a stable and
relatively cold Mid-to Late Holocene climate, based on the absence of
changes in local plant taxa. Moreover, although the retreat of the
Ampere Glacier at 5140 + 340 cal a BP (recalibrated with SHCal20) has
been reported (Frenot et al., 1997), most studies reported no clear evi-
dence of glacier advance during the Mid-Holocene (Charton et al., 2021,
2022; Jomelli et al., 2017) (Fig. 3F). Our data hence confirm the idea of
a relatively cold Mid-Holocene, but not sufficiently cold and/or humid
enough to drive a detectable extension of the Cook ice-cap (Charton
et al., 2021, 2022; Frenot et al., 1997; Jomelli et al., 2017).

During the Mid-Holocene, an abrupt 1 °C cooling in air temperature
occurred at 5200 cal a BP (Fig. 3A). This cooling is concomitant the
interpretation derived from a pollen record (Young and Schofield, 1973)
and various moraine boulders, which were, however, considered as
outliers because their ages were inconsistent with the rest of the moraine
records (Tuestad et al., 2024). Despite the agreement among several
proxies and records, further investigation remains necessary to confirm
the reality of this cold period, as we observed it in Lake Armor for only
three data points.

Overall, our data provide the first evidence of a progressive warming
of 1 °C within 6000 years, culminating around 3000 cal a BP. Interest-
ingly, this trend accompanies an opposite one in SST, which dropped by
1 °C over the same period.

4.1.4. The Late Holocene regional Hypsithermal (3000-2000 cal a BP)
The Lake Armor record provides novel evidence in favour of a tem-
perature maximum, which occurred between 3000 and 2000 cal a BP.
MAF values then stabilised at approximately 5.5 °C, i.e. 0.5 °C above the
currently observed data and 0.5 °C below the highest values of our
reconstruction, with variations of less than 1 °C in amplitude (Fig. 3A).
This interval represents the warmest period of the entire Holocene,
except modern values, in agreement with the definition of regional
Hypsithermal (De Deckker, 2022). Conversely, the SST remained rela-
tively cold (~5 °C) during this period with some variability (Fig. 3C).
Our results are in agreement with the continuous reconstruction of
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Fig. 4. Comparison of climatic variability inferred from Lake Armor with cli-
matic regional data over the past 2000 years. A. Centred log-ratio of Ti content
(CLR-Ti) in the sediment record from Table Fjord inferred as Ampere Glacier
advance/retreat (Fig. 1A-Chassiot et al., 2024). Blue/Red areas indicate periods
when Ampere Glacier's size increased/decreased. Green stick and area represent
the position of the tephra layer when data is unusable. B. Reconstruction of
Chamonix Glacier advances based on the X-ray fluorescence Principal Compo-
nent 1 (XRF-PC1) in the record from Lake Aphrodite (Sleire et al., 2025). The
red dashed lines represent the threshold above which the Chamonix Glacier
advanced. C. Mean annual temperature above freezing (MAF, °C) D. Hydric
stress of terrestrial plants (gr.qq), from Lake Armor in Kerguelen (this study).
Vertical blue and yellow lines represent ages where changes are significant
according to the SiZer analysis (Chaudhuri and Marron, 1999) on MAF and SST
values, respectively.

Ampere Glacier dynamics, derived from terrigenous inputs into Baie de
la Table, which suggests a glacier retreat between 2800 and 2300 cal a
BP (Chassiot et al., 2024). In addition, from 3500 to 1500 cal a BP, &er.qq
reached its lowest value (—35 %o), potentially indicating lower hydric
stress, meaning drier or windier conditions (Fig. 3B). Those warm, but
wet, conditions could explain a glacial advance of the Gentil Glacier,
dated 2620 + 970 cal a BP (Fig. 3F) (Charton et al., 2021). Indeed,
Charton et al. (2021) suggested that this advance was made possible by
i) its rocky debris cover, which insulates the ice and protects it from
melting, and ii) an increase in precipitation that sustains the glacier,
allowing it to advance despite a potentially warm period.

4.1.5. Cold period and regional Little Ice Age (2000-250 cal a BP)

Between 2000 and 250 cal a BP, the MAF cooled by 2 °C, whereas the
SST varied around 4 °C (Fig. 3A and B). At Kerguelen, several lines of
evidence for glacier advances and colder conditions have been inferred
(Fig. 3F) (Charton et al., 2021, 2022; Chassiot et al., 2024; Frenot et al.,
1997; Jomelli et al., 2017, 2018; Sleire et al., 2025; Tuestad et al., 2024;
Young and Schofield, 1973). This is also consistent with the advances of
the Chamonix Glacier (1150-250 cal a BP, Sleire et al., 2025) and the
Ampere Glacier (from 2300 cal a BP; moraines dated to 800 + 260 a BP
and 580 + 310 a BP; Chassiot et al. (2024); Verfaillie et al. (2021)).
However, these advances were interrupted during two distinct periods:
850-820 cal a BP and 620-500 cal a BP for the Chamonix Glacier, and
1700-1300 cal a BP and 1150-1000 cal a BP for the Ampere Glacier
(Chassiot et al., 2024; Sleire et al., 2025). The causes of these retreat
phases remain unexplained.

The rise in €ger.qq values (from —25 to 5 %o from 1600 to 100 cal a BP)
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Table 4
Time span of bins used in function of the period considered.
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Fig. 6. Comparison of atmospheric and sea surface temperature at Kerguelen.
A. Diatom-inferred summer sea surface temperature (SST) from MD11-3353
(this study). B. Mean annual temperature above freezing (MAF) from Lake
Armor in Kerguelen (this study). C. Mean MAF and mean SST with their stan-
dard deviation calculated for each bin. D. Spread between oceanic and atmo-
spheric mean temperatures over time for the Kerguelen area. E. Summer
insolation (W/m?) at 49°S computed thanks to the package palinsol (version
1.0) with Rstudio software (Berger, 1978). Vertical blue and yellow lines
represent ages where changes are significant according to the SiZer analysis
(Chaudhuri and Marron, 1999) on MAF and SST values, respectively.

shows no evidence of a decrease in hydric stress (Fig. 3B). An increase in
precipitation is needed for important glacier advances (Charton et al.,
2022). Therefore, these findings may indicate that windier conditions
compensated for the increase in humidity maintaining continental
plants under hydric stress.

4.1.6. Current warming

From 250 cal a BP to the present day, our data clearly show warming,
with air temperatures increasing from around 3.5 to 6 °C (Figs. 3A and
4C, Fig. SM 17). During the instrumental period, i.e. since 1950 CE, we
computed the MAF from Port-aux-Francais weather station data. Despite
the lack of resolution of our reconstructed temperatures, both series
(instrumental measurements and reconstituted temperatures at Site I)
show similar trends, with an offset of ca. 1 °C (Fig. SM 17). Despite a
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reported short-term advance of the Chamonix Glacier between 160 and
190 cal a BP (Chassiot et al., 2024), the last 300 years were marked by a
net retreat of glaciers both in Kerguelen and throughout the whole
Southern Hemisphere (Charton et al., 2021, 2022; Favier et al., 2016b;
Jomelli et al., 2021; Verfaillie et al., 2015, 2021) (Figs. 3F and 4).

Since 250 cal a BP, ggr.qq data indicate windier and/or drier condi-
tions, which is in agreement with the drying trend observed at the Port-
aux-Francais weather station, and with Favier et al.’s (2016a,b) con-
clusions based on glacier modelling. However, potential micro-organism
community changes (see Section 4.2.2.) warrant caution with the
interpretation of €4, without other independent data.

4.2. Comparison over the Southern Hemisphere

At Cape Horn (55.97°S), Perren et al. (2025) reconstructed the Ho-
locene lake water temperature (LWT), using isoprenoid GDGT (Fig. 5A).
Comparable temperature variations are observed in the Cape Horn and
Lake Armor records; however, the amplitude of these variations is
smaller in the Lake Armor record. This remarkable consistency suggests
that the biomarkers reflect robustly large-scale changes, rather than
local variability.

Early Holocene warm conditions were reported across the entire
Southern Hemisphere. Around subantarctic islands Crozet and Heard,
the SST values were high between 11,000 and 10,000 cal a BP (MD73-
025, MD84-527, Labracherie et al. (1989)). South of the Conrad Rise
(54.26°S, 39.76°E), the absence of winter sea ice and particularly warm
diatom-derived SSTs are documented between 8600 and 11,600 cal a BP
(Orme et al., 2020) (Fig. 5D). During the Early Holocene, a climatic
optimum has been documented in the Indian basin (Civel-Mazens et al.,
2021a; Frenot et al., 1997; Labracherie et al., 1989; Young and Scho-
field, 1973; Zwier et al., 2024), South America (Perren et al., 2025;
Saunders et al., 2018; Zwier et al., 2022), and Antarctic ice cores from
Vostok, EPICA Dome C (EDC), and Maud Land (EDML) (Ciais et al.,
1994; Stenni et al., 2010) (Fig. 5). By contrast, Campbell Island did not
record maximum pollen-derived temperatures during the Early Holo-
cene, instead showing a marked cooling between 11,000 and 9200 cal a
BP (McGlone et al., 2010, 2019) (Fig. 5H).

An abrupt cooling event (9000-8000 cal a BP) is recorded across
multiple sectors. It began nearly simultaneously at ~9200 cal a BP in the
Indian sector of the Southern Ocean (Labracherie et al., 1989) and
~9000 cal a BP in the Atlantic (Bianchi and Gersonde, 2004; Nielsen
et al.,, 2004) (Fig. 5C) and in the western Pacific (Pahnke and Sachs,
2006) sectors (Fig. 5G).

For the Mid- and Late Holocene, more discrepancies are observed.
Like in Lake Armor records, a climate optimum was documented in the
Antarctic Peninsula between 4500 and 3000 cal a BP (Ingolfsson et al.,
2003). In contrast to Armor records, Ooms et al. (2011) and Van der
Putten et al. (2008) inferred persistent cooling, in the Indian Ocean,
from 6000 to 3000 cal a BP and from 5500 to 4600 cal a BP, respectively.
As in Armor, at Cape Horn and Annenkov Island (GDGT-derived tem-
perature in a peat core, near South Georgia, 54°S), Perren et al. (2025)
and Foster et al. (2016) reported warm conditions until ~2500 cal a BP,
followed by gradual cooling (Fig. S5A and B). However, unlike Perren
et al. (2025) and the Armor record, Foster et al. (2016) identified a
1200-600 cal a BP warm peak, interpreted as a regional expression of
the Medieval Climatic Anomaly (Fig. 5B). Nevertheless, the Late Holo-
cene cold period (2000-250 cal a BP) was characterised by a major,
widespread period of glacier advance (Charton et al., 2021, 2022; van
der Bilt et al., 2017; Xia et al., 2020) (Figs. 3F and 4). These periods
encompass the regional Little Ice Age (regional LIA, 380-220 cal a BP)
previously observed in South Georgia (54 °S) (van der Bilt et al., 2017).
However, in Antarctica, the occurrence and timing of a LIA are still
debated (Simms et al., 2012). Moreover, the Late Holocene cold period
corresponds to a decrease in Antarctic atmospheric temperature of
around 2500 cal a BP (Mulvaney et al., 2012; Sterken et al., 2012; Totten
etal., 2015) and to the onset of the most recent Neoglacial period, which
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et al., 2018).

began at around 2500 cal a BP (Totten et al., 2015), although its timing
remains debated (Simms et al., 2012).

4.3. Air vs. oceanic temperatures

Based on the observed correlation between air and sea surface tem-
peratures over recent decades (Favier et al., 2016b), Charton et al.
(2022) inferred that palaeo-SST are a reliable proxy for past air tem-
peratures. Moreover, Xia et al. (2020) interpreted a shift in air tem-
perature from Foster et al. (2016) as the result of a Antarctic Polar Front
(APF) migration near the island, implicitly suggesting that SST and air
temperature were correlated. In line with this reasoning, Perren et al.
(2025) hypothesised that air temperature variations during the Mid- and
Late Holocene at Cape Horn Island reflect the surrounding SST

variations.

The lack of local air temperature records led several authors to
compare their findings with remote records, such as those from West
Antarctica (Charton et al., 2021; Jomelli et al., 2017) or Patagonia.
However, because there is no evidence that temperature patterns around
the Southern Hemisphere are uniform (Charton et al., 2021, 2022),
closest SST records are often considered as reliable indicators of local air
temperature, and vice versa. Our dataset provides a unique opportunity
to compare independent air and sea surface temperature records in a
restricted area where similar climatic and oceanographic conditions
prevail. To this end, we computed the spread between two variables:
diatom-derived SSTs and GDGT-derived MAFs. To account for the
different sampling steps of our records and make our SST-MAF spread
signal more robust, we defined different time bins. The timespan of
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E. End of warming period: 8000-3000 cal a BP
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selected bins is larger than the mean age uncertainty of the samples that
compose it. Accordingly, it is greater for the Early than the
Mid-Holocene (Table 4). They have been adjusted to be sufficiently long
to allow meaningful analysis without overinterpreting the data, yet
short enough to preserve good temporal resolution over the past 12,000
years. In each bin, the averages of MAF and SST were calculated and the
difference between them was computed (Fig. 6C). For bins whereas one
of the temperature means was missing, no SST-MAF spread data were
calculated (Fig. 6D).

Although the land and marine temperatures at Kerguelen displayed
broadly similar trends, their relationships varied significantly
throughout the Holocene (Fig. 6A and B). The SST-MAF spread was the
highest during the Late Glacial-Early Holocene period (4 °C, Fig. 6D),
when insolation at 50°S presented a minimum (Fig. 6E). Therefore, we
infer that low insolation counterbalanced high surrounding sea tem-
perature to keep air temperature within the range that is currently
observed, whereas SST were 5 °C above their current values. During the
9000 cal a BP cooling, the spread values remained large from 9500 to
7950 cal a BP due to large variations in SST, before reaching a minimum
between 6150 and 6600 cal a BP (Fig. 6D). Over the last 8000 years, the
SST-MAF spread has varied between —1 and +1 °C, suggesting a
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stronger relationship between marine and air temperatures than during
the Early Holocene (Fig. 6D). A trend toward more frequent negative
spreads (i.e. air temperature > SST) has also been observed since 6300
cal a BP (Fig. 6D). However, the variations in the MAF we identified are
not clearly mirrored in the SSTs over the last 8000 years (Fig. 6A and B).
Consequently, it appears that SSTs are not a good predictor of air tem-
peratures on the Kerguelen Islands over the whole Holocene, in contrast
to the Cape Horn region (Perren et al., 2025). On the basis of 50 years of
historical and modern measurements at Port-aux-Francais and over
Kerguelen, respectively, Pohl et al. (2021) consistently concluded that
current terrestrial climates are largely shaped by atmospheric systems,
such as the Southern Annular Mode (SAM), rather than oceanic or
coupled climate modes. Therefore, the strong correlation observed at
Port-aux-Francais between SST and MAF values (Favier et al., 2016a;
Pohl et al., 2021) is not representative of the entire island (Pohl et al.,
2021).

4.4. Southern Annular Mode patterns in the Indian ocean during the
Holocene

The SHW belt separates two atmospheric masses: a warmer air mass
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to the north from a colder one to the south. At Kerguelen, this boundary
is sharply delineated (Pohl et al., 2021), so any latitudinal shift in the
SHW belt directly affects local air temperature. A southward shift warms
the atmosphere, while a northward shift cools it, as shown by historical
data (Gillett et al., 2006), reanalyses (Fogt and Marshall, 2020b; Hers-
bach et al., 2019) and models (Sijp and England, 2008). The SAM index,
calculated as the anomaly in the atmospheric pressure difference be-
tween 40 and 65°S (Thompson and Wallace, 2000) reflects those lat-
itudinal migrations. A positive (negative) SAM index reflects a poleward
(equatorward) shift in the SHW belt, accompanied by stronger (weaker)
wind (Marshall, 2003; Gillett et al., 2006; Jones et al., 2009).

Palaeoclimate studies have proposed SAM reconstructions on mul-
tidecadal to multicentenial scales (Fletcher and Moreno, 2012; Lamy
et al., 2010; Li et al., 2020; Moreno et al., 2010, 2014, 2018, 2021;
Saunders et al., 2018; Spoth et al., 2023; Villa-Martinez and Moreno,
2007; Zwier et al., 2024). However, as the pressure gradient cannot be
reconstructed directly, Moreno et al. (2018) suggested referring to a
‘SAM-like’ processes.

Here, we assume that positive air temperature anomalies at Ker-
guelen reflect predominantly positive SAM-like conditions, and vice
versa (Fig. 7). Fig. 8 summarises Kerguelen palaeoclimate observations
and their implications for atmospheric and oceanic dynamics in the Mid-
to High-latitude Southern Indian Ocean.

4.4.1. Positive SAM-like periods

In the Lateglacial/Early Holocene (12,200 to 10,000 cal a BP), we
infer a major positive SAM-like period (Figs. 7C and 8B), as both the
wind belt and the Antarctic Circumpolar Current (ACC) fronts migrated
southwards. High SST suggest that even the Subantarctic Front (SAF)
could have shifted south of Kerguelen (Ai et al., 2024) (Fig. 7D); despite
contradictory information derived from radiolarian assemblages
(Civel-Mazens et al., 2021a). The Agulhas Return Current also shifted
southward despite a weaker flow (Civel-Mazens et al., 2021a). African
pollen presence in Lake 5 record (northern Kerguelen, Fig. 1A), was
interpreted as a sustained positive SAM-like phase during the Early
Holocene (Fig. 3E) (Zwier et al., 2024). It was also documented in
southern Patagonia (McCulloch et al., 2023; Moreno et al., 2014, 2018,
2021; Villa-Martinez and Moreno, 2007), Cape Horn (Perren et al.,
2025), Falkland Islands (Spoth et al., 2023), the Atlantic sector of the
Southern Ocean (Bianchi and Gersonde, 2004), the Australian region
(McGlone et al., 2019; Moreno et al., 2018, 2021; Perren et al., 2025;
Saunders et al., 2018), and the African sector (reviewed in Fletcher and
Moreno, 2012) (Fig. 7A, B, F).

At mid-latitudes (50-54°S), the Early Holocene thermal optimum
reduced the thermal gradient, weakening winds at the northern margin
of the SHW belt, as observed on Macquarie Island (54°S) (Saunders
et al., 2018) (Fig. 7F) and on the leeward side of the Andes, where drier
conditions were enhanced, indicated by higher non-arboreal pollen
percentages (NAP) at Lake Cipreses in Patagonia (51°S) (Moreno et al.,
2014) (Fig. 7A). Concurrently, the contraction of the SHW belt
strengthened winds at higher latitudes, e.g. at Cape Horn (56°S), as
indicated by abundant salinity-tolerant diatom taxa (Perren et al., 2025,
Fig. 7B).

From 8000 to 3000 cal a BP (Fig. 8D and E), both our Kerguelen and
Perren et al.’s Cape Horn temperature records (Fig. 7C and D) suggest a
progressive poleward migration of the SHW. This is consistent with a
reduction in the winter rainfall zones on the west coast of South Africa
(Kirsten et al., 2020). On Amsterdam Island (37°S, 1400 km northeast of
Kerguelen), Li et al. (2020) recorded a weakened and/or a northward
SHW migration at 3900 cal a BP (Fig. 7E). Together with the Armor
records, we conclude that the SHW migrated southward, leaving
Amsterdam Island outside the belt and reducing wind intensity.

By contrast, two other periods (3000-2000 cal a BP, Figs. 8F, and
250 cal a BP-present, Fig. 8H) show a weaker positive SAM-like pattern:
no major SST change was observed, suggesting that the SAF did not
migrate as far south as during the Early Holocene (Figs. 7D and 8F-H).
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The most recent poleward SHW migration (250 cal a BP—present, Fig. 7C
and 8H) was also recorded at Marion Island (46°S) (Perren et al., 2020).

In summary, as during the Mid and Late Holocene SST variations
were less pronounced, whereas air temperature varied more, SHW lat-
itudinal shifts were less marked. This suggests a predominance of at-
mospheric over oceanic processes in driving climate variability in the
Kerguelen region during this period.

4.4.2. Negative SAM-like periods

We attribute the abrupt cooling between 9000 and 8000 cal a BP
(Fig. 7D) to a northward migration of the APF towards the location of
core MD11-3353, while the SAF shifted further north (Fig. 8C). At the
same time, an air-mass reorganisation drastically reduced long-distance
pollen transport to Kerguelen (Zwier et al., 2024) and cooled the at-
mosphere, favouring glaciers advance. This pattern coincides with
increased sea-spray and stronger winds at Macquarie Island (Saunders
etal., 2018, Fig. 7F) and reduced moisture in South Africa (Kirsten et al.,
2020). In the South American sector, a similar northwards expansion of
the SHW belt (i.e. negative SAM-like pattern) is suggested by windier
conditions at mid-latitudes (50-54°S) (Fletcher and Moreno, 2012;
McCulloch et al., 2023; Moreno et al., 2014; Spoth et al., 2023); Fig. 7A)
and weaker winds at higher latitudes, such as Cape Horn (56°S) (Perren
et al., 2025, Fig. 7B). However, this migration has occurred there later
than in the Indian Ocean sector (7500 cal a BP vs. 9000 cal a BP).

Between 2000 and 250 cal a BP (Fig. 8G), our data exhibit a period of
colder air temperature (Fig. 7C), ie., a negative SAM-like phase,
consistent with local Kerguelen glacier dynamics (Charton et al., 2022).
These interpretations are supported by records from the Indian Ocean
which suggest a negative SAM-like period (Charton et al., 2022; Li et al.,
2020; Perren et al., 2020; Van Der Putten et al., 2008; Zwier et al.,
2024), South America (Fletcher and Moreno, 2012; McCulloch et al.,
2023; Moreno et al., 2021; Spoth et al., 2023; van der Bilt et al., 2017,
2022; Xia et al., 2020), and South Africa (Kirsten et al., 2020).

However, the Mid and Late Holocene shows greater disparities
around the world in terms of SHW migration than the Early Holocene
(Fletcher and Moreno, 2012). In the Southern Hemisphere, the air
temperature may also be influenced by other factors, like volcanic ac-
tivity and other climatic modes (as El Nino Southern Oscillation). This
may also reflect local changes and interactions between climatic modes.
For example, more frequent El Nino events after ~6200 BP (Fletcher and
Moreno, 2012; Moy et al., 2002) may have introduced a meridional
component into this otherwise zonal pattern, possibly linked in the In-
dian Ocean to the Indian Ocean Dipole (IOD). To support this hypoth-
esis, further studies should investigate potential teleconnections
between the subantarctic and more tropical parts of the Southern Indian
Ocean.

5. Conclusion

The lack of continental archives in the Southern Indian Ocean limits
our knowledge about SHW dynamics over the Holocene. Based on our
first continuous and quantitative reconstruction of air and sea surface
temperatures for the Kerguelen region, we provide new insights and
additional reference curves for palaeoclimate studies. By comparing
those independent records, we reveal that the currently observed cor-
relation between SST and air temperatures did not apply over longer
timescales. One of the main discoveries of this study is converging evi-
dence for a warm and potentially wet period between 4500 and 1500 cal
a BP which, to our knowledge, had not been reported previously.
Moreover, recent warming has rarely been observed, particularly in
GDGT-inferred temperatures.

In inland areas in the Kerguelen region, the atmospheric system is
decoupled from the oceanic system and is influenced primarily by
fluctuations in the SHW belt location. Consequently, the air tempera-
tures in the Kerguelen area vary independently of the SST. Caution is,
therefore, required when using the SST as a proxy for air temperature,
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notably in inland regions.

We report a major northward shift of the SHW belt at 9000 cal a BP as
a consequence of a major global reorganisation of oceanic and atmo-
spheric circulations, at least at the highest latitudes of the Southern
Hemisphere.

Overall, the Mid- and Late-Holocene contraction/expansion patterns
of the SHW belt explain the small changes in SST and the larger changes
in air temperature without major air temperature changes without
major reorganisations of oceanic fronts.
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