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The island of Isla de los Estados is situated at 54.51S, 641W, east of Argentinian Tierra del Fuego, and is

located in a sensitive geographic position in relation to the zonal circulation between Antarctica and

South America. Its terrestrial records of the last deglaciation, recording atmospheric conditions but

within an oceanic setting, can help to clarify changes of regional circulation patterns, both atmospheric

and marine. Here, we present geochemical analyses from 16–10 ka cal BP of a peat core from Lago

Galvarne Bog at the northern coast of the island, and a lake sediment core from Laguna Cascada 3 km

further south. The data comprise TC, TN, loss on ignition analyses and continuous XRF scanning on both

cores as well as age–depth modeling based on AMS-14C dating. Deglaciation and onset of peat formation

in the coastal areas began before 16 ka cal BP followed by a rapid glacial retreat and the start of

lacustrine sedimentation further inland. Data suggest initially windy conditions with permafrost

succeeded by gradually warmer and wetter conditions until ca 14.5 ka cal BP. The warming trend slows

down until ca 13.5 ka cal BP, followed by arid conditions culminating around 12.8 ka cal BP. Our data

suggest fairly warm conditions and the establishment of denser peat and forest vegetation ca

10.6 ka cal BP, contemporaneous with the onset of the Antarctic thermal optimum. This indicates large-

scale shifts in the placement of zonal flow and the Westerlies at the beginning of the Holocene.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Inter-hemispheric climate linkages are crucial for a better
understanding of global climate processes such as ocean–
atmosphere circulation dynamics and heat advection from
equatorial regions to higher latitudes. Paleo-proxy records can
add important information since they provide long-term records
of past climatic and environmental changes and thus allow going
beyond instrumental datasets. Moreover, they offer insights into
abrupt, large amplitude climatic shifts, which were especially
pronounced during glacial periods. Detailed comparisons between
polar ice core records from Greenland and Antarctica (Blunier
et al., 1998; EPICA community members, 2006) have, for example,
revealed climatic anti-phase relationships, the so-called bipolar
seesaw effect (Broecker, 1998), including phase lags, between the
two polar regions. During the Last Termination, which was
characterized by the break-up and melting of the large continental
ice sheets, a similar anti-phase pattern may be recognized,
although this pattern is not as clear as that observed during full
ll rights reserved.
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glacial time. The southern Hemisphere high latitudes experienced
a long warming trend between 18 and 10 thousand years (ka) BP,
which was interrupted by the Antarctic Cold Reversal (ACR)
around 14–12.5 ka BP. In contrast, the Greenland ice cores and
North Atlantic marine and terrestrial sequences (Björck et al.,
1998), display a complex climate pattern with a rapid warming at
14.5 ka BP (GI-1) and the Younger Dryas (YD) cooling (GS-1)
between 12.7 and 11.6 ka BP. Many regions between these
geographic extremes experienced local and regional climate
variability during the last deglacial period (Barrows et al., 2007;
De Batist et al., 2008). This was caused by meridional changes in
circulation pattern driven by changes in the extent of sea and land
ice, latitudinal variation in insolation and/or paleogeographic
changes caused by the interplay of eustasy and isostasy. The
documentation and analysis of this spatial variability is important
for a better understanding of global climate processes.

The Last Termination can be regarded as an excellent
‘‘paleoclimatic laboratory,’’ because a high number of well-studied
records with an often fairly good chronological control exist that
document these climatic shifts. Large meridional shifts in
circulation patterns occurred in the Nordic Seas and similar shifts
could be expected at the end of the last glacial period in the area
between Antarctica and the main South American continent
changes on Isla de los Estados (54.41S), southeastern Tierra del
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(Wolff et al., 2006). The island of Isla de los Estados, which lies at
the southeastern tip of the Argentinean part of Tierra del Fuego
(Fig. 1), is in this respect located in a strategic position and could
Isla de los Estados (Argentina)
Projection: WGS 1984 UTM20S
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Fig. 1. Map showing the drilling sites Lago Galvarne Bog (LGB) and Laguna Cascada (CA

and part (C) shows the location of the island at the southern tip of South America.
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provide information on the timing and impact of climatic shifts
during the last deglaciation. Here, we present two paleo-proxy
records from Isla de los Estados, a peat profile and a lacustrine
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sequence, which record paleoenvironmental changes between ca
16 and 10 ka cal BP. The comparison of proxy records from two
sites with two different depositional environments allows a better
estimate of the timing and impact of past climatic changes, and
could provide a more holistic picture of the development.

2. Geographic setting

The 65-km-long, east–west elongated island Isla de los Estados
is situated about 40 km east of Isla Grande Tierra del Fuego at
roughly 541450S, and between 641100 and 631450W. The island is
between 1 and 14 km wide and its narrowest points occur where
deeply incised fjords almost cut through the whole island, such as
in Puerto Cook and Puerto Parry (Fig. 1).

The island has an oceanic climate with a mean annual
precipitation of around 1500 mm and mean January and July
temperatures of 9.0 and 2.7 1C, respectively (Dudley and Crow,
1983). Strong winds, mainly from the southwest and west, prevail
throughout the year.

Dudley and Crow (1983) described seven vegetation types,
which are mainly related to altitude and terrain forms. The
island’s oceanic conditions are, however, best reflected by the
typical Nothofagus betuloides and Drimys winteri evergreen forests
with extremely dense, often almost impenetrable shrub and
bryophyte undergrowth. Above approximately 450 m, the so-
called Alpine Formation occurs with sparse vegetation cover, and
often includes dwarfed forms of Nothofagus antarctica and
Empetrum rubrum.

The island forms the eastern termination of the Andean
Cordillera and its highest peaks reach up to 800 m a.s.l. Its
bedrock consists of Upper Jurassic to Lower Cretaceous volcanic
and sedimentary rocks (Dalziel et al., 1974; Caminos and Nullo,
1979). Thick acidic volcanic rocks such as tuffs, lavas and
ignimbrites dominate, but along the north coast and especially
in the extreme west, north and northeast of Bahia Franklin, these
are occasionally overlain by sedimentary deposits of black shales,
calcareous mudstones, graywackes and limestones. Quaternary
fluvial and eolian sands occur inside Bahia Franklin and Holocene
peat covers large parts of the lowlands. Sections with Quaternary
diamict and sorted deposits are found along the coast of some of
the northern capes and peninsulas as well as raised beach
deposits in some of the bays.

During the Last Glacial Maximum (LGM), the Tierra del Fuego
based ice sheet did not reach Isla de los Estados (Rabassa et al.,
2000; Sugden et al., 2005) and only local glaciers may have
occupied parts of the island. Due to the fairly small local ice load
during LGM in combination with a peripheral bulge effect from
the large ice sheet in the west, sea level should have been low. The
shallow shelf, especially west and north of the island, was possibly
dry land and connected to Tierra del Fuego. In case of significantly
lower sea level, the additional landmass north of the island was
much larger than the island of today.

The small lake Lago Galvarne (125,000 m2) is situated north-
west of Lago Lovisato at the foothill of the island’s mountain
range. A distinct ice-marginal moraine separates the two lakes.
Glacial cirques are common on the steep mountainsides south of
the lake, below which Laguna Cascada is situated (Fig. 1).
3. Field and laboratory methods

Fieldwork was performed in November–December 2005 and
transport from Ushuaia to Isla de los Estados was by the chartered
ketch ‘‘Ocean Tramp.’’ From the base camp in Bahia Colnett, coring
was carried out in Lago Galvarne, on the surrounding Lago
Galvarne Bog and in Laguna Cascada (Fig. 1).
Please cite this article as: Unkel, I., et al., Deglacial environmental
Fuego. Quaternary Science Reviews (2008), doi:10.1016/j.quascirev.2
Coring was performed with a Russian corer with diameters of 5
and 7.5 cm, respectively, and a chamber length of 1 m. Overlap
between individual 1 m sections was at least 20 cm. The most
complete sequence of 745 cm was recovered on the part of Lago
Galvarne Bog that borders the southern shore of the lake
(54144016.700S, 64119037.900W; 2 m a.s.l.). At Laguna Cascada, coring
was performed on the quagmire northeast of the lake
(54145051.300S, 64120020.700W; ca 10 m a.s.l.), where 523 cm of
sediments were retrieved.

The sediment cores were described in the field, wrapped in
plastic film, stored in PVC tubes and transported by ship to Sweden,
where they were kept in a cold room until sub-sampling. The field-
based lithostratigraphic descriptions and the correlations between
individual core sections were later adjusted in the laboratory.
Magnetic susceptibility (k) measurements that give a relative
estimate of the magnetic mineral concentration aided the visual
correlation between overlapping core segments. Measurements
were performed using a Barington MS2E1 high-resolution surface
scanning sensor coupled to a TAMISCAN automatic logging conveyor.

Total carbon (TC) and total nitrogen (TN) concentrations were
measured on the Laguna Cascada sediments at 2–5 cm intervals
using a LECO CHN-900 micro multi-elemental determinator.
Standards (70% C and 10% N) were analyzed before, during and
after analyses. The lack of carbonates in the sediments implies
that TC is equivalent to total organic carbon (TOC). For the C/N
ratio, we refer to the atomic ratio that is equivalent to 1.167�C/N
mass ratio. This ratio is used as it reflects biochemical stoichio-
metry (Meyers and Teranes, 2001). Total sulfur (TS) was measured
on the peat sequence of Lago Galvarne Bog at 5 cm intervals
between 700 and 600 cm depth using the same analyzer as for TC
and TN and PACS-2 as standard material. As the sample resolution
is not very high and the values are low and fluctuating, the TS
values are plotted (Fig. 3) but not further discussed.

Samples for loss on ignition (LOI) analysis were taken at 1 cm
intervals along the Lago Galvarne Bog sequence. The samples were
dried at 105 1C for 12 h, weighed and combusted at 550 1C for 6 h.

Non-destructive X-ray fluorescence (XRF) analyses of the two
sequences were performed using an ITRAX core scanner at Cox
Analytical in Gothenburg, Sweden. For details on the ITRAX system,
see Croudace et al. (2006). The molybdenum X-ray source of the
scanner allowed elemental analyses of Br, Ca, Fe, K, Mn, Rb, Sr, Ti
and Zr. The resolution of the scans was 1 mm with an exposure
time of 1 s. The XRF dataset was smoothed with a 10-point
adjacent averaging to achieve better visibility, i.e. the intervals
between each data point in the graphs correspond to 10 mm.
4. Chronology

Macrofossil and bulk sediment samples (Table 1) for 14C
analyses (six samples from Lago Galvarne Bog and 13 samples for
the lower part of the Laguna Cascada sequence) were pre-treated
with 0.5% NaOH for 60 min at 20 1C and thereafter with 1% HCl for
90 min at 80 1C. After combustion of the samples, CO2 was reduced
to graphite with H2 in a catalytic reaction over approximately
5 mg of Fe powder for 5–7 h at 600 1C. All samples were processed
and measured at the AMS Radiocarbon facility in Lund. 14C
samples younger than 11,000 14C years BP were calibrated with
SHCal04 (McCormac et al., 2004), while samples older than
11,000 14C years BP were calibrated with IntCal04 (Reimer et al.,
2004) and taking into consideration a constant hemispheric offset
of 56724 years (McCormac et al., 2004).

The age–depth function for each sequence is based on the
assumptions that any significant changes in sedimentation/
accumulation rate (Figs. 2 and 4) should occur at lithologic
boundaries, and that peat or macrofossil dates are more reliable
changes on Isla de los Estados (54.41S), southeastern Tierra del
008.05.004
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Table 1
List of radiocarbon samples taken from Lago Galvarne Bog (LGB) and Laguna Cascada (CAS) all samples calibrated with OxCal 4, all ages in 1s range

Sample no. Analysis no. Sample material 14C age (BP) 1s error (BP) SHCal04a IntCal04b Depth (cm)

LGB/547 LuS 6795 Peat 8130 55 9120–8780 – 539

LGB/609 LuS 6796 Peat 10,005 60 11600–11240 – 610

LGB/632 LuS 7199 Peat 10,410 65 12,680–12,500 631

LGB/662 LuS 6797 Peat 12,380 70 – 14,590–14,160 661

LGB/700 LuS 6798 Peat 13,030 80 – 15,560–15,210 699

LGB/749 LuS 6510 Peat 13,515 60 – 16,260–15,860 744

CAS/387 LuS 6935 Gyttja 7715 60 8537–8400 – 387

CAS/391 LuS 6936 Gyttja 7775 60 8548–8429 – 391

CAS/421 LuS 6937 Gyttja 9125 60 10,283–10,178 – 421

CAS/423 LuS 7102 Gyttja 9435 55 10,688–10,520 10,728–10,585 423

CAS/428 LuS 7293 Clay–gyttja 9730 55 – 11,225–11,125 428

CAS/433 LuS 7294 Clay–gyttja 10,085 60 – 11,815–11,408 433

CAS/438 LuS 7200 Clay–gyttja 10,790 70 – 12,852–12,760 438

CAS/440 LuS 6508 Clay–gyttja 11,005 80 – 13,020–12,870 444

CAS/448 LuS 7295 Clay–gyttja 11,505 60 – 13,401–13,286 448

CAS/457 LuS 6938 Clay–gyttja 12,120 80 – 14,062–13,871 457

CAS/477 LuS 6939 Clay–gyttja 12,575 80 – 15,009–14,592 478

CAS/490 LuS 6940 Gyttja–clay 12,935 80 – 15,424–15,111 490

CAS/495 LuS 6507 Gyttja–clay 13,285 80 – 15,949–15,545 499

The sample numbers refer to the sampling depth before adjusting the field-based correlations between individual core sections in the laboratory. Magnetic susceptibility

(k) measurements which give a relative estimate of the magnetic mineral concentration aided the visual correlation between overlapping core segments.
a Ages in cal BP; until 11.0 ka BP, based on McCormac et al. (2004).
b Ages in cal BP; constant correction of 56724 years based on Reimer et al. (2004) and McCormac et al. (2004).
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than bulk sediment dates. In addition, an age–depth model for
each core was calculated with the OxCal 4 calibration software
(Bronk Ramsey, 2001; Bronk Ramsey, 2008). This program
combines the probability distributions of the calibrated radio-
carbon ages with certain assumptions on depositional process to
obtain an age–depth curve with the 1s probability margins of the
radiocarbon ages. We chose to apply the P_Sequence model of
OxCal 4 to our data which assumes the deposition to be random
(meaning no regular annual layers) but an approximate propor-
tionality to the depth z is given (Bronk Ramsey, 2008). As a
k-value, which gives an estimate of the variation from a constant
sedimentation rate we chose 175, which is equivalent to 5 mm
calculation increments. Thousand years calibrated are in the
following denoted ka cal BP (AD 1950).
5. Results and discussion

5.1. Lago Galvarne Bog (LGB)

5.1.1. Stratigraphy and chronology

Since it was not possible to penetrate the corer further than
745 cm, we speculate that the sediment below the peat is made up
of stones or till. The interval between 745 and 545 cm (16.1–9.3 ka
cal BP) consists of alternating very low, low and higher humified peat
(Fig. 2), divided into three main peat units with some subdivision.

Sphagnum dominates in the lowest, dark-brown to reddish
brown, extremely low-humified peat of Unit 1 (745–674 cm;
16.1–15.1 ka cal BP). The peat shows a variable degree of compac-
tion and its growth rate is estimated to ca 0.6870.10 mm/yr
during these ca 1000 years.

In Unit 2 (674–609 cm; 15.1–11.5 ka cal BP), the degree of
humification and compaction of the peat increases gradually. This
results in a substantial decrease of the accumulation rate to
0.1770.01 mm/yr. A minor change in the structure of the peat is
seen at 630 cm (12.6 ka cal BP), where the unit was subdivided
into 2a and 2b. The peat becomes darker and more compact and
humification starts to decrease.

In Unit 3 (609–537 cm; ca 11.5–9.0 ka cal BP), the peat becomes
highly humified and growth rate increases (0.2870.01 mm/yr).
Please cite this article as: Unkel, I., et al., Deglacial environmenta
Fuego. Quaternary Science Reviews (2008), doi:10.1016/j.quascirev.
5.1.2. Geochemistry and magnetic susceptibility

Inorganic geochemical variables in peat have to be interpreted
with caution, since they have low concentrations and their
presence can be explained in various ways. Ca and Ti can be used
as proxies for atmospheric influx in peat sequences, both as dust
aerosols, and hence as an indicator for wind and storm activity,
and as indicating the presence of tephra particles. The clastic
sediments of the nearby Cape Colnett (Dalziel et al., 1974) and the
dominating volcanic bedrock of Isla de los Estados could be likely
dust sources, delivering Ca-feldspars (CaAl2Si2O8) and the clay
mineral illite ([K,Ti]Al3Si7O24). However, Ti shows very low counts
in the LGB core after ca 14.5 ka cal BP and was hence not used in
the interpretation of the younger record. The Mn record starts
with extremely low counts, but increases slightly towards the top.
Moreover, Fe and Mn are quite difficult to interpret (Engstrom and
Wright, 1984) since a number of independent environmental
factors control their supply and sedimentation. Fe and Mn
variations are related to the rate of supply and to the processes
that control the patterns and degree of preservation. The two
elements may reach the peat as parts of mineral particles, and as
such represent the strength of physical erosion in the same way as
alkaline and earth-alkaline elements (Engstrom and Wright,
1984). They can also be derived from the chemical weathering
of catchment rocks and then be retained in organic soils or peat
complexes or be adsorbed on organic matter. Fe and Mn are
soluble under reducing conditions, such as during the build-up of
raw humus, and may be released from the soil. Mn is usually more
easily released than Fe due to its higher solubility. The Mn/Fe ratio
is commonly used as an indicator for paleo-redox conditions
(Davison, 1993). As Fe2+ is less stable in pore water than Mn2+, it
precipitates earlier than Mn2+ and hence Mn/Fe ratios in the
sediment are low when the sediment is anoxic (Koinig et al.,
2003). However, the behavior of Mn also depends on pH, as Mn2+

mainly precipitates as MnCO3. If the decomposition/humification
rate increases, the consumption of oxygen also increases while pH
decreases due to the release of CO2. This leads to a mobilization of
Mn2+ and to a decrease in the Mn/Fe ratio (Koinig et al., 2003).

The peat sequence of Lago Galvarne Bog (LGB) has a mean
organic matter content of 93–95% as determined by LOI analyses.
The corresponding ash content of 5–7% is more typical for a
l changes on Isla de los Estados (54.41S), southeastern Tierra del
2008.05.004
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minerogenic fen peat than for an ombrogenic bog (Naucke, 1990;
Steinmann and Shotyk, 1997), although ombrotrophic bogs with
continuous influx of airborne mineral particles may show such
LOI values.

In Unit 1 (16.1–15.1 ka cal BP), values for Ca, Ti and Fe (Fig. 3)
are high and fluctuating, Mn values are low, LOI increases slightly
and magnetic susceptibility values fluctuate. The inferred low
Mn/Fe ratios could indicate anoxic and/or acidic conditions.
However, the extremely low humified and well-preserved peat
together with higher Fe, Ti and Ca values suggests a permafrost-
frozen peat in a wind-swept environment. Increasing LOI and less
fluctuating values of the analyzed elements point to gradually
calmer and perhaps also milder conditions towards the top of Unit
1. The distinct peak in Ca, Ti, Mn and Fe at about 15.7 ka cal BP
implies higher minerogenic input into the bog.

A change in most of our proxies is seen at the onset of Unit 2
(15.1–11.5 ka cal BP), where the well-preserved peat grades into
low humified peat. The increasing degree of humification (Fig. 2)
from extremely low to low after ca 15.0 ka cal BP, is probably a
result of thawing permafrost and not due to changes in the water
table and thus does not directly reflect prevailing redox or pH
conditions. Sea level was low at this time and the ground water
gradient possibly steep. The presence of low humified peat in
spite of low sea level would imply generally higher precipitation.
The trend of increasing humification up to ca 12.6 ka cal BP (end of
subunit 2a) could be the sign of a continuously falling sea level
and thus an increasing ground water gradient due to local
Please cite this article as: Unkel, I., et al., Deglacial environmental
Fuego. Quaternary Science Reviews (2008), doi:10.1016/j.quascirev.2
isostatic rebound following the deglaciation of the island, which
could not be compensated by the precipitation anymore.

The distinct drop in LOI (to 81% organic matter) at 667 cm
(�14.770.1 ka cal BP) (Fig. 3) coincides with modest peaks in Fe, Ti
and Ca, which might be the chemical imprint of the Reclus1

eruption (McCulloch et al., 2005). This eruption has been dated to
12.6857260 14C years BP (Stern, 2008) based on an average of 18
dates, corresponding to a calibrated age range of 14.0–15.6 ka cal
BP. Two of our 14C dates bracket the interval with slightly higher
Fe, Ti and Ca counts: sample LuS-6797 at 661 cm (Table 1) with an
age of 12.380770 14C years BP (14.16–14.59 ka cal BP) and sample
LuS-6798 at 699 cm depth with an age of 13.030780 14C years
(15.21–15.56 ka cal BP). The Reclus volcano is located in the
Andean Austral Volcanic Zone at 511S, 73.71W and only produces
adakitic andesites and dacites (Stern and Kilian, 1996). This type of
eruptive material would hardly be detectable by magnetic
susceptibility and thus should not be seen in our susceptibility
records.

After 14.4 ka cal BP, LOI values vary between 90% and 95%,
susceptibility values are fairly stable and Ti attains very low
values. Ca values have a long minimum between 14.5 and
12.7 ka cal BP (Fig. 3), while Fe values are low throughout the
remainder of the sequence and Mn shows a more or less
continuous rise. The increase of the Mn/Fe ratio at 14.5 ka cal BP
is possibly caused by less minerogenic input and hence less Fe
input, as the Fe record in LGB shows the same general pattern as Ti
and Ca (Fig. 3). The trend of decreasing humification between 12.6
changes on Isla de los Estados (54.41S), southeastern Tierra del
008.05.004

dx.doi.org/10.1016/j.quascirev.2008.05.004


ARTICLE IN PRESS

3 2 1ab

0
1
2
3
4
5
0

25

50

75

100
0
5

10
15
20
25

0
10
20
30
40
50

0

200

400

600

800
0.0
0.1
0.2
0.3
0.4
0.5

Modeled age (cal BP)

κ 
(1

0-5
)

 C
a 

(c
ps

)
 T

i (
cp

s)
 F

e 
(c

ps
)

 M
n/

Fe
 ra

tio

10000
75
80
85
90
95

100

LO
I (

%
)

depth (cm)
745674630609566

0.0

0.5

1.0

1.5

2.0

 T
S

 (%
)

M
n 

(c
ps

)

11000 12000 13000 14000 15000 16000

Fig. 3. Loss on ignition, magnetic susceptibility, XRF measurements for the elements calcium, titanium, manganese and iron and Mg/Fe ratio from Lago Galvarne Bog (LGB).

To the right, the lithological units described in the text are given for orientation.

I. Unkel et al. / Quaternary Science Reviews ] (]]]]) ]]]–]]]6
and 11.5 ka cal BP (subunit 2b) could indicate increased humidity
or a rising water table/sea level when isostatic rebound slowed
down. The rising Ca values (Fig. 3) imply more dust transport
as a consequence of increased aridity and/or higher wind activity
after 12.7 ka cal BP. Overall, this suggests fairly dry conditions,
but with a rising water table in the bog due to higher relative
sea levels.
Please cite this article as: Unkel, I., et al., Deglacial environmenta
Fuego. Quaternary Science Reviews (2008), doi:10.1016/j.quascirev.
A major change in almost all proxies occurs at 11.5 ka cal BP
with the onset of Unit 3. The most distinct change is the sudden
transition into high-humified peat. Ca, Mn and magnetic suscept-
ibility values increase and Mn/Fe ratios reach their highest
values (Fig. 3). If the higher Mn/Fe ratio is interpreted as
indicating oxic conditions, then it would in combination with
high peat humification and high Ca values suggest dry and windy
l changes on Isla de los Estados (54.41S), southeastern Tierra del
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conditions. However, if the Mn/Fe ratio is related to changes in pH
conditions, high-humified peat may lead to lower Mn/Fe ratios.
These partly conflicting interpretations could be explained by the
fact that decomposition of organic matter without removal of an
element will cause an increase in concentration with time. In
contrast, a decrease in concentration with depth is a clear
indication that the element has been relocated. Furthermore, a
downward decrease in Mn while Fe still accumulates can be seen
in peat sequences within the zone of water table fluctuations
(Damman, 1978). Hence, the observed changes could indicate that
the Mn and Fe record was influenced by the local water table and
not by changing climatic conditions.

5.2. Laguna Cascada (CAS)

5.2.1. Stratigraphy and chronology

The part of the Laguna Cascada sequence presented here
comprises nine main stratigraphic units (Fig. 4), and the
chronology is based on 13 calibrated 14C AMS dates (Table 1).
The lowermost Unit 1 (523–501 cm, �16.2–16.0 ka cal BP) consists
of partly laminated clayey silt, possibly of glaciolacustrine origin,
and records the deglaciation of the site. The 30 clay/silt couplets
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in the bottom part (subunit 1a) suggest deposition during a short
time span just prior to 16.0 ka cal BP.

Increasing organic content is reflected by the change to the
light brown to grayish brown silty gyttja clay of Unit 2
(501–490.5 cm; 16.0–15.5 ka cal BP) and the light brown silty
clay gyttja (490.5–477.5 cm; 15.5–14.8 ka cal BP) of Unit 3.
A sharp boundary separates Unit 3 from Unit 4 (477.5–472 cm;
14.8–14.5 ka cal BP), a brown silty clay gyttja with a clearly higher
organic content than in the units below. The light brown silty clay
gyttja (472–445 cm; 14.5–13.2 ka cal BP) of Unit 5 displays a
gradual transition to Unit 6 (445–436.5 cm; 13.2–12.8 ka cal BP),
a homogenous brown silty clay gyttja. The sediments between
501 and 436.5 cm (16.0–12.7 ka cal BP) are characterised by a fairly
low and constant sedimentation rate of around 0.2 mm/yr.

Although the boundary between units 6 and 7 is gradual, the
age model suggests a distinct decrease in sedimentation rate from
�0.2 to�0.07 mm/yr. Unit 7 (436.5–434.5 cm; 12.8–12.5 ka cal BP)
is a thin light brown sandy silty clay gyttja, with a 3 mm thin layer
of visible organic matter at 436 cm and small gravel clasts at the
upper boundary. Unit 8 (434.5–421.5 cm; 12.5–10.6 ka cal BP), a
light to medium brown silty clay gyttja, is characterised by fairly
thick layers of changing organic matter content.
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The transition into Unit 9 (421.5–389.5 cm; 10.6–8.7 ka cal BP),
a silty algae-rich fine detritus gyttja with �20 fairly thick dark
laminae, appears sharp, although the sediment boundary does not
show signs of erosion. The sedimentation rate increases to almost
0.2 mm/yr at the onset of Unit 9.

5.2.2. Geochemical data and magnetic susceptibility

The partly laminated glaciolacustrine clay of Unit 1 has high
magnetic susceptibility values (Fig. 5), very low TC percentages
and maximum values for Ca, K, Rb, Sr, Si, Ti and Zr. The clay
mineral illite is likely the main potassium source, because K has
very low values above the clay. The K record may therefore be
regarded as a good proxy for variations in clay input to the lake.

Major changes occur at the transition to the gyttja clay of
Unit 2. Magnetic susceptibility values as well as most of the
heavy elements decrease considerably and TC increases distinctly
(Fig. 5). This indicates less glacial run-off with increasing
biological productivity. The higher C/N ratios imply a gradually
higher input of terrestrial organic material (Meyers and Teranes,
2001; Meyers, 2003), which shows the establishment of a
terrestrial vegetation around the lake in concert with decreasing
glacial influence. Together, all proxy data indicate gradually
milder conditions starting around 16.0 ka cal BP and continuing
throughout Unit 3 (15.5–14.8 ka cal BP). Unit 4 represents approxi-
mately 300 years and displays markedly higher TC (45%) and TN
(40.45%) values and low magnetic susceptibility values, which
indicate increased organic productivity, possibly caused by
warmer climatic conditions and less input of wind- and water-
transported mineral particles. It also gives the impression of the
culmination of an approximately 1500 years long phase
(16.0–14.5 ka cal BP) of gradual warming, but with variable
humidity, perhaps with a short-lasting setback at ca 15 ka cal BP
indicated by lower C and N values.

A response to the deposition of the Reclus1 tephra (McCulloch
et al., 2005) can possibly also be traced in the K-, Ti- and Ca-record
of Laguna Cascada (Fig. 6). All three proxies show modest peaks
between 473.5 and 470.5 cm core depth, marking the transition
between Unit 4 and 5. Based on our age–depth function for
Laguna Cascada, the tephra layer would have an age between 14.6
and 14.5 ka cal BP. The closest 14C samples were taken at 457 cm
(LuS-6938) and 477 cm depth (LuS-6939, Table 1).

Unit 5 deposited between 14.5 and 13.2 ka cal BP has initially
lower TC and TN values as compared with unit 4, but these
increase gradually. C/N ratios are constant and magnetic suscept-
ibility values are low. Ti and Ca reach minimum values around
14.0 ka cal BP and rise significantly after 13.8 ka cal BP, while K
values have a fluctuating and declining trend. Mn/Fe ratios display
two maxima and two minima, with a distinct maximum in the
middle of the unit and at the end. Rb/Sr ratios display a generally
decreasing trend with few short excursions of higher values. The
proxies imply variable climatic conditions. The first part, between
14.5 and 13.8 ka cal BP, may have been characterised by slightly
cooler and more humid conditions than before, while the interval
between 13.8 and 13.2 ka cal BP may have been again warmer and
drier, resulting in higher aquatic productivity (TC) and more wind-
(Ti and Ca) and less water-transported (K) mineral particles.

Unit 6 (13.2–12.8 ka cal BP) is similar to Unit 4, as it seems to be
the culmination of a longer warming period. TC and TN values rise
above 6% and 0.5%, respectively. In combination with high Ti and
Ca values and falling Rb/Sr ratios, this indicates warmer and drier
conditions favoring increased aquatic productivity and input of
dust particles.

The increased magnetic susceptibility and sand content of Unit
7 (12.8–12.5 ka cal BP), together with a minimum in TC and TN and
slightly lower values for the Rb/Sr ratio implies a lowering of the
lake level and the culmination of drier conditions. This unit may
Please cite this article as: Unkel, I., et al., Deglacial environmenta
Fuego. Quaternary Science Reviews (2008), doi:10.1016/j.quascirev.
reflect a shift into a different climate mode, which is also implied
by the suddenly lower sedimentation rate.

The very low sedimentation rate continues into Unit 8
(12.5–10.6 ka cal BP), which produces a low time resolution for
the TC and TN values. TC values are 7–8% and the N values display
a similarly stable trend. Among the elements, K values are low and
Ti and Ca values fluctuate fairly much but do not reach the same
values as in the sediments below. Both Rb/Sr and Mn/Fe ratios are
low but the latter attain a maximum at the end of the period. The
proxies imply a mild climate with more humid conditions than
before with varying degree of eolian deposition. The slightly
increasing trend of the C/N ratio throughout the sequence shows
that terrestrial organic matter plays a gradually increasing role in
the organic sedimentation.

A significant lithologic change characterises the transition
between Unit 8 and Unit 9 (10.6 ka cal BP), where clay gyttja is
succeeded by an algae-rich gyttja and the sedimentation rate
increases (Fig. 4). TC values increase steadily and reach 17% at
10.1 ka cal BP. This corresponds to an organic matter content of
35–40%. The C/N ratio also reaches values around 25, implying
that the lake was now surrounded by denser terrestrial vegeta-
tion, and this may also have contributed to the high TC content
(Meyers and Teranes, 2001; Meyers, 2003). In spite of this, the Ca
values remain fairly high and susceptibility rises slightly, while Ti
and K reach their lowest values. Both Rb/Sr and Mn/Fe ratios are
low. The proxies indicate that this may be the time when today’s
dense shrub and forest vegetation became established, which
possibly occurred under fairly mild and humid conditions.
6. A paleoenvironmental and paleoclimatic synthesis

6.1. Early Lateglacial (16– 12.8 ka cal BP)

During the LGM, the Tierra del Fuego based ice sheet did not
reach Isla de los Estados (Rabassa et al., 2000; Sugden et al., 2005),
although local glaciers may have occupied large parts of the
island. The oldest 14C-dates from Lago Galvarne peat bog (LGB)
show that this part of the island’s northern coast was ice-free
before 16 ka cal BP (LuS-6510, Table 1). The local valley glaciers
retreated further inland towards the central mountain chain and
may have remained as a restricted ice sheet in the mountains for
some time. The glacial clays at the bottom of the sequence from
Laguna Cascada (CAS) show that the lake was heavily influenced
by glacial melt water at least until 16 ka cal BP (LuS-6507), with a
gradually decreasing influence shown by increasing TC and TN
values and decreasing K values.

The onset of peat growth on Isla de los Estados concurs with
similar data from the Strait of Magellan (53–551S) where 14C dates
of basal peat yielded ages of between 13,280780 and
12,7407120 14C years BP (16.2–14.4 ka cal BP) (McCulloch et al.,
2005). McCulloch et al. (2005) subdivide the Lateglacial in Tierra
del Fuego into five glacial stages (A–E) characterized by glacial
advances and retreats. They date the end of glacial stage D, which
is marked by the retreat of the Magellan glaciers, some time
around 13,425–13,155 14C years BP (16,597–15,530 ka cal BP). This
correlates well with the onset of our records. However, we have no
indications of any re-advance of glaciers on Isla de los Estados,
related to the poorly age-constrained last glacial stage E of
McCulloch et al. (2005).

Due to the restricted glaciation and possible forebulge effects,
the LGM sea level should have been very low and the shallow
shelf, especially west and north of the island, must have been dry
land. This should have resulted in a higher dust influx into the
peat of LGB that is indicated by higher Ca and Ti values and
relatively low LOI values until ca 15.0 ka cal BP. High dust
l changes on Isla de los Estados (54.41S), southeastern Tierra del
2008.05.004
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transport can also be related to stronger Westerlies at this
latitude. Timmermann et al. (2005) suggest a shift of the southern
westerly wind belt leading to an increase of airflow south of 501S
during the LGM, based on a coupled atmosphere–ocean–sea ice
model. Wille et al. (2007) also assume an increase in wind speed
around Laguna Potrok Aike, situated at 511580S in Argentina, after
ca 15.4 ka cal BP based on higher values of Nothofagus pollen in
their lake record.

The proxies from our sites indicate increasing temperatures
until at least 14.5 ka cal BP with a possible short setback around
15 ka cal BP. Based on the CAS record, humidity also seems to have
increased until at least ca 13.8 ka cal BP, while proxies from LGB
may suggest a longer increase in humidity. However, in the latter
case, we cannot clearly differentiate between a rising ground-
water table and/or higher precipitation. Warmer and more humid
conditions between 16.1 and 13.9 ka cal BP are also inferred from
Laguna Potrok Aike, based on pollen and geochemical analyses
(Haberzettl et al., 2007; Wille et al., 2007).

From ODP site 1233 at 411S offshore the Chilean coast, Lamy
et al. (2007) report a two-step-warming from the LGM into the
Holocene, with a first increase of nearly 5 1C for about 2000 years
until ca 16.7 ka cal BP and a second increase of 2 1C between 12.7
and 12.1 ka cal BP. Even if the first warming step was too early to
be recorded in our sequences, it can be assumed that the generally
warmer conditions favored the onset of peat formation at LGB.
For this earlier time period, our records are in good agreement
with the rising d18O record from the Antarctica ice-core Dome C
until ca 14.5 ka cal BP (EPICA community members, 2006; Fig. 6).
In contrast to the Antarctic records from Dome C (EPICA
community members, 2006) and Byrd (Blunier and Brook,
2001), the alkenone-based SST record does not show a drop
during the ACR, resembling more the ice-core record of Dronning
Maud Land (EPICA community members, 2006). Although our
records do not indicate a distinct temperature drop at the time of
the ACR onset, the organic carbon record from CAS shows that the
previously gradually increasing aquatic productivity makes a halt
at 14.5 ka cal BP, and even decreases and remains at a stable,
slightly lower level for approximately 1000 years. We suggest that
this may be a weak expression of ACR, in an intermediate position
between the high and lower southern latitudes where the
influence from changes in the strength of the Westerlies is the
dominant climate forcing.

Gradually drier conditions after 13.7 ka cal BP are indicated in
the CAS record while the indications of humidity changes in the
LGB record seem to be overprinted by changes in groundwater
table/sea level. This increasing aridity, perhaps coupled with
slightly higher temperatures culminated around 12.8 ka cal BP,
resulting in a probably lower lake level of Laguna Cascada.
Since the sediments could not be obtained from the deeper part of
the lake, the low lake levels, resulting in more sporadic
sedimentation in shallower areas, could be the cause of the
subsequent two millennia of extremely low sedimentation rates
(�0.07 mm/a). A shift towards more arid conditions has also
been reported from Lago Cardiel, Argentina (491S), which is
situated in the rain shadow of the Andes (Gilli et al., 2001), leading
to a complete desiccation of the lake basin for a short period
around 11,220 14C years BP (ca 13.1 ka cal BP). The geochemical
record of Laguna Potrok Aike also shows a drop in lake level
for roughly 400 years between 13.2 and 12.8 ka cal BP (Haberzettl
et al., 2007).

The amount of precipitation at Lago Cardiel and Laguna Potrok
Aike depends on the impact of easterly air masses (Mayr et al.,
2007). Strengthened Southern Hemisphere Westerlies would thus
lead to a blocking of humid air masses from the east thereby
causing drier conditions. In contrast, Isla de los Estados is not
located in the rain shadow of the Andes and receives most of its
Please cite this article as: Unkel, I., et al., Deglacial environmental
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precipitation from the west. We therefore interpret the nearly
simultaneous lake level lowering of Laguna Cascada, Lago Cardiel
and Laguna Potrok Aike as a shift of the Westerlies to a more
northerly position, blocking the rain over the Patagonian steppe
and with less impact of the Westerlies on Isla de los Estados. This
may have been triggered by a more extensive zone of sea-ice in
the Southern Ocean during the ACR. Modeling results show that
the position of the Westerlies wind belt is heavily influenced by
the sea-ice extent around Antarctica (Hudson and Hewitson,
2001).
6.2. Late Lateglacial (after 12.8 ka cal BP)

Changing lithology in combination with the chemical record at
the start of Unit 7 (12.8 ka cal BP) in our CAS record and the start of
subunit 2b (ca 12.6 ka cal BP) in the LGB record, imply gradually
warmer temperatures during fairly arid conditions on Isla de los
Estados. This concurs with the second warming step at ODP site
1233 around 12.7 ka cal BP, and coincides with the beginning of
the Younger Dryas cold event (GS-1) on the northern hemisphere
(Björck et al., 1998). Such an anti-phase relationship between the
hemispheres may be the expression of a bipolar seesaw climate
effect (Broecker, 1998) between the two polar regions. However, it
could at least partly also be the result of regional climate effects:
these relatively warm and dry conditions seem to have been fairly
stable for at least 2000 years, implying the absence of large
changes in the general circulation regime of the region. Further-
more, the LGB Ca, Ti and susceptibility records suggest that the
period was either characterized by windy conditions and/or that
arid conditions facilitated wind erosion.

It is likely that the last remains of the disintegrating ice in the
mountains of the island disappeared during this time. In the CAS
record, obtained from the foot of the mountains, the K values
became very low after 12.5 ka cal BP and aquatic productivity/
organic sedimentation had reached another level, altogether
implying the absence of glacial influence. This corresponds fairly
well with the end of glacial stage E in the Strait of Magellan, dated
by the onset of peat growth on Isla Dawson sometime between
12.4 and 11.4 ka cal BP (McCulloch et al., 2005). All in all, this
suggests that the first onset of post-glacial warming in Tierra del
Fuego started already at this time, which is further supported by
the occurrence of the green algae Phacotus lenticularis in Laguna
Potrok Aike after 12.8 ka cal BP indicating water temperatures
415.8 1C, which implies warm summers (Schlegel et al., 1998;
Haberzettl et al., 2007).

One of the largest changes in our records occurs at 10.6 ka cal
BP. Apart from the clear lithologic change in Laguna Cascada,
which is also displayed by the steep rise in C and later also N, we
note that most of the elements display clear changes at this time.
We think that this is a combination of two main factors. Firstly,
this is approximately the time for the onset of the Antarctic
optimum shown as a temperature optimum in Antarctic ice cores
(Masson et al., 2000; Epica community members, 2004) and
increased SSTs and a decreased zone of sea ice around Antarctica
(Hodell et al., 2001; Nielsen et al., 2004). This possibly resulted in
a poleward shift of the zonal circulation in the South Atlantic with
lower wind speeds and less cyclones between 30 and 601S
(Hudson and Hewitson, 2001). Secondly, the changes we see are
possibly also an effect of the invading forest vegetation, most
clearly shown by the sudden rise in C/N ratios in Laguna Cascada.
During this period of fairly weak Westerlies and thus less windy
conditions, temperatures were high and precipitation fairly low,
favoring increased organic sedimentation in lakes, fairly high peat
accumulation, high peat humification and the establishment of
dense forest vegetation.
changes on Isla de los Estados (54.41S), southeastern Tierra del
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7. Conclusions

The lake sediment core of Laguna Cascada and the peat core of
Lago Galvarne Bog, both dating back slightly more than 16 ka cal
BP, reveal an unprecedented record of the Last Termination on Isla
de los Estados in southernmost South America. Age–depth
models, based on a combination of dense AMS-14C dating,
lithological boundaries and the calibration software OxCal 4,
provide continuous information for the period 16–10 ka cal BP.

TC, TN and LOI analyses of the lake sediments and the peat in
combination with high resolution XRF scanning yield information
on hydrologic changes at both sites and also give a general picture
of the development in temperature and wind conditions. We
relate the general environmental development to a gradually
warmer climate, the disintegration of the local Isla de los Estados
ice sheet and the isostatic rebound effect of the area. The latter
effect partly hampers the possibility to interpret the Lago
Galvarne Bog record in terms of pure climate-hydrology signals.
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In good agreement with other records from southernmost
South America (McCulloch et al. 2005; Haberzettl et al., 2007;
Wille et al., 2007), our data show deglaciation and the onset of
peat formation slightly before 16 ka cal BP. Our data also imply
gradually warmer and wetter conditions between 16 and 14.5 ka
cal BP, perhaps with a short climatic set-back at 15.0 ka cal BP
(Fig. 7). Some of our proxies also indicate higher dust influx into
the peat of Lago Galvarne Bog until ca 15.0 ka cal BP suggesting
strong Westerlies at this latitude. We imply that this may be
related to a gradual meridional shift of the Westerlies from a more
northern position (45–501S) during glacial times to a more
southern position (50–551S) towards the Antarctic thermal
optimum (McCulloch et al., 2000; Ljung and Björck, 2007), due
to a decreasing sea ice extent in the Southern Ocean (Hudson and
Hewitson, 2001).

The warming trend seems to be halted between ca 14.5–13.5 ka
cal BP and may be a local-regional effect of the ACR (EPICA
community members, 2006), although we have no indication of
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clearly cooler conditions on the island or re-advance of glaciers
like on Isla Grande de Tierra del Fuego (McCulloch et al., 2005).

After ca 13.5 ka cal BP, the warming appears to have continued,
until the early Holocene, while increasing aridity started after
13.8 ka cal BP and seems to have culminated around 12.8 ka cal BP,
causing a lake level drop in Laguna Cascada with an extremely low
sedimentation rate until ca 10.6 ka cal BP. Similar lake level
changes have been reported from Lago Cardiel (Gilli et al., 2001)
and Laguna Potrok Aike (Haberzettl et al., 2007).

Mainly based on the TC, TN and K records from Laguna
Cascada, we infer that the last glaciers in the mountains of the
island finally melted around 12.5 ka cal BP, which corresponds
quite well to the end of glacial stage E in the Strait of Magellan
(McCulloch et al., 2005).

We deduce from our records that a major change took place
around 10.6 ka cal BP: a warmer climate with less humid and
windy conditions favored higher peat accumulation and denser
forest vegetation. This most likely corresponds to the onset of the
Antarctic thermal optimum in the South Atlantic region. All in all,
this shows that the transition between the Last Termination and
the Holocene was characterized by large-scale circulation
changes, possibly triggered by meridional changes in the extent
of sea ice around Antarctica.
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