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a b s t r a c t

The awareness of the significance of the Southern Ocean in the Earth's climate system has become
increasingly obvious. The deglacial atmospheric CO2 rise during warming periods in Antarctica has been
attributed to CO2 ventilation from the deep ocean caused by enhanced upwelling around the Antarctic
Divergence. It has been hypothesized that, more intense Southern Hemisphere westerly winds aligned
with the Antarctic Circumpolar Current due to a southward shift of the wind belt from its Last Glacial
Maximum equator-ward position, are the main drivers. Reconstructions of past changes in atmospheric
circulation in the Southern Hemisphere are still scarce and the overall picture is patchy with sometimes
contradictory results. For obvious reasons, most terrestrial records originate from southern South
America and New Zealand. Here we present a terrestrial record from the Indian sector of the Southern
Ocean, from Kerguelen Islands located at 49�S. A peat record is investigated using a multi-proxy
approach (pollen and plant macrofossils, magnetic susceptibility, XRF analyses, biogenic silica content,
Rock-Eval6 analysis and humification degree). Peat accumulation starts at about 16,000 cal yr BP with
relatively warm and dry conditions. The most prominent change in our proxy data occurs at 13,600 cal yr
BP, when peat ponds were established on the peat surface, resulting in lacustrine-type deposits, as a
result of very high humidity, and with proxies implying very windy conditions. Within chronological
uncertainties, this onset coincides with the onset of the so-called Oceanic Cold Reversal, based on the
deuterium excess data in the EPICA Dome C ice core record. Kerguelen Islands are located in the moisture
source area of Dome C and a change in atmospheric circulation at that time could explain both records.
Around 12,900 cal yr BP, at the end of the Antarctic Cold Reversal, pond/lake sediments give way to more
peaty deposits, with proxies suggesting slightly drier, less windy and probably warmer conditions.
Kerguelen Islands became less influenced by the Southern Hemisphere westerly winds and these con-
ditions were amplified during the early Holocene climate optimum as found in Antarctic ice core records.

© 2015 Elsevier Ltd. All rights reserved.
e (N. Van der Putten).
ulouse 2 Jean Jaures, Maison
louse Cedex 1, France.
1. Introduction

It is known fromGreenland ice core records that, during the Last
Termination (c. 22,000e11,500 cal yr BP after Lowe et al., 2008), the
North Atlantic region was characterized by a sudden return to cold
conditions, a period/event called the Younger Dryas (YD)/GS 1
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(12,900e11,700 cal yr BP), after an initial abrupt warming during
the BøllingeAllerød/GI-1 period/events (14,700e12,900 cal yr BP)
(Lowe et al., 2008). In comparison, temperature changes in
Antarctica are more gradual. Cold events in Greenland correlate
with periods of warming in Antarctica and vice versa, related to the
‘bipolar seesaw’ mechanism (Broecker, 1998; Stenni et al., 2011). In
Antarctica, deglacial warming starts at about 18,350 cal yr BP,
culminating in the Antarctic Isotopic Maximum 1 (AIM 1, Stenni
et al., 2011; Veres et al., 2013), and was interrupted by a return to
colder conditions, or a pause in the warming, during the Antarctic
Cold Reversal (ACR, 14,650e12,900 cal yr BP) after which a second
warming occurred and continued into the Holocene. Based on
deuterium-excess data from the EPICA Dome C ice record (EDC),
Stenni et al. (2001) report an Oceanic Cold Reversal (OCR) in the
moisture-source area for precipitation of EDC, which is the South
Indian Ocean, with an onset about 1000 years later then the ACR.
Whether the OCR is related to a change in sea surface temperature
in the source area or a shift in the moisture source itself, due to a
change in atmospheric circulation at basin scale is not yet clear
(Stenni et al., 2011).

Outside the Antarctic continent, in the mid latitudes of the
Southern Hemisphere (SH), palaeoclimatic records in general and
terrestrial ones in particular, are still sparse in comparisonwith the
same latitudes in the Northern Hemisphere. However, during the
last decades, there has been a reinforced effort to reconstruct past
environmental and climatic changes in the SHmid latitudes. One of
the questions that has received considerable attention is whether
SH mid latitudes show an Antarctic or a Northern Hemisphere
palaeoclimatic signature: for example, was the YD a global or
Northern Hemisphere (NH) climate event (e.g. Bennett et al., 2000;
Andres et al., 2003; Williams et al., 2005; Barrows et al., 2007).
Some SH records reveal cooling events which are synchronous with
the NH YD cooling such as in the Taylor Dome ice core record (Steig
et al., 1998) and a marine record south (34�S) of Australia (Andres
et al., 2003) challenging the bipolar seesaw hypothesis. In the
case of the Taylor Dome ice core, the integrity of the time scale has
been questioned (Stenni et al., 2011) and in a marine setting, one
has to take into account the marine reservoir age, especially during
the Last Termination when changes in ocean circulation resulted in
possibly fluctuating reservoir ages (Siani et al., 2013). Lately, a
growing consensus is that the southern mid-latitudes show an
Antarctic palaeoclimatic signature (e.g. Denton et al., 2010),
although its northern limit is uncertain. A second research topic
that has received extensive attention is the role of the Southern
Ocean (SO) and related to this, shifts of the Southern Hemisphere
westerly belt (SHW), in releasing CO2 from the deep ocean during
warming phases in Antarctica (Toggweiler et al., 2006; Anderson
et al., 2009; Denton et al., 2010; Lamy et al., 2010; Siani et al.,
2013). A conceptual model has been presented by Toggweiler
et al. (2006) suggesting a pole-ward shift of the SHW from its
equator-ward Last Glacial Maximum (LGM) position, aligning the
SHW with the Antarctic Circumpolar Current (ACR), favouring
ventilation of CO2 to the atmosphere around Antarctica at the
Antarctic divergence. Anderson et al. (2009), hypothesize that
during cold periods in the North Atlantic, the Inter-tropical
Convergence Zone (ITCZ) has a more southward location, pushing
the SHW southward resulting in increased CO2 ventilation and
warming in Antarctica. Denton et al. (2010) invoke a reduced
Atlantic Meridional Overturning Circulation (AMOC) followed by
expanded sea ice in the North Atlantic, and in consequence a higher
seasonality, as the way to spread cold events throughout the North
Atlantic and the tropics, with a southward shift of the ITCZ
(weakening of the Asian Monsoon) and the SHW as a result.

In relation to the LGM equator-ward location of the SHW, a
recent proxy data comparison, highlighted that an equator-ward
shift or strengthening of the SHW could explain much of the
proxy records, but that other processes could also be involved
(Kohfeld et al., 2013). In a follow-up study, a modelling approach
was used together with a model-data comparison (Sime et al.,
2013). None of the models that reproduce realistic LGM moisture/
precipitation data e the most common used proxy for recon-
structing changes in SHW e show a large equator-ward shift in the
SHW.

We therefore think that more proxy data based evidence is
needed to test the different hypotheses on mechanisms and inter-
nal feedbacks of the climate system in relation to latitudinal shifts
and/or strengthening of the SHW, changing ocean circulation, CO2
out-gassing and changing temperature in Antarctica and the SH
mid latitudes.

The SH mid latitudes constitute the SO, with southern South
America, and to a lesser extent New Zealand, as themain land areas.
In consequence the vast majority of the terrestrial proxy records
originate from these areas. However, dispersed in the SO, islands
and island groups occur, which can be targeted as a potential source
for terrestrial palaeoclimatic archives. Here we present the results
of a multi-proxy study of a 16 000 year old peat sequence from
Kerguelen Islands, a sub-Antarctic archipelago located at 49�S in
the Indian Ocean, situated in the moisture-source area of the EDC
ice core record. In this paper we will concentrate on the Last
Termination focussing on the following questions: (i) how did
climate evolve during the Last Termination in the Indian sector of
the SO, (ii) did any cold reversal occur at Kerguelen Islands and if so,
what is its timing, (iii) how does the climate history relate to the
climate reconstructions from the EDC ice core, and (iv) can we
relate our results to changes (latitudinal shifts and/or strength-
ening/weakening) of the SHW?

2. Study area

The Kerguelen archipelago (49�Se69�E, Fig.1A and B) is a French
island group in the South Indian Ocean. The main island, with an
area of c. 7200 km2, is by far the largest of the sub-Antarctic islands
(sensu Lewis-Smith, 1984) and is surrounded by numerous smaller
islands. The archipelago is an emerged part of the vast Kerguelen-
Gaussberg oceanic plateau and is of volcanic origin, dominated by
basaltic lava flows. The western part of the main island is moun-
tainous (with a mean elevation around 800 m), while the eastern
part (P�eninsule Courbet) is flat and characterized by glacial and
glaciofluvial deposits and landforms (Hall, 1984). The highest point
is the Mont Ross volcano with an altitude of 1850 m asl. The min-
imum age of the first volcanic formations on Kerguelen Islands is
about 40 Myr (Giret et al., 2003) and the volcanic activity still
persists today in the Rallier du Baty Peninsula. A small ice cap with
outlet glaciers occurs in the western part of the archipelago (Cook
ice cap, Fig. 1B) covering c. 12% of the island (Giret et al., 2003; Van
der Putten et al., 2010). However, based on the presence of U-
shaped valleys, moraines and fjords, it is clear that ice-cover was
much larger in the past, but the exact extent and timing of previous
glaciations is poorly constrained. Some studies suggest that these
glacial landforms are not of LGM age and that the ice extent at that
time was rather restricted (e.g. Nougier, 1970). In contrast, Hall
(1984) suggested a more extensive ice-cover during the LGM with
an equilibrium line altitude of c. 200 m. The timing of the last
deglaciation is also not well known and is mainly based on a few
basal radiocarbon dates of peat deposits (Hodgson et al., 2014; Van
der Putten et al., 2010).

Nowadays, the Kerguelen archipelago is situated in the core of
the SHW, within the Antarctic Circumpolar Current (ACC), at the
Polar Front (PF) (Fig. 1A). This makes it a valuable site for recon-
structing past changes in atmospheric and oceanic circulation



Fig. 1. (A) Map of the Southern Hemisphere high and mid-latitudes with the location of Kerguelen Islands (white bold italic), the oceanic fronts and the mean annual zonal winds
(m/s) at 850 mb averaged for the period 1979e2009 based on Re-analysis data (NCEP CFSR). Sites discussed in the text: marine records (blue taken from Anderson et al., 2009; green
taken from Barker et al., 2009; red taken from Montade et al., 2013; Siani et al., 2013); terrestrial records taken from Putnam et al., 2010 and Bj€orck et al., 2012. (B) Kerguelen Islands
with location of the Estacade site and other locations mentioned in the text. Map adapted based on a map by R�emi Kaupp via Wikimedia Commons. (http://commons.wikimedia.
org/wiki/File:Kerguelen_topographic_blank_map.png). (C) Inset showing details on site topography of the Estacade record and geomorphic processes currently active. Picture (1)
was taken at the foot of the peat bank, looking to the south, showing the hut with behind the “cliff”. Picture (2) shows the coring site, looking in northern direction. The present day
vegetation on the site is dominated by Acaena magellanica. The inset is taken from the topographic map from IGN via the geoportail web site (http://www.geoportail.gouv.fr/
accueil). (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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changes. Kerguelen Islands showa great diversity in landscapes and
in potential terrestrial archives, such as lake sediments and peat
deposits. Furthermore, the archipelago has not been directly
affected by human presence until very recently (18th century)
making it an excellent area to study past natural climate variability.

The climate of Kerguelen Islands is cool-oceanic with small
seasonal differences and a mean annual temperature of þ4.6 �C
(Frenot et al., 2001). The mean temperature at sea level of the
coldest month is 2 �C and permafrost is not present in peat deposits
today. The mean annual precipitation is 800 mm (Frenot et al.,
2001) and this seems to be rather low for a sub-Antarctic island,
especially one that is situated in the core of the SHW. However, the
meteorological station is located in the eastern part of the island
(Port-aux-Français, Fig 1B), on the lee side of the mountains, which
results in an orographic effect. Annual precipitation in the western
part of the archipelago can attain 3200mm (Frenot et al., 2001). The
mean wind velocity is about 10 m/s.

3. Material and methods

3.1. Fieldwork

In November 2006eJanuary 2007, fieldwork was conducted in
the eastern part of the Kerguelen archipelago. Several sites were

http://commons.wikimedia.org/wiki/File:Kerguelen_topographic_blank_map.png
http://commons.wikimedia.org/wiki/File:Kerguelen_topographic_blank_map.png
http://www.geoportail.gouv.fr/accueil
http://www.geoportail.gouv.fr/accueil
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prospected with hand coring equipment, using a 4 cm diameter
gouge auger, an excellent tool for coring peat deposits, in order to
survey the thickness of the deposits and detect continuous
organic sequences suitable for palaeoenvironmental research. The
Estacade sequence was sampled by drilling in two 11.5 cm
diameter CALYPSO PVC tubes. A first tube with a length of 277 cm
was hammered down to a depth of 262 cm. With hand coring
equipment deposits around the tube were retrieved in order to
liberate it from the surrounding peat so that the tube could be
lifted. A second tube of 498 cm length was put in the same hole
and hammered to a depth of 470 cm, until it became impossible to
get it further down. The same procedure was used to liberate and
retrieve the second tube. In order tomake sure that the base of the
deposits was attained, the gouge auger was used and pushed
down until it was stopped by a stony impenetrable deposit or
bedrock. A sample of about 52 cm long was retrieved in the gouge
auger and stored in a half 7.5 cm diameter PVC tube for transport.
Slight compaction of the deposits of 5 cm was measured for the
first tube, no compaction occurred in the second tube.
3.2. Stratigraphy, rockmagnetic and geochemical analyses

In the laboratory, the PVC tubes were spilt into two halves and
the cores were described and photographed in increments of c.
20 cm length, in order to construct the picture log. It became clear
that the 52 cm long sequence sampled with the gouge auger
showed a nearly complete overlap with the lower parts of the
sequence sampled with the CALYPSO tube except for 3 additional
cm. A basal sample of the gouge auger sequence was submitted
for 14C dating. Before subsampling the sequence in the CALYPSO
tubes, magnetic susceptibility was measured with 5 mm resolu-
tion using a Bartington Instruments Ltd MS2E1 sensor and a
TAMISCAN-TS1 automatic conveyer at Lund University, Sweden
(Sandgren and Snowball, 2001).

The cores were consequently scanned with an ITRAX XRF Core
Scanner from Cox Analytical Systems at the Department of
Geological Sciences, Stockholm University, Sweden, using a Mo
tube set at 30 kV and 25 mAwith a dwell time of 100 s and a step
size of 5 mm. The elemental data were normalized to the
ig. 3. Biplot of the principal component analysis of the major elements (XRF). Per-
entage of variance of component 1 and 2 are shown on the axis together with the
terpretation of the components.
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incoherent and coherent (inc þ coh) scattering to account
for changes in the water content, density and grain size of
the deposits during analysis (Kylander et al., 2012). Prin-
cipal component analysis (PCA) was applied to the XRF
data. Data were standardized prior to analysis using the
equation z ¼ (x � m)/s in which m is the mean and s the
standard deviation of the series (e.g. Boyle, 2001). PCA was
performed using the PAST program (Hammer et al., 2001).

3.3. Radiocarbon dating

Twenty samples for radiocarbon dating were submitted.
Nineteen were sampled in the PVC tubes and one was
sampled in the gouge auger sequence. Terrestrial plant re-
mains such as Azorella selago leaves/seeds andmosses were
picked whenever possible. However, in case of too little
monospecific plant remains, a mix, and often containing
monocot epidermis, had to be picked. One bulk sample was
submitted. Samples were pre-treated by routine acid alkali
acid (AAA)method. The 14Cmeasurements were performed
at the Single Stage AMS at Lund University (Sweden, LuS-
samples) and at LMC14 (CEA Saclay, France, SacA-
samples). An ageedepth model was constructed in the
calibration program OxCal 4.2 (Bronk Ramsey, 2009)
applying the P-Sequence depositional model (Bronk
Ramsey, 2008) and the ShCal 13 14C calibration curve
(Hogg et al., 2013). A variable k-value was used as variations
in accumulation rates were unknown (Bronk Ramsey and
Lee, 2013). One date (LuS 10260) was excluded from the
ageedepth modelling as it was about 800 14C years too
young.

3.4. Characterization of the organic matter: Rock-Eval6,
peat humification and biogenic silica

A total of 41 levels (slices of 1 cm thick) for Rock-Eval6
analysis were sampled every 2e3 cm. Samples were dried
overnight in an oven at 40 �C and then pulverized. The
samples had a dry weight between 0.7 and 1.4 g. The py-
rolysis program starts with an isothermal stage of 2 min at
200 �C. Then, the pyrolysis oven temperature was raised at
30 �C/min to 650 �C, and held for 3 min at this temperature.
The oxidation phase, performed in a second oven under an
air stream, starts at an isothermal stage at 400 �C, followed
by an increase to 850 �C at 30 �C/min and kept at final
temperature for 5 min (Jacob et al., 2004). Rock-Eval pa-
rameters are described by Espitali�e et al. (1977) and specific
parameters provided by the new RE6 by Lafargue et al.
(1998).

The same number of samples, taken at the same sample
depths as for Rock-Eval6 analysis, was used to determine
the humification degree of the deposits using the colori-
metric method as described in Chambers et al. (2010/11).
Samples of 0.2 g of dried and grinded deposits were heated
to c. 95 �C in an 8% NaOH solution for 1 h. Subsequently, the
solution was well shaken and filtered using Whatman no. 1
filter papers. Three subsamples (after dilutionwith an equal
volume of deionized water) of the solution of each sample
were pipetted into cuvettes and measured with a spectro-
photometer at 540 nm. Absorbance and % light trans-
mission (%T) were recorded and an average of the three
readings has been used in the calculation of % Absorbance
(%A ¼ 100 � %T). The %T and inconsequence %A of NaOH
peat extracts can be used as a measure of peat decompo-
sition (e.g. Caseldine et al., 2000). This method is mostly
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used in raised, ombrotrophic peat bog deposits, inwhich onewould
expect that the deposits are build up by more or less pure organic
matter. In the case of the Estacade sequence, OM is influenced by
e.g. minerogenic matter input, “diluting” the OM signal. Therefore,
we corrected the %A for the OM by calculating the %A/%TOC ratio
(Roos-Barraclough et al., 2004).

Biogenic silica (BSi) analysis was performed on the same 41
levels as before, except for an additional sample at 393 cm and the
440 and 443 cm depths were replaced by samples at a depth of 439
and 443.5 cm, respectively. A wet-alkaline digestion technique
described by Conley and Schelske (2001) was used. The samples
were freeze-dried and grinded prior to analysis. Approximately
30 mg of sample was digested in 40 ml of a weak base (0.1 M
Na2CO3) at 85 �C for a total duration of 5 h. Subsamples of 1mlwere
removed after 3, 4 and 5 h and neutralized with 9 ml of 0.021 M
HCl. Dissolved Si was then measured by the automated Molybdate
Bleu Method (Grasshoff et al., 1983). During measurement it
became clear that the amount of dissolved Si was high in most
samples. High dissolved Si concentration indicated a negligible
contribution of mineral fractions and therefore the mean of the
three subsamples (3, 4 and 5 h) were retained as the amount of BSi
(Conley and Schelske, 2001 but see also Clymans et al., 2015).

3.5. Palaeobotanical methods: pollen and plant macrofossils

Sampling for pollen analysis was done at every 2 cm, resulting in
44 samples (of c. 1 cm3) in total. The samples were processed using
standard pollen extraction techniques (Faegri et al., 1989) based on
gravity separation. For determination of the pollen types the
studies of Barrow (1976) and Bellair (1967) were used together with
a reference collection. The number of pollen grains found in the
slides varies considerably from aminimum of 156 to a maximum of
1039, with a mean value of 441 grains. The pollen sum is defined as
the sum of all native phanerogam taxa (see Van der Putten et al.,
2010, online Supporting information, for a list of the native phan-
erogam species). The percentage diagram is constructed with Tilia
Version 1.7.16 (Grimm, 2004).

Twenty-two samples (slices with a thickness of 1 cm and a
volume between 4 and 14 cm3) were counted for their plant
macrofossil content. Samples were taken at a range of levels. The
samples were soaked overnight in a 5% NaOH solution and conse-
quently washed gently through a 150 mmmesh sieve. After sieving,
plant macrofossils were stored in a known volume of water (e.g.
200 ml). In this way, if in a given sample one or more taxa were
dominant, a subsample of a known volume could be taken (after
Fig. 5. Examples of peat ponds, i.e. shallow water bodies present on the peat surface in Kerg
Putten, December 2006), formed on relatively thin peat deposits, surrounded by Acaena mag
pond (c. 40e50 cm water depth) in the broad valley of Plaine de Dante. The surrounding veg
Peat thickness is about 2 m (photo N. Van der Putten, December 2013). (For interpretation of
this article.)
stirring) in order to quantify this species (Janssens, 1983; Van der
Putten et al., 2004). The sample material was systematically
examined at 15 to 40� magnification using a stereomicroscope.
Seeds, fruits, leaves and fragments of mosses were picked out and
counted. For all samples, the absolute number of each species of
seed, fruit or moss was calibrated for a standard sample volume.
The proportion of monocot remains was estimated. The diagram is
constructed with Tilia Version 1.7.16 (Grimm, 2004).

To summarize the pollen data, Principal Component Analysis
(PCA) has been applied. The percentages were log-transformed
(log(x þ 1)), giving more weight to species which occur in lower
abundances. PCAwas performed using the PAST program (Hammer
et al., 2001).

4. Results

4.1. Fieldwork

A coastal peat bank borders the eastern andnorthern coast line of
the P�eninsule Courbet (Fig. 1B), forming a relatively steep “cliff”
facing the sea. The peat bank starts to occur from Pointe Charlotte
and continues up to the north, to Cap Cotter and is only interrupted
by the Rivi�ere des Manchots and the Lac Marville (Fig. 1B). The
thickness of the peat deposits ranges from 4 to 5 m in the south to c.
10 m in the north near Cap Cotter (Aubert de la Rüe, 1962 and per-
sonal observation by the first two authors). An asymmetric LGM ice
cover was suggested by Hall (1984), centred over the west of the
archipelago, so that the P�eninsule Courbet may have been close to
the eastern margin of the ice. The Estacade peat sequence has been
sampled in the east of P�eninsule Courbet (Fig. 1B) on top of the peat
bank, just north of the hut (Cabane l’Estacade, Fig 1C). Picture 1
(Fig. 1C) was taken at the foot of the peat bank, looking to the south,
showing the hutwith behind the “cliff”. Picture 2 (Fig. 1C) shows the
coring site, looking in northern direction. The peat surface is rather
flat and, about 300e400 m inward from the coast, e.g. 200e300 m
inland from the coring site, the peat deposits fade and glacial sedi-
ments are exposed.Closed shallowpondsarepresenton these glacial
sediments sometimes underlain by thin organic deposits (Figs. 1C
and 5A). The area of Estacade is not influenced by fluvial activity.
Important fluvial systems occur to the south of the site (Rivi�ere du
Bungay) and to the north (Rivi�ere des Manchots) (Fig. 1B and C).
These are also the areas where the coastal peat bank is absent.

It seems that peat accumulation was only possible on a
restricted area of the P�eninsule Courbet, as we know it today, as
further inward no extensive peat deposits occur. However, at times
uelen Islands today. (A) Shallow peat pond on the P�eninsule Courbet (photo N. Van der
ellanica. The bright green vegetation consists of Ranunculus biternatus. (B) Deeper peat
etation consists of Bryophytes and Juncus spp. together with some Acaena magellanica.
the references to colour in this figure legend, the reader is referred to the web version of



Table 1
Lithological description of the deposits between 470 and 381 cm depth at Estacade.

Unit Depth (cm) Description

3 470e445 Dark brown very compact slightly fibrous peat becoming more
amorphous with some light brown very thin laminations from 452 cm onwards

2 445e414 Complex of light brown organic silty clay layers, with alternating
darker brown more organic (peaty?) layers

1 414e381 Brown amorphous peat with alternating light brown layers. A light brown
more silty to clayey sub layer is present at 397-395 cm. Presence of Acaena
magellanica stems from 391 cm onward
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of lower sea level, peat deposits may have extended beyond the
current coastline. When sea level subsequently rose, peat deposits
might have been eroded away. The interplay between eustatic and
Table 2
Radiocarbon dated samples from the lower part of the Estacade sequence, displaying sam
ageedepth model is shown in italic. The sample below the dashed line is the basal samp
local sea level changes, however, is poorly constrained on Kergue-
len Islands (Hodgson et al., 2014 and references there in). During
fieldwork, it was observed that in front of the peat bank big
ple depth, 14C age, calibrated age and type of material dated. The omitted date in the
le of the gauge sequence.
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rounded pebbles were present, probably representing an ancient
beach level. The altitude of this ancient beach is about 2e3 m asl,
suggesting a restricted post-glacial isostatic rebound. One could
imagine that at least part of the peat deposits was cut by sea erosion
during the time that this beach was active. Interesting is that the
peat bank kept on accumulating and still accumulates today. We
want to stress that the term “peat bank” here only refers to its
morphological aspect (a “cliff”) and should not be confused with
moss peat banks as known from the Antarctic Peninsula and South
Georgia (Van der Putten et al., 2009), a semi-ombrotrophic peat bog
dominated by two moss species (Polytrichum strictum and Chori-
sondontium aciphyllum). Such moss peat banks do not occur on
Kerguelen Islands. The vegetation on the Estacade site today is
largely dominated by Acaena magellanica (Fig. 1C, picture 2).
However, the peat bank bordering the coast line of the P�eninsule
Courbet is considered to have been fed chiefly by atmospheric
deposition right after its formation, with limited contribution of
seepage water.

4.2. Stratigraphy

In Fig. 2, a sediment log is shown with a depth scale and the
lithological units are described in Table 1. As is seen on the core log,
laminations are not always horizontal. Therefore, we used the
middle of the core to determine the depths of the boundaries re-
ported in Table 1. A yellowelight brown layer, forming a triangle
(shown by the yellow lines in the log in Figs. 2 and 4), is present
between 443 and 440 cm. It contains coarse minerogenic grains.
Thin layers of coarse sand (c. 0.5 cm thick) are found at 391.5,
431.5and 445 cm.

4.3. Radiocarbon dating

All necessary information regarding the radiocarbon dated
levels for the ageedepth model is shown in Table 2. One date
(441.5 cm) has been omitted from the age model as it was about
800 14C years too young in comparison with the dates just above
and below. The samplewas taken in the coarse grained triangle (see
yellow (in the web version) lines in the log in Figs. 2 and 4). The
basal age of the gouge auger sequence is identical, within un-
certainties, to the basal age of the sequence sampled in the
CALYPSO tube (Table 2) indicating that the onset of peat accumu-
lation is captured in the CALYPSO tube. The ageedepthmodel based
on the median values together with the 2s errors and the accu-
mulation rates (mm/yr) are shown on Fig. 2. An age-scale is added
on both Figs. 2 and 4.

4.4. Rockmagnetic, geochemical analyses and characterization of
the organic matter: Rock-Eval6, peat humification and biogenic
silica

In Fig. 2 the following selected data are shown: magnetic sus-
ceptibility (MS) plotted with the Ca/Br and Ti/Br ratios; the K/Ti
ratio, Axis 2 of the PCA analysis on the XRF data set; biogenic silica
(BSi); total organic carbon (TOC) plottedwith Br/Sr; hydrogen index
(HI), oxygen index (OI) and the HI/OI ratio (Rock-Eval6); and the %
Absorbance/% TOC ratio. We have divided the whole data set in
three divisions (1e3), each divided in two sub-divisions (a, b).

4.4.1. Minerogenic proxies
In general, MS is variable throughout the sequence except in

division 1 (470e445 cm), where MS values fluctuate between 20
and 40$10�6 SI. A sudden increase occurs at the onset of division 2
and values stay high until 437 cm after which MS values vary
between �1.5 and 40$10�6 SI. MS, Ca/Br and Ti/Br ratios are
assumed to be related to the minerogenic content of the deposits;
the trends are very similar although fluctuations in the Ca/Br and
Ti/Br curves are more pronounced in division 2a. In the scatterplot
(Fig. 3) of the PCA the first axis (PC1) explains 49% of the variance
and clearly discriminates Br from all the other elements. The sec-
ond axis (PC2, Figs. 2 and 3) explains 28% of the variance and dif-
ferentiates between two groups of elements: group 1 (positive
values) are elements such as Fe, Ti, Sr and Ca and group 2 (negative
values) are e.g. K and Rb. The three divisions are reflected in axis 2
(Fig. 2): division 1 shows the most positive values suggesting that
group 1 elements are dominating; division 2 shows values fluctu-
ating around 0 and in consequence group 1 elements are less
prominent in comparison with division 1; division 3, based on the
negative values, is characterized by group 2 elements.

4.4.2. Organic matter proxies
Several sources exist for BSi (e.g. Sommer et al., 2006). In the

Estacade sequence, BSi mainly originates from diatoms as was
observed in smear slides from the different divisions and in SEM
images (Supplementary Material). BSi values vary, but are relatively
high throughout the sequence. In division 1, BSi gradually increases
from2% at 468 cm to amaximumof 13% at 448 cm depth. Division 2
is characterized by high amounts of BSi, up to a maximum of nearly
25% (433 cm). Values decrease drastically at the onset of division 3a
and become slightly higher again in division 3b.

The Rock-Eval parameters represented in this study are the
following: (i) Total Organic Carbon (TOC, %); (ii) Hydrogen Index
(HI, in mg HC/g TOC) and (iii) Oxygen Index OIRe6 (in mg O2/g
TOC).

TOC values represent the total amount of organic matter (OM) in
the sediment sample. In general, the TOC curve is anti-correlated to
the MS, Ca/Br and Ti/Br curves. TOC values are higher than 20% in
division 1a (c. 25%), in parts of division 2b (c. 24%), in division 3a (c.
38% except for the sample at 396 cm) and the top two samples of
division 3b. The lowest TOC values are found in division 2a, ranging
from c. 6e20 %. From the PCA analysis on the XRF data it is clear that
Br behaves differently compared to all other elements. We have
plotted the Br/Sr ratio with the TOC curve, and the correlation
between the curves is striking for all divisions, and somewhat less
for division 1a. The Br/Sr ratios in Figs. 2 and 4 correlate well with
the coloured stratigraphic log. Darker, more organic parts, show
higher values for Br/Sr.

The Hydrogen Index (HI) is the amount of hydrocarbonaceous
(HC) products released during pyrolysis normalized to TOC. HI
values of 250e350 mg HC/g TOC are typical of well-preserved
higher plant OM (Jacob et al., 2004). In the Estacade sequence,
however, most values are higher than 350 mg HC/g TOC suggesting
different sources (terrestrial þ aquatic) of organic matter except in
division 1 and 3b. HI values higher than 500 mg HC/g TOC indicate
the notable presence of algae (sample at 433 cm and in zone 3a).

The Oxygen Index Rock-Eval 6 (OIRe6) is an estimate for the
oxygen content of the OM. OIRe6 varies between 90 and 237mg O2/
g TOC. Mostly, values vary around 120 O2/g TOC except in division
1a and 3b where values are higher.

Opposite trends in the HI and OIRe6 curves are also used as an
indicator for the degree of preservation of the OM (e.g. high HI and
low OIRe6 point to a good preservation of the OM). Here we
calculated the ratio between the HI and OI. High HI/OI ratios reflect
low humification or a good preservation of the OM, and vice versa.
Humification is higher in divisions 1 and 3b.

Furthermore, we measured the humification of the OM using
the colorimetric method which results in an independent record of
OM preservation that can be compared with the results of the HI/OI
ratio from the Rock-Eval6 analyses. The two humification records
show similar patterns.
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In general, division 1 and 3 are, based on the lithology, consist of
peat deposits although a certain degree of aquatic OM is present
(especially in division 3a). However, we interpret the HI/OI ratio in
these divisions as reflecting the preservation of the OM rather than
the origin of OM (Disnar et al., 2003). In division 2, showing rela-
tively high values for the HI index, well preserved aquatic OM is
present and here the HI/OI ratio represents both the origin of OM as
well as the preservation of it.
4.5. Palaeobotanical results: pollen and plant macrofossils

Fig. 4 shows a combined microfossil-macrofossil diagram. The
zonation of the diagram is based on the pollen and macrofossil
data.

Zone 1 (470e445 cm) is dominated by Poaceae. A. selago is also
present in zone 1 and Lyallia kerguelensis starts to occur from
455 cm and upwards but the number of grains found is low. The
dominance of Poaceae in the pollen spectra is confirmed by the
high percentage of Monocots in the macrofossil diagram. Further-
more, zone 1 is characterized by the presence of the moss species
Warnstorfia fontinaliopsis and to a lesser extent by Cratoneuropsis
chilensis and Phylonotis cf. polymorpha. Zone 1b shows higher
numbers of W. fontinaliopsis than in zone 1a. Pediastrum sp. (green
algae) starts to become more important in Zone 1b.

In Zone 2 (445-397 cm), A. selago and L. kerguelensis occur in
considerable numbers, together with Pediastrum sp. and a second
algae, Botryococcus sp. Ranunculus sp. pollen grains are found from
427 and upwards. Seeds of the same species are very few but both
were found in zone 2. Macrofossils from L. kerguelensis are present
throughout zone 2 in contrast to A. selago, which occurs more
sporadic, and not in every sample. It is noteworthy that the sample
at 420.5 cm contains no remains of the latter species, while this
sample is the only one outside zone 1 in which moss remains were
found.

Zone 3 (397e380 cm) is characterized by the sudden expansion
of A. magellanica both in the pollen and the macrofossil data set.
However, A. magellanicamacro remains already start to occur in the
top samples of zone 2, as they consist of rootlets of the plant. Juncus
scheuchzeroides seeds are only present in zone 3, and in the pollen
diagram Uncinia compacta expands slightly later than
A. magellanica. Pediastrum sp. nearly disappears and Botryococcus
sp. seems to take over and shows its highest percentages in this
zone. Both A. selago and L. kerguelensis are still present in the pollen
record of zone 3, but in much lower quantities than before. In
contrast, in the first half of the zone L. kerguelensismacrofossils are
still abundant. In the top sample (381.5 cm), a high number of
A. selago leaves was found, while in the pollen record A. selago plays
a minor role. In general, micro- and macrofossil data coincide
rather well throughout the Estacade sequence.

Pollen data are summarized as the second axis of a PCA. The first
axis (PC1, 55% of variance) discriminates between Poaceae and all
Table 3
A list of the proxies used in this study and how they are interpreted. Note that all interp

Proxy Description

Plant micro- and macrofossils Proxy for past regional and local v

BSi Proxy for diatom productivity
TOC Proxy for OM content
HI/OI Proxy for the preservation of the
%Abs/%TOC Proxy for the preservation of the
Br/Sr Proxy for OM content (high resolu
Ca/Br & Ti/Br Proxy for minerogenic content (h
MS Proxy for minerogenic content (h
other species included in the PCA. The second axis (PC2, 28% of
variance) rather discriminates between A. magellanica and A. selago.

5. Discussion

5.1. Stratigraphy and age-model

Based on a radiocarbon date at a depth of 441.5 cm (10,880 ± 75
14C yr BP, Table 2) and the stratigraphy of the record (yellow (in the
web version) triangle in core log in Figs. 2 and 4), it became clear
that a c. 800 year younger layer is intercalated. A grey band is
plotted on both Figs. 2 and 4 to indicate the layer. It is usually
difficult to explain younger intercalated deposits in what seems to
be an otherwise normally accumulating sequence. The sample
submitted for dating consisted of A. selago seeds. These seeds are
not present in the samples at 444.5 and 438.25 cm depth, just
above and below the intercalated layer. However, A. selago mac-
rofossils start to occur at a depth of 425 cm. A likely hypothesis is
that channels/gullies started to form and cut through the deposits
about 12,750 cal yr BP. Incision stopped on the more compact peat
of zone 1. We cannot exclude a short erosional hiatus, but based on
the radiocarbon dates of the layers bellow and above the interca-
lation it is of short duration. Peat channels, sometimes in connec-
tion with sink holes, are common in the mires of Kerguelen Islands
today.

5.2. Proxy interpretation

In Table 3 we summarise the different proxies used in this study
together with their interpretation. The palaeobotanical data (pollen
and macrofossils), BSi, MS, TOC together with the lithology are the
main proxies on which the palaeoenvironmental reconstruction of
the Estacade site is based. We are aware of the fact that XRF core
scanning data are not quantitative and thus do not represent
elemental concentration data. However, we use the relative
changes in the elemental composition of the deposits to corrobo-
rate the reconstruction of past environmental changes based on
other independently measured proxies.

From the PCA analysis of the XRF data (Fig. 3), it became clear
that Br shows a different pattern compared to all other elements. Br
is mainly of marine origin and Br measured by XRF core scanning
has been regarded as a proxy for atmospheric deposition of sea-salt
aerosols (and in consequence for wind intensity) in peat deposits,
especially for sites that are situated close to the sea (Unkel et al.,
2010). However, in the Estacade record, Br seems to relate closely
to the amount of organic matter as expressed by the Br/Sr ratio. The
use of Br concentrations in peat deposits as reflecting true atmo-
spheric deposition rates has been discussed (Shotyk, 1997; Biester
et al., 2004). Biester et al. (2004) conclude from their study of
two Chilean peat bogs that Br in peat exists in an organically bound
form and that the element is not conservative in bogs. Hence, peat
retations are qualitative.

Interpretation

egetation changes Wind strength, humidity,
relative temperature
Terrestrial vs. pond/lake
Terrestrial vs. pond/lake

OM and/or origin of the OM Humidity/relative temperature
OM Humidity/relative temperature
tion) Terrestrial vs. pond/lake
igh resolution) Wind strength
igh resolution) Wind strength
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decomposition has a significant influence on Br concentrations in
peat deposits. In consequence, wewill not consider Br as a sea-salt/
wind proxy in our study but rather as a proxy for amount of OM.

The second axis of PCA applied to the XRF data resulted in the
division of two groups of elements (Figs. 2 and 3): group 1 with Fe,
Ti, Sr and Ca and group 2 with K and Rb. Group 1 elements might
originate from the erosion andweathering of the basaltic rocks (e.g.
olivine, pyroxenes) that dominate the geology of Kerguelen Islands
while group 2 is probably more characteristic for a potassic ash.
Often the presence of Ca is related to within “lake” formation/
deposition of organic CaCO3 (e.g. Johnson et al., 2011; Liu et al.,
2013). However, in a geological setting dominated of basaltic lava
flows, carbonate deposition is unlikely. SEM images at 413, 430 and
440 cm depth reveal that the samples are dominated by diatom
frustules and fine grained minerogenic material (Supplementary
data). Moreover, the Ca/Br and Ti/Br curves show a similar
pattern (Fig. 2) and in consequence we conclude that Ca is not
originating from precipitation of carbonates but from an external
minerogenic source. Beside the main elements SiO2 (~45e50 wt%),
Al2O3 (~13e18 wt%) and Fe-oxydes (~10e14 wt%), CaO (~10 wt%)
and TiO2 (~3 wt%) are important elements in basaltic rocks origi-
nating from the Kergeuelen archipelago (Gautier et al., 1990).
Within the trace elements Sr is the most abundant one (Gautier
et al., 1990). In consequence we regard group 1 as representative
for basaltic rocks. Group 2 is characterised by K and Rb. Tephra
originating from Kerguelen can be classified as trachytes and show
a chemical composition with high amounts of SiO2 (~64.6 wt%),
Al2O3 (~15.9 wt%), Fe-oxydes (~5.6 wt%), Na2O (~6.4 wt%) and K2O
(~4.9 wt%). TiO2 (~0.4 wt%) and CaO (~0.9 wt%) are present but in
lower amounts in comparisonwith basaltic lavas. We conclude that
group 2 is representative for a potassic ash and the K/Ti ratio can be
used as a proxy for the relative presence of tephra in our record
(Fig. 2). In conclusion, PCA axis 2 discriminates between two
different sources for the minerogenic content of the Estacade re-
cord, a potassic ash on the one hand and weathering products of
basaltic lavas on the other.

XRF Core scanning elemental ratios such as Si/Ti have been used
to estimate the amount of BSi in several studies (e.g. Johnson et al.,
2011; Liu et al., 2013). However, in the case of our record, Si sources
are multiple: basalts, potassic ash and biogenic. The XRF derived Si
incorporates all these sources and therefore the former ratio does
not reflect BSi and is not used in our study.

The morphological setting of the peat bank (semi-ombro-
trophic), the absence of fluvial activity in the Estacade area, the
lithology (peat and very fine grained sediments, clays) together
with the overall robust ageedepth model of the sequence suggests
that the site was not largely affected by runoff and in consequence
we consider minerogenic particles to be windborne rather than
waterborne.

The onset of peat growth at about 16,000 cal yr BP can be
regarded as a minimum age of deglaciation of the Estacade site.
Peat accumulation continued until 13,600 cal yr BP and was char-
acterized by the presence of W. fontinaliopsis, a moss species
growing in wet conditions on mires (Fig. 4). Also Poaceae (mono-
cots in macro fossil diagram) were abundantly present. TOC is
relatively high (c. 20%) and the amount of minerogenic content is
low (Fig. 2). OM is generallywell preserved. However, accumulation
rates are highly variable between 16,000 and 13,600 cal yr BP.
Around 14,800 cal yr BP accumulation rates decrease drastically.
This could suggest a hiatus but visual inspection of the core does
not showany evidence of an erosional discordance.We suggest that
the conditions (relatively warm and dry) were such that peat was
highly humified at the end of zone 1a, resulting in decreased
accumulation rates. At the onset of zone 1b (452 cm), a change to
more humid conditions occurred: W. fontinaliopsis thrives, BSi
values are high suggesting diatom blooms and Pediastrum sp. be-
comes more important. TOC decreases slightly in comparison with
zone 1a, probably because of a dilution effect by slightly increased
minerogenic content (Ca/Br and Ti/Br curves), increased BSi
together with higher accumulation rates. The OM is, however,
better preserved than in zone 1a, as a result of a higher water table
in the mire. The onset of these wetter conditions dates to about
14,550 cal yr BP, but the errors in the age model at this depth are
very large (2s ranges cover 960 years).

About 13,600 cal yr BP, a sudden shift in all proxy data occurs. A
change from peat to organic silty clay deposits can be observed in
the core log in Figs. 2 and 4. Accumulation rates increase drastically
probably as a consequence of a higher input of minerogenic ma-
terial (MS, Ca/Br and Ti/Br curves, Fig. 2). As a result TOC decreases
but the OMmatter is well preserved (%A/%TOC and HI/OI). A higher
HI index suggests the presence of aquatic OM. Accumulation rates
stay high until 12,920 cal yr BP, corresponding to division 2a. A
sudden expansion of the plant species A. selago can be seen in the
pollen data. L. kerguelensis, although already present in zone 1,
becomes more important in zone 2, together with Pediastrum sp.
and Botryococcus sp. algae, indicating open water. From the
macrofossil record it can be concluded that both A. selago and
L. kerguelensis were growing on or close to the coring site. The
darker more peaty parts present in the core log, also shown by the
higher values in the Br/Sr ratio, coincide with higher TOC and
findings of macrofossils of A. selago and L. kerguelensis. At the same
time BSi (and to a lesser extent Pediastrum sp.) shows lower values
in the peaty parts as well as the HI/OI ratio. Between 13,600 and
12,900 cal yr BP, we think the Estacade site was characterized by
the presence of peat ponds, i.e. shallow water bodies, without inlet
nor outlet, on the peat surface in which diatoms and algae could
thrive and lacustrine-type sediments were deposited (Fig. 5). Today
peat ponds are present on the P�eninsule Courbet (Fig. 5A) and in
most of the large valleys characterized by mires (e.g. Plaine de
Dante, Fig. 5B).

Higher accumulation rates are, beside increased BSi production,
probably the result of increased input of minerogenic material into
the ponds, and wind is the most likely transport agent for the
mineral matter in ponds surrounded by peat. Increased windiness
can also be deduced from the presence of A. selago and
L. kerguelensis, both cushion plants that are very well adapted to
withstand extreme winds (Wagstaff and Hennion, 2007). Today
these species, and especially A. selago, are found on the higher
exposed plateaus in the archipelago, forming the so-called fell-field
vegetation together with bryophytes (Van der Putten et al., 2012a).
About 12,900 years ago, both pollen taxa are still present but
macrofossil concentrations decrease. Minerogenic content (Ca/Br
and Ti/Br, Fig. 2) drops suddenly and so does the accumulation rate.
TOC increases and BSi percentages stay more or less at the same
level. Botryococcus sp. becomes more important. The proxy data
suggest less windy conditions after 12,900 cal yr BP revealed by the
lower minerogenic content (Fig. 3, division 2a). However, A. selago
and L. kerguelensis are still the main plant species. Botryococcus is
often presented in microfossil diagrams but is rarely interpreted in
a palaeoecological context. This alga is found in shallow and
oxygenated freshwater lakes and ponds, bogs and puddles (Guy-
Ohlson, 1992). Demetrescu (1999) states that “Well preserved
colonial specimens always reflect settling in a protected deposi-
tional site with calmwaters and minimal climatic variations. When
a given factor (such as wind, for instance) disturbs the habitat
equilibrium, the colonies sink and reach again the water surface
only after the calm status is restored”. In consequence, the higher
amount of this alga in the Estacade record from 12,900 cal yr BP and
onward, could also point to less wind stress. In conclusion, between
12,900 and 11,500 cal yr BP the environment seems to be
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characterized by, relatively speaking, less windy, drier and/or
warmer conditions. It may be that the climatic conditions became
more seasonal and that the ponds dried out during summers,
resulting in a possible temporary colonisation by higher plants
during summer and hence higher “terrestrial” OM.

The period between 11,500 and 10,900 cal yr BP is characterized
by the sudden expansion of A. magellanica, in the pollen as well as
in the macrofossil data. The rootlets of this species are already
present c. 5 cm lower. Somewhat later, at about 11,350 cal yr BP U.
compacta occurs for the first time in the Estacade record. Both
species grow in sheltered habitats. Young and Schofield (1973)
regarded these species as warm “lowland” species, while the
occurrence of A. selago is evidence for cold “upland” conditions. In a
comparison between pollen data and macrofossil data, Van der
Putten et al. (2012b) concluded that such an “upland-lowland
principle” is difficult to apply for sub-Antarctic palaeoclimatic in-
terpretations, at least for the Holocene period. However, for the Last
Termination with its more pronounced climatic changes, this
principle seems to be valid based on the shift from an Azorella
dominated period to an Acaena dominated period at 11,500 cal yr
BP. In this context it is noteworthy that the onset of the occurrence
of Acaena in Core 2 (Port Douzi�eme, Presqu’île Ronarch, Fig. 1B) in
Young and Schofield (1973), after calibration of their initial radio-
carbon dates and interpolation between the dates, can be estimated
to about 11,600 cal yr BP, coinciding with the onset in the Estacade
record.

Based on the geophysical and geochemical data (Fig. 2), the
period between 11,650 and 10,900 cal yr BP can be subdivided in
two sub-periods (divisions 3a and b, Fig. 2). The onset of division 3a
is characterized by a sudden drop in BSi, while TOC shows the
highest values of the whole record. Accumulation rates increase,
but here it seems not to be related to increased minerogenic input.
The proxy data point to drier and more terrestrial conditions, but
with good preservation of the organic matter and wet enough
conditions for Botryococcus sp. to bloom. Pediastrum sp., however,
nearly disappears suggesting that the peat pond milieu had ceased
at that time. From 11,225 cal yr BP onwards TOC decreases. The
preservation of the OM is rather bad as can be seen in both the HI/
OI and the %Abs/%TOC ratios. BSi increases but values stay well
below the values measured before 11,650 cal yr BP. It seems that a
rather well oxidized peat was formed 11,225 cal yr BP, with still wet
enough conditions for Botryococcus and diatoms to bloom. Inter-
esting is, that from that time onward, cross sections of Acaena twigs
can be seen in the core, which are not present before. Maybe Acaena
started to grow around the site at the start of the Holocene
(11,500 cal yr BP) due to warmer (drier) conditions but invaded the
site itself somewhat later (11,225 cal yr BP). One can imagine that
peat, formed by this woody dwarf shrub with a dense interlacing
twig and root system, results in a more oxidized peat than Azorella
peat.

The second axis of PCA applied to the XRF data discriminates
between two groups of elements (Figs. 2 and 3): group 1 with Fe, Ti,
Sr and Ca and group 2 with K and Rb. Group 1 elements might
originate from the erosion and weathering of the basaltic rocks
while group 2 is more characteristic for a potassic ash. Group 1 is
very prominent between 16,000 and 13,600 cal yr BP and to a lesser
extent also between 13,600 and 11,650 cal yr BP. From c.
11,650 cal yr BP, elements of group 2 become prominent (Fig. 2). The
second axis, therefore, might reflect a change in source area of the
minerogenic particles in our record. One could imagine that, during
deglaciation of Kerguelen Islands, source areas for fine grained
mineral particles, originating from erosion of basaltic bedrock,
greatly expanded as a result of retreating glaciers. Although less
minerogenic material is present before 13,600 cal yr BP it seems
that it is dominated by the basaltic component (group 1). Between
13,600 and 11,650 cal yr BP, both components (basaltic and ash) add
to the minerogenic content. From 11,650 cal yr BP onward, the el-
ements referring to a potassic ash becomemore important. By then
deglaciated areas were covered by vegetation, stabilizing soils and
diminishing the source area for basaltic minerogenics, a process
that probably already started earlier. The presence of tephra in peat
deposits from the Kerguelen archipelago is not straightforward
related to volcanic eruptions. Reworked ash deposits are abundant
on the archipelago in some cases even forming dunes. One has to
take into account that ash is transported by wind constantly and
that it is sometimes difficult to distinguish between a “real” tephra
layer, resulting from a volcanic eruption, and a tephra deposit
resulting from the reworking of tephra related to older eruptions.

5.3. Palaeoenvironmental and climatic reconstruction

5.3.1. Climatic reconstruction of Kerguelen Islands and comparison
with the EDC ice core

In Fig. 6, we present selected proxy data of the Estacade record
on an age scale and show the climatic interpretation of the data.

The onset of peat growth at the Estacade site 16,000 cal yr BP
coincides with the post-LGM warming in Antarctica, which already
started 18,350 cal yr BP (EPICA Dome C ice core, Veres et al., 2013).
Both temperature and effective precipitation (precipitation e

evapotranspiration) were high enough to allow plants to expand
from their LGM-refugia (Van der Putten et al., 2010) and to provide
the humid conditions for peat to form and be preserved. TOC is high
and BSi gradually increases. Vegetation is dominated by Poaceae
and the wet loving mossW. fontinaliopsis. We infer relatively warm,
wet and stable conditions becoming slightly wetter about
14,550 cal yr BP. About 13,600 years ago a sudden change can be
observed in our proxy-data. The peat gives way to a laminated
lacustrine-type of deposit with alternating more minerogenic and
more organic layers. A. selago and L. kerguelensis, cushion plants
which today occur on wind swept plateaus in the archipelago,
expand suddenly and become important plant species. The algae
Pediastrum sp. occurs, followed closely by a sharp increase of BSi
caused by diatom blooms suggesting open water conditions.
Climate conditions becamewetter, allowing small ponds to form on
the peat surface, and windier, the latter resulting in higher amount
of minerogenic material together with the expansion of the wind
tolerant plant species. An intensification of the SHW could explain
our proxy data from 13,600 (2s 13,765e13,450) cal yr BP onwards.
Based on the pollen, BSi and Pediastrum curves, these wet and
windy conditions continued until c. 11,600 cal yr BP. However,
based on the drop in minerogenic content, higher TOC and high
amounts of Botryococcus sp. it seems that conditions became less
windy and less humid c. 12,900 cal yr BP. About 11,650 years ago,
pond deposits were replaced by peat deposits and A. magellanica
and U. compacta became the dominant plant species on the site,
growing in sheltered and warmer conditions. Wet indicators (BSi
and Pediastrum) become less prominent or disappear. Warm and
dry climate conditions, less influenced by the SHW occurred on
Kerguelen Islands after 11,600 cal yr BP, coinciding with the early
Holocene climate optimum in the Antarctic ice records (Masson
et al., 2000). Frenot et al. (1997) studied the sensitivity of the
Amp�ere glacier of the Cook ice cap by mapping the glacier extent
between 1962e1995 in relation to changes in temperature and
precipitation. In an area rapidly deglaciated during the warm and
relatively dry 1990s they found well-preserved peat deposits close
to the retreating glacier snout which they dated to c. 11,800e11,300
cal yr BP, i.e. the PleistoceneeHolocene transition. It implies that
the glacier front at least retreated to the 1995 position during the
warm and drier conditions of the early Holocene in the Estacade
record.
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We plotted dD and deuterium excess d (Fig. 6) of the EPICA
Dome C ice core record on the chronology proposed by Veres
et al. (2013). dD reflects surface temperature changes at the
Dome C site while d was interpreted to represent the sea surface
temperature (SST) in the moisture source area (Stenni et al.,
2001). The main moisture source of Dome C is the southern In-
dian Ocean (stippled area in Fig. 1A). Stenni et al. (2001) inferred
that an Oceanic Cold Reversal (OCR) took place in the south In-
dian Ocean, c. 1000 years after the onset of the Antarctic Cold
Reversal (ACR), at c. 13,650 (1s 13,190e14,110) cal yr BP and
14,650 (1s 14,190e15,110) cal yr BP, respectively, based on the
new chronology (Veres et al., 2013). If we compare our proxy-
data from the terrestrial/atmospheric record from Kerguelen
Islands with the data from EDC, the occurrence of an OCR in the
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moisture source area of Dome C seems to be confirmed. Stenni
et al. (2001) concluded that the meridional temperature
gradient between Dome C and its source area was the largest at
the onset of the OCR (13,650 cal yr BP) causing a possible
intensification of the mid- and high latitude atmospheric circu-
lation, e.g. intensification of the SHW, which is supported by our
data (Fig. 6). However, interpretation of deuterium excess d is not
straightforward. Whether it reflects SST changes or a shift in the
moisture source area is still not clear (Stenni et al., 2010). Also,
comparison of d data between the East Antarctic EDML (EPICA
Dronning Maud Land) and EDC ice cores, with source areas in the
south Atlantic and south Indian Ocean, respectively, revealed
different trends of moisture source temperatures (Stenni et al.,
2011). These different shifts in moisture sources are probably
related to reorganization of atmospheric circulation at ocean
basin scale, suggesting a different expression of the bipolar
seesaw in the two basins (Stenni et al., 2011). Our proxy data
show no clear change at the onset of the ACR. However, based on
our proxies it is not possible to reconstruct temperature changes
in a quantitative way. If the ACR is mainly a shift to colder con-
ditions without a significant change in atmospheric circulation,
as could be the case based on the deuterium excess d data from
the EDC ice core, it is probable that the ACR is not registered in
our proxy data. Nevertheless, one could speculate that the onset
of the slightly wetter conditions c. 14,550 cal yr BP (2s
15,020e14,061), taking into account the large uncertainties in the
ageedepth model at that time, is caused by colder conditions at
the onset of the ACR.

5.3.2. The Kerguelen Islands data set in a larger SHW context
Toggweiler et al., 2006, suggested that during the LGM, atmo-

spheric CO2 was lower due to reduced exchange between the deep
ocean and the atmosphere through the Southern Ocean. This
reduced upwelling at the Antarctic Divergence would be the result
of an equator-ward position of the SHW. For cold periods in the
Northern Hemisphere (coinciding with warming in the South)
during the Last Termination, such as Heinrich Stadial 1 (HS1) and
YD, a southward shift of the ITCZ and the SHW has been proposed
resulting in increased CO2 ventilation from the deep ocean
(Toggweiler et al., 2006; Denton et al., 2010). During the ACR, the
SHW would have shifted northwards again, resulting in less CO2
ventilation and colder conditions in the SH mid-latitudes and
Antarctica (Anderson et al., 2009).

An alternative hypothesis of SHW changes was brought for-
ward by Lamy et al. (2010) for Holocene records of South America
but the mechanism may also apply to the Last Termination
(Kilian and Lamy, 2012). It was proposed, due to opposing pre-
cipitation records from the core and the northern boundary of
the SHW, that the SHW belt did not shift latitudinally as a whole
but rather that the wind belt expanded during colder periods (as
observed during Austral winter today) and became more
confined during warmer conditions (Austral summer). During
colder conditions the northern margin of the belt experiences
stronger SHW influence while the core of the belt becomes less
influenced.

From existing proxy-data it is difficult to assess at which latitude
the SHW were situated during LGM (Kohfeld et al., 2013), to which
latitude they shifted at the onset of HS1, what their latitude was
during the ACR and whether the wind belt shifted latitudinally or
rather expanded and retracted.

Terrestrial data are mainly limited to southern South America
and New Zealand and oceanic records usually lack a tightly con-
strained chronology due to changes in 14C reservoir ages (Siani
et al., 2013). Furthermore, for a number of records, the proxies
used mainly reflect temperature and/or precipitation changes,
which are not always directly linked to SHW intensity and hence
their latitudinal position (Sime et al., 2013).

Anderson et al., 2009, observed higher opal fluxes during the
Last Termination in cores situated south of the Polar Front (PF) from
the Atlantic and Pacific sectors of the SO (Fig. 1A) and suggested
that higher productivity was linked to the enhanced upwelling
driven by a more southward position of the SHW during that
period. Toggweiler et al. (2006) suggest that the wind belt shifted
pole-ward towards their modern position at the onset of warming
following the LGM. Based on our record, Kerguelen Islands (49�S)
were less influenced by the SHW during HS1 and it is only at the
onset of the OCR (13,600 cal yr BP) that intense westerly influence
occurred. Taking into account that the archipelago today is situated
in the core of the SHW, we propose that the wind belt was probably
situated in a more southerly position during HS1, at least in the
Indian Ocean basin. In a marine core situated near the Subtropical
Front (STF) in the Atlantic Ocean (41�S, TNO57-21, Fig. 1A), the
presence of warm planktonic foraminifera species (today occurring
well north of the STF) during HS1 (c. 18,000e14,600 cal yr BP after
Barker and Diz, 2014) indicates that this was the warmest period
during the deglaciation, including the early Holocene, due to a
more southerly position of the STF (Barker et al., 2009). A south-
ward shift of the oceanic fronts could be related to a southward
shift of the SHWduring HS1, which is in agreement with our results
from Kerguelen Islands. Moreover, temperatures seems to be
highest near the onset of the ACR, coinciding with the very low
accumulation rates due to high humification of the peat deposits in
the Estacade record between 14,775 (2s 15,195e14,269) and
14,250 cal yr BP (2s 14,710e13,975).

In their higher resolution core of the Atlantic sector (TNO57-13,
Fig 1A) Anderson et al. (2009) observed that the increased opal flux
of the Last Termination is interrupted by a lower opal flux that
could correspond to the ACR. In the same basin (41�S, TNO57-21, Fig
1A), Barker et al. (2009) interpreted a sudden increase in planktonic
polar foraminifera species, near the onset of the ACR, as a sudden
northward shift of the northern fronts associatedwith the Antarctic
Circumpolar Current (ACC). A northward shift of the oceanic fronts
should result in colder conditions in Kerguelen Islands at 49�S, with
the PF likewise shifting northward encircling the archipelago with
colder surface waters. The onset of slightly wetter conditions
around 14,550 cal yr BP (2s 15,020e14,061) in the Estacade record
could be an expression of lower temperatures due to a northward
shift of the PF. However, as stated above (5.3.1), the uncertainty in
our chronology at that time is rather large.

In the South East Pacific sector of the SO, based on a core along
the Chilean margin (46�S, MD07-3088, Fig 1A), the end of the first
long Antarctic divergence upwelling period corresponding to the
transition fromHS1 to ACR is precisely dated to 14,620 cal yr BP (1s
14,870e14,610), thanks to the presence of a tephra layer (Siani
et al., 2013). A pollen record from the same core shows a rapid
northward shift of the SHW at the same time, bringing more pre-
cipitation to the area resulting in an expansion of Magellanic
Moorland (Montade et al., 2013). This indicates that the site at 46�S
was situated in the core of the SHW during the ACR. At the end of
the ACR the wind belt shifted back south resulting in less intense
SHW influence at 46�S and coinciding with the onset of the second
upwelling period at 12,765 cal yr BP (1s 12,920e12,640) in the
same record (Siani et al., 2013). Looking at the SouthWest Pacific, in
the Southern Alps of New Zealand, the culmination of late glacial
glacier expansion and, in consequence, of the cooling is placed at
12,970 ± 300 cal yr BP (Putnam et al., 2010), coinciding within
dating uncertainties with the end of the ACR in the South East
Pacific. From these data we can conclude that the most prominent
change in the Estacade record occurring at 13,600 cal yr BP seems
not to be registered in the South Pacific, indicating that this change
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might be limited to the Indian Ocean basin. The Estacade record
shows less intense SHW influence from 12,900 cal yr BP (2s
13,070e12,758) and onward, coinciding within chronological un-
certainties with the end of the ACR. This decrease of SHW influence
could reflect a pole-ward shift of the core of the wind belt in the
Indian Ocean basin to a position south of Kerguelen Islands (49�S)
similar to the pole-ward shift in the Pacific (south of 46�S). About
11,650 cal yr BP (2s 12,006e11,304), warm, relatively dry and even
less windy conditions occurred in the Estacade record, indicating a
subsequent southward shift of the SHW at the early Holocene
climate optimum. From a study of a peat sequence from Islas de los
Estados (Atlantic sector of the SO, 55�S, Fig. 1A), combining both
wind and precipitation proxies, more intense SHW during the ACR
were inferred followed by a southward shift of the wind belt, with a
position further south than 55� S attained by 12,200 cal yr BP
(Bj€orck et al., 2012). Both in the Atlantic and Indian sector of the SO,
the SHW seem to have been situated south of their modern position
during the Younger Dryas and the Holocene climate optimum.

Based on our record, Kerguelen Islands (49�S) were less
influenced by the SHW during HS1 and YD. Taking into account
that the archipelago is situated in the core of the SHW today we
suggest that the SHW shifted south of Kerguelen Islands during
Northern Hemisphere cold events (HS1 and YD) and shifted
equator-ward during the ACR-OCR. Following Lamy et al. (2010),
Kerguelen Islands should be less influenced by the SHW during
the ACR-OCR as the belt was more expanded (Austral winter
today), than during the warm SH events during HS1 and YD,
which contradicts our results. However, the difference between
summer and winter conditions of the wind belt is much less
pronounced in the Indian Ocean than in South America and we
want to stress that the hypothesis was brought forward based on
Holocene records and has not been tested for the Last Termina-
tion. Moreover, it might be that the atmospheric circulation pat-
terns were different in the different ocean basins as for example
suggested by the deuterium excess records of the EDC and EDML
ice cores (Stenni et al., 2011).

6. Conclusions

The Estacade peat record reveals clear changes during the Last
Termination. Peat growth started 16,000 cal yr BP and continued
until 13,600 cal yr BP suggesting relatively warm and humid con-
ditions with slightly wetter conditions from 14,550 cal yr BP and
onwards. A shift to a very wet and windy environment occurred
13,600 cal yr BP resulting in the formation of peat ponds and hence
lacustrine-type deposits. We attribute this change to an intensifi-
cation of the SHW, which coincides with the onset of the OCR as
inferred from deuterium excess d in the EDC ice core. Lower tem-
peratures during this period probably enhanced local wetness on
the Estacade site. Around 12,900 cal yr BP, at the end of the ACR,
pond/lake deposits give way to more peaty deposits suggesting
slightly drier, less windy and probably warmer conditions. Ker-
guelen Islands became less influenced by the SHW although the
wind tolerant cushion plant A. selago is still the dominant species in
the area. About 11,650 cal yr BP warm, relatively dry and less windy
conditions occurred with expansion of A. magellanica coinciding
with the early Holocene climate optimum found in Antarctic ice
cores.

Interestingly, the ACR is not clearly registered in the Estacade
record. However, we do not have a straightforward temperature
proxy. Whether the ACR coincides with a northward shift of the
oceanic fronts combined with an equator ward shift of the SHW in
the Indian sector of the SO is not clear yet. From our record, an
intensification of the SHWwas delayed until 13,600 cal yr BP. Based
on the large error bars in the age model at 14,550 cal yr BP (2s
15,020e14,061) the onset of wetter conditions could theoretically
be assigned to colder conditions at the onset of the ACR.

Our results could support the Toggweiler hypothesis: during
LGM the SHWwerewell north of Kerguelen Islands and at the onset
of HS1 a sudden southward shift of the wind belt (due to cold
conditions in the northern hemisphere and a concurrent south
ward shift of the ITCZ) to south of the archipelago, creates the
relatively warm and dry conditions for peat growth. During the
OCR, the SHW moved northward and Kerguelen Islands were sit-
uated in the core of the wind belt. Subsequently a southward shift
brings less intense SHW influence to Kerguelen Islands culminating
in the early Holocene climate optimum. However, it seems that,
during HS1, the SHW were not at the same latitude in the Indian
sector of the SO as today. Moreover, we cannot exclude alternative
scenarios of changing SHW. The Estacade record only starts
16,000 cal yr BP and does not cover the LGM making the assump-
tions about the LGM SHW latitude rather speculative.
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