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ABSTRACT

Maar lake Laguna Potrok Aike is located north of the Strait of Magellan (south-

eastern Patagonia). Seismic reflection profiles revealed a highly dynamic

palaeoclimate history. Dunes were identified in the eastern part of the lake at

approximately 30 to 80 m below the lake floor, overlying older lacustrine

strata, and suggest that the region experienced dry conditions probably

combined with strong westerly winds. It is quite likely that this can be linked

to a major dust event recorded in the Antarctic ice cores during Marine Isotope

Stage 4. The dunes are overlain by a series of palaeo-shorelines indicating a

stepwise water-level evolution of a new lake established after this dry period,

and thus a change towards wetter conditions. After the initial, rapid and

stepwise lake-level rise, the basin became deeper and wider, and sediments

deposited on the lake shoulder at approximately 33 m below present-day lake

level point towards a long period of lake-level highstand between roughly

53Æ5 ka cal. bp and 30 ka cal. bp with a maximum lake level some 200 m higher

than the desiccation horizon. This highstand was then followed by a

regressional phase of uncertain age, although it must have happened some

time between approximately 30 ka cal. bp and 6750 yrs cal. bp. Dryer

conditions during the Mid-Holocene are evidenced by a dropping lake level,

resulting in a basin-wide erosional unconformity on the lake shoulder. A

second stepwise transgression between ca 5Æ8 to 5Æ4 ka cal. bp and ca 4Æ7 to

4 ka cal. bp with palaeo-shorelines deposited on the lake shoulder

unconformity again indicates a change towards wetter conditions.

Keywords Argentina, climate change, ICDP project PASADO, lacustrine
sedimentation, Laguna Potrok Aike, lake-level variations, Patagonia, seismic
reflection profiles.

INTRODUCTION

During the past decade, several studies have
shown that southern South America is one of

the major sources of dust in Antarctic ice cores
(e.g. Delmonte et al., 2004; Fischer et al., 2007;
Gaiero, 2007; Sugden et al., 2009). Therefore, one
of the prerequisites to understanding of the
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Antarctic ice records and their palaeoclimate
implications is knowledge of the palaeoclimate
history of southern South America.

Laguna Potrok Aike is a terminal maar-crater
lake situated just north of the Strait of Magellan in
the Patagonian steppe (Fig. 1A). The lake is
located in an area influenced by the strong
Southern Hemisphere Westerlies (SHW) and lies
in the rain shadow of the Andes with a modern
annual precipitation of less than 300 mm (Mayr
et al., 2007). The SHW are subject to latitudinal
shifts of up to 5� between glacial and interglacial
times (e.g. Lamy et al., 2001; Hebbeln et al., 2007;
Kaiser et al., 2008) which results in distinct
changes in the available moisture. Recent studies
on piston cores and on high-resolution seismic
data have shown that Laguna Potrok Aike is
highly sensitive to moisture changes (e.g. Haber-
zettl et al., 2005, 2008; Wille et al., 2007; Ansel-
metti et al., 2009). The lake sediments thus serve
as a unique terrestrial archive of southern South
American climate history and were recently
drilled in the context of the International
Continental Scientific Drilling Program (ICDP)

co-sponsored project ‘Potrok Aike Maar Lake
Sediment Archive Drilling Project’ (PASADO;
Zolitschka et al., 2009). Seven cores were recov-
ered from two sites in the lake (Fig. 1B) penetrat-
ing the uppermost ca 100 m of the lacustrine
sediments. The record drilled within PASADO
reaches back to ca 51 ka cal. bp (Kliem et al.,
2011) and contains roughly 50% of pelagic mate-
rial, intercalated with the same amount of pelagic
lake sediments (Zolitschka et al., 2009).

At present, an international community is
working on a multi-proxy study of the PASADO
drill cores of key Site 2 (Fig. 1B); Site 1 currently
is not the main focus of ongoing research. Once
more information, such as a detailed lithology or
geochemical data, is available, one of the most
challenging tasks will be the detailed interpreta-
tion of these data in the context of the Antarctic
ice cores, the shifts of the Southern Hemisphere
Westerlies and long-distance transport of aeolian
dust towards Antarctica. For this analysis, how-
ever, it will be mandatory to understand the local
evolution of the lake during the respective time
span in order to distinguish between locally and

Fig. 1. General setting of Laguna Potrok Aike. (A) Location of the lake in southern South America and geographical
names used in this study. The hatched area shows the position of the Pali Aike Volcanic Field (after Zolitschka et al.,
2006). Green stars indicate the locations of the Reclús and Mount Burney volcanoes. (B) Aerial photograph overlain
by bathymetry. Yellow lines mark the sparker surveys, purple lines mark the multi-channel seismic profiles (west–
east: AWI-20058220, south–north: AWI-20058230) and the pink line marks the 3Æ5 kHz profile shown in Figs. 2 and
6. Positions of the PASADO drilling campaign cores (Sites 1 and 2) are marked with orange stars; the positions of
short cores PTA03/6 and PTA03/12+13 are marked by pink triangles.
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globally induced changes. This study focuses on
the Late Pleistocene lake history as interpreted
from seismic reflection data, revealing a highly
dynamic sequence of events ranging from desic-
cation to highstands that might even have
resulted in a lake overflow.

STUDY AREA

Laguna Potrok Aike is a maar lake situated in the
Pali Aike Volcanic Field (PAVF), a north-west to
south-east striking tectonovolcanic belt with a
length of more than 150 km and ca 50 km width
(Fig. 1A). This backarc volcanic area is located in
the Magellan Basin about 300 km east of the
active Andean volcanic arc (Mazzarini & D’Oraz-
io, 2003). The volcanism of the PAVF is charac-
terized by plateau-like lava flows, scoria cones
and approximately 100 maars (500 to 4000 m in
diameter; Zolitschka et al., 2006) dating from
3Æ8 Ma in its western part to 0Æ01 Ma closer to
the Atlantic Ocean (Corbella et al., 2000; Cor-
bella, 2002). The bedrock of the PAVF consists of
Oligocene marine sandstones and shales (Pata-
gonia Formation) overlain by up to 1 km thick
Miocene molasse-type fluvial sediments (Santa
Cruz Formation) and Pliocene to Pleistocene
fluvio-glacial sediments of the so-called Pata-
gonian Plains related to the extended glacier
advances that occurred between 3Æ5 Ma and
1Æ0 Ma (Zolitschka et al., 2006). Laguna Potrok
Aike and Laguna Azul (Fig. 1A) form the two
volcanic structures in the PAVF that today con-
tain permanent lakes. Laguna Potrok Aike is the
larger and deeper lake (Mayr et al., 2005) and is
located in the oldest, western part of the PAVF, at
about 52�S and 70�W, at 116 m above sea-level
(asl) and about 90 km west of the Argentinean
city of Rı́o Gallegos (Fig. 1A). This terminal lake
is almost circular and bowl-shaped with a diam-
eter of 3Æ5 km and a 100 m deep and flat plain in
its central part (Fig. 1B). The deepest-penetrating
seismic surveys revealed a funnel-like structure
that is filled by up to 370 m of unconsolidated
lacustrine muds (Gebhardt et al., 2011).

Today, the lake basin contains a sub-saline
water body with episodic inflow correlated to
major snowmelt events. The most important inlet
is situated on the western shore (Fig. 1B) and
eroded its bed into a massive basaltic lava flow,
visible as a U-shaped cascade today. The present
lake level fluctuates inter-annually by at least
1 m. All measurements relative to present lake
level refer to the lake level in 2003 (116 m asl).

Laguna Potrok Aike is surrounded by a series of
subaerial palaeo-shorelines of modern to Holo-
cene age (Zolitschka et al., 2006) that reach up to
+21 m above the 2003 lake level.

PREVIOUS WORK

Prior to the deep drilling campaign in austral
spring 2008, four seismic surveys were carried
out to obtain a better insight into the sedimentary
regime and the outer geometries of Laguna Potrok
Aike. Based on high-resolution 3Æ5 kHz pinger as
well as on airgun data of the first and second
surveys, respectively, Anselmetti et al. (2009)
showed that the lake is characterized by a highly
dynamic sedimentation system during Holocene
and Late Glacial times. The uppermost ca 20 m of
the sediments in the lake basin are well-layered
with intercalated mass transport deposits (Ansel-
metti et al., 2009) and bury the uppermost hum-
mocky layer of coarse-grained sediments in the
western part and the palaeo-shorelines in the
eastern part, as well as the onlapping layers
inside the deepening lake. Haberzettl et al. (2007)
investigated the piston core PTA03/12+13 re-
trieved from the lake basin (Fig. 1B), reaching
down to approximately 19 m below lake floor (blf)
with a basal age of ca 16 ka cal. bp. An extreme
lake-level highstand phase between 16 ka cal. bp

and 13 ka cal. bp was identified in this core and
was associated with the uppermost sub-aerial
lake-level terrace at +21 m by Haberzettl et al.
(2007); this terrace, however, was never directly
dated, and the present authors cannot completely
rule out that it might have been formed earlier.

On the lake shoulder, an erosional unconfor-
mity was observed mainly in the 3Æ5 kHz (Ansel-
metti et al., 2009) and sparker data (Gebhardt
et al., 2011) down at approximately 33 m below
present lake level (Fig. 2). For consistency rea-
sons, the stratigraphic numbering of Anselmetti
et al. (2009) and Gebhardt et al. (2011) is fol-
lowed, and the term Unit I is used for lacustrine
layers, Unit II is used for volcanoclastic layers
and Unit III is used for the surrounding bedrock.
The erosional unconformity separates the recent
Subunit I-a from older Subunit I-b. This uncon-
formity is neither visible in the lake centre nor
can it be correlated across the steep slopes to the
basin preventing a separation between Subunits
I-a and I-b in the deep basin (where these two
Subunits, thus, were grouped into a single Sub-
unit I-ab; Anselmetti et al., 2009). The absence of
this unconformity in the basin is easily explained
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considering a lake-level lowstand at approxi-
mately 33 m below present lake level, resulting
in erosion above but continuous deposition
below, i.e. in the central basin. A second uncon-
formity is visible on the lake shoulder a couple of
metres below the first one (Fig. 2). It marks the
crater wall discordance mapped by Gebhardt
et al. (2011) and separates the lacustrine sedi-
ments of Unit I from the bedrock sediments of
Unit III.

Using total inorganic carbon content as a lake-
level indicator, Haberzettl et al. (2007) found
evidence for a drastic drop of the lake level
starting around 8Æ65 ka cal. bp. This lake-level
drop can be associated with the erosional uncon-
formity between Subunits I-a and I-b (Haberzettl
et al., 2008). The basin-wide erosional unconfor-
mity between Subunits I-a and I-b is overlain by
an overall transgressional succession comprising
up to 11 buried palaeo-shorelines (Anselmetti
et al., 2009) that hold the record of a stepwise
lake-level rise, indicating the onset of a stepwise
change in moisture. The youngest sediments just
above this unconformity date to 6Æ75 ka cal. bp

(Haberzettl et al., 2008) and give a minimum age
estimate for the transgression. Two series of
regressive shorelines interrupt the overall trans-
gressional trend between ca 5Æ8 to 5Æ4 ka cal. bp

and ca 4Æ7 to 4 ka cal. bp. Additionally, drift
sediments of the same age in the lake basin point
to the onset of lake currents that are triggered by
either a latitudinal shift or an increase in wind
intensity of the Southern Hemispheric Westerlies
over Laguna Potrok Aike at that time (Anselmetti

et al., 2009). For the more recent history, Haber-
zettl et al. (2005) documented highly dynamic
lake-level fluctuations for the past ca 2000 years
with changing conditions in moisture as well as
in temperature as reflected, for example, by the
content of total inorganic carbon in the most
recent sediments.

Gebhardt et al. (2011) mapped the crater wall
discordance based on sparker data of the third
survey, and used the seismic refraction data of the
fourth survey to calculate a depth-velocity model
of the maar crater and the lacustrine sediments.
The model of the outer geometries of the Laguna
Potrok Aike maar crater shows that the boundary
between post-eruptive volcanoclastic and lacus-
trine sediments is located at ca 370 m below lake
floor in the lake centre (Gebhardt et al., 2011).
The lower part of the lacustrine sediment units,
and thus the earliest stage of the lake, remains
elusive in the seismic reflection data due to
masking by the acoustic multiple. Only the
uppermost ca 100 m of sedimentary infill can be
interpreted in the seismic reflection profiles.
Seismic refraction data show enhanced acoustic
velocities in the lower part of the lacustrine unit,
i.e. where seismic data are masked. Using the
Baruth and Messel maars (both located in Ger-
many) as analogues (Pirrung et al., 2003; Wieder-
hold, 2003; Schulz et al., 2005; Buness et al.,
2006), it is quite likely that Laguna Potrok Aike is
also filled with lacustrine unconsolidated muds
intercalated with a high number of mass transport
deposits in its lowermost lacustrine part (Geb-
hardt et al., 2011). These mass transport deposits

Contact between bedrock (III) and lacustrine sediments (I)
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Fig. 2. 3Æ5 kHz high-resolution
profile of the northern lake
shoulder. The location of this profile
is shown in Fig. 1B. The olive green
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may have decreased in number with time due to
an increasing levelling of the relief.

METHODS

Acquisition and processing of seismic data

This study focuses on the seismic reflection
profiles that were acquired during the fourth
seismic survey carried out by the Alfred Wegener
Institute (AWI), Bremerhaven, Germany. In
March 2005, a 655 cm3 Mini-G gun (Sercel/
Sodera, Nantes, France) was used as acoustic
source, and a 270 m long 14-channel streamer
(offset: 130 m; spacing of single hydrophones:
10 m) constructed by the AWI was used as a
receiver. A detailed description of the streamer is
given elsewhere (Niessen et al., 2007). Two
multi-channel reflection profiles were acquired
(one in a north–south direction and one in an
east–west direction; Fig. 1B), and completed by
four single-channel profiles (two in both north–
south and east–west directions) using a single-
channel 20-elements AE5000 streamer (Geo-
Acoustics, Norfolk, UK) as receiver. Seismic
processing of the airgun profiles comprised dig-
itizing, band-pass filtering (70–100–280–350 Hz),
stacking (multi-channel profiles only; CMP spac-
ing: 25 m, vertical resolution ca 2 to 4 m),
deconvolution and automatic gain control. Fur-
thermore, sparker profiles acquired by the Uni-
versity of Gent, Belgium, were used to verify the

structures observed on the reflection profiles.
Details of sparker data acquisition and processing
are given in Gebhardt et al. (2011). Details of the
3Æ5 kHz profiles acquired by the ETH Zurich
group, Switzerland, can be found in Anselmetti
et al. (2009).

Geochemical and AMS 14C age data

For geochemical fingerprinting, glass components
of tephra samples were analyzed using an elec-
tron microprobe at the Tephrochronology Ana-
lytical Unit of the University of Edinburgh, UK.
Ten major oxides were measured on polished thin
sections on a five-spectrometer Cameca SX-100
electron microprobe (CAMECA SAS, 92622
Gennevilliers Cedex, France). For determination
of AMS ages, macro remains of aquatic mosses
were sampled from pelagic horizons. Before they
were sent to the Poznań Radiocarbon Laboratory,
samples were sieved (>200 lm), cleaned with
demineralized water and dried at 60 �C. For
calibration of the AMS 14C data, the Cal-
Pal_2007_HULU calibration curve (Weninger &
Jöris, 2008) was used. The age curve was then
modelled using the mixed-effect regression meth-
od (Heegard et al., 2005). The entire age model for
Site 2 was modelled using 53 AMS 14C ages (P.
Kleim, unpublished data). In the current paper,
the authors show the 14C data that overlie and
underlie the tephra layers that are important for
this study, along with the modelled age estimates
for these tephra layers (Table 1).

Table 1. AMS ages above and below tephra layers 2T35, 2T39 and 2T52, and modelled age for the corresponding
tephra layers.

Sample
number

Depth*
(m cd)

AMS age�
(ka bp)

Cal. Age�
(ka cal. bp)

Mod. age§
(ka cal. bp)

Poz-37075 55Æ59 30Æ8 (0Æ4) 34Æ92 (0Æ38)
2T35 55Æ95 44Æ44 [40Æ66–48Æ22]
Poz-34239 56Æ66 42Æ0 (2Æ0) 45Æ61 (1Æ85)

Poz-32494 67Æ13 43Æ0 (2Æ0) 46Æ51 (2Æ04)
2T39 72Æ10 48Æ74 [43Æ84–53Æ65]
Poz-34242 72Æ80 44Æ0 (2Æ0) 47Æ45 (2Æ2)

Poz-32495 80Æ60 45Æ0 (2Æ0) 48Æ43 (2Æ32)
2T52 95Æ38 50Æ85 [44Æ58–57Æ12]
Poz-37015 96Æ21 52Æ0 (4Æ0) 54Æ58 (3Æ94)

*Depth is given in metres composite depth within the composite profile of Site 2.
�AMS age in ka. 1r error is shown in parentheses.
�Calibrated age in ka. 1r error is shown in parentheses. Calibration was done using the CalPal_2007_HULU cali-
bration curve (Weninger & Jöris, 2008).
§Modelled age in ka. 95% confidence interval is shown in brackets. Modelling was done following the Heegard et al.
(2005) mixed-effect regression method.
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RESULTS AND INTERPRETATION

Seismic reflection data indicate relatively well-
stratified sediments intercalated with mass
transport deposits in the uppermost ca 20 m below
lake floor (blf). In certain places, however, these
well-layered reflections are found to approxi-
mately 100 m blf, i.e. down to the acoustic multi-
ple (Fig. 3). Large areas below 20 m blf remain
acoustically transparent, mainly in the western
and central part of the lake; this points towards
free interstitial gas and/or coarse-grained sedi-
ments causing acoustic blanking. Both free gas and
coarse sediments (mostly sand and some gravel)
were observed during the PASADO deep drilling
campaign confirming the seismic findings.

An unconformity that separates Subunit I-ab
from Subunit I-c can be identified in the deeper
lake basin, being most pronounced in the eastern
part of the lake (Fig. 3), but is obscured by
acoustic blanking in large parts of the lake. This
unconformity is non-erosional with downlaps
and onlaps from Subunit I-ab onto Subunit I-c
(Figs 3 and 4). It is rather flat in the north–south
direction, but bends upwards towards the east
(Fig. 3; see also Gebhardt et al., 2011). The eye-
catching downlaps and onlaps onto this uncon-
formity in the eastern part of profile AWI-
20058220 can also be identified in nearby sparker
profiles, but are restricted to a rather small area.
In this area, the crater wall morphology shows a
distinct depression (Gebhardt et al., 2011). The
onlapping and downlapping sediment layers can
be interpreted by their morphology as a succes-

sion of buried palaeo-shorelines (for example,
characteristic steeper fronts facing the lake with
flatter landward-dipping parts). Similar features
were also observed above the uppermost ero-
sional unconformity at ca 33 m below modern
lake level in Laguna Potrok Aike (Anselmetti
et al., 2009), and in many other lakes (e.g. Gilli
et al., 2005; Anselmetti et al., 2006).

Subunit I-c underlies these palaeo-shorelines
and is well-layered in the central, northern and
southern part of the lake with the layers dipping
gently from the crater wall towards the centre of
the lake. Free interstitial gas and/or coarse-
grained sediments, however, mask Subunit I-c
in the western part of the lake. In the eastern
section where the boundary between Subunits
I-ab and I-c is bent upwards, Subunit I-c addi-
tionally fills the wedge formed between the
horizontally laying lower layers of Subunit I-c,
the steep crater wall and the upward-bent bound-
ary between I-c and I-ab (Figs 3 and 4). The
sedimentary features in this wedge are character-
ized by a basinward dipping shape with down-
laps onto underlying layers and onlaps onto the
crater wall; the lowermost layers inside the wedge
have a hummocky surface with a wavelength in
the range of 50 to 100 m. Subunit I-c is charac-
terized by flat, parallel to sub-parallel sediment
layers forming an eastward-thickening wedge in
the eastern part of the lake, but cannot be traced
to other parts of the lake due to the acoustically
chaotic characteristics of the sediments at this
depth. The sediment layers of Subunit I-c end in
downlaps towards the basin centre. These layers
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are unlikely to originate from mass transport
deposits as they do not thin out towards the lake
centre as turbidites would, nor do they end with a
characteristic ‘nose’ as debris flows would. Fur-
thermore these layers do not seem to thin out
uphill, but form onlaps onto the crater wall. The
sediments rather resemble features such as
stacked sand dunes that were formed by accumu-
lation of material blown uphill in an easterly
direction. Thus, the wedge succession is inter-
preted as having accumulated during a dry stage
of the maar, probably with some small and
shallow, persisting or ephemeral ponds in the
central part of the basin.

The boundary between Subunits I-ab and I-c,
however, cannot be traced throughout the entire
basin. This boundary is clearly visible in the
eastern part of the lake, but the reflector is not
continuous towards the lake centre and thus
cannot be easily traced to Site 1 and then further
towards Site 2. It rather seems as if this reflector
was eroded in the more central part of the lake.
The present authors think that this boundary
might have been eroded in the lake centre,
probably due to strong winds that blew out the
lacustrine sediments from an earlier lake that
persisted before the desiccation; there would
then be a paraconformity between Subunit I-c
and a presumed underlying Subunit I-d that
cannot be distinguished from Subunit I-c by
means of the seismic profiles. The sediment
succession in the central part of the lake, there-
fore, might not show any sign of a desiccation
horizon, but a series of lacustrine sediments of
the old, pre-desiccation sediments followed by
the younger, post-desiccation sediments with
very similar characteristics. If a small pond
persisted throughout the dry phase in the centre
of the lake, this might bias the sedimentary
record even more. Therefore, interpretation of
the seismic profile further away from the drill
sites is essential to understanding of the evolu-
tion of the lake and to better interpret the
sedimentary record.

DISCUSSION

Dry maar, subsequent re-flooding and
lake-level rise

At present, strong winds from west/south-wes-
tern directions dominate the general wind pattern
and were strong enough to blow away a washing
machine during the PASADO drilling campaign

in austral spring 2008. The stacked dunes iden-
tified in Subunit I-c are located in an east/north-
easterly position in the lake, coinciding with a
crater wall depression identified by Gebhardt
et al. (2011). This observation points towards a
similar wind pattern during deposition of Sub-
unit I-c with accumulation of sediment on the
eastern side within the deep and dry maar (180 to
200 m below the uppermost sub-aerial terrace).
The acoustically masked (and, thus, not clearly
identifiable) counterpart in the western part of the
lake is quite likely to have been subject to aeolian
deflation caused by the westerly winds that
resulted in vortices on the western side and
subsequently in a deflation hollow. The crater
wall depression may have functioned as a funnel
for wind and wind-transported material; at the
eastern end of the lake, coarser material fell out
and accumulated upslope while fine material was
transported through the funnel and deposited
outside the crater in an east/north-easterly direc-
tion. Indeed, satellite images of the modern Pali
Aike Volcanic Field show fan-shaped features on
the leeward side, i.e. towards the east/north-east,
outside of the crater of almost all dry maars. A
nearby example, the recent Laguna Bismarck,
serves as a modern analogue to the ancient dry
Laguna Potrok Aike with coarse-grained sedi-
ments accumulated downslope and upslope on
the wind-sheltered side inside the crater and fine-
grained material blown over the crater rim
towards the east/north-east (Fig. 5B), building
up the fan-shaped depositional area visible in
the satellite images. Due to its much flatter shape
(Laguna Bismarck is filled almost completely),
dunes cannot stack up as easily in Laguna
Bismarck today as they did in the deeper and
dry Laguna Potrok Aike.

Buried palaeo-shorelines in the lowermost part
of Subunit I-ab overlay the sand dunes with a
discontinuity including a hiatus of unknown
duration in between. The palaeo-shorelines indi-
cate a stepwise rise in lake level (Fig. 4), and thus
wetter and probably less windy conditions. It is
quite likely that this was caused by either a
general weakening or a latitudinal shift of the
Southern Westerlies, as has been suggested for
glacial times by several authors (e.g. Lamy et al.,
2001; and references therein; Hebbeln et al.,
2007; Kaiser et al., 2008). A possible time frame
for desiccation and subsequent re-flooding is
given below. Again, these palaeo-shorelines can
only be observed in the eastern part of the lake,
while the northern and southern parts are char-
acterized by acoustically transparent to chaotic
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sediments that show sub-parallel sediment layers
in places. The palaeo-shorelines were formed
during slow-downs or still-stands within the
overall transgression and allow a reconstruction
of a relative pattern of lake-level rise (transgres-
sion) and fall (regression) (Fig. 4) in a similar
fashion to that which has been shown for the
Middle to Late Holocene palaeo-shorelines buried
in the shallower parts of the lake (Anselmetti
et al., 2009). The preservation of palaeo-shore-
lines commonly points to a rather fast lake-level
rise, resulting in an in-place drowning of these
features (Gilli et al., 2005). Taking into account
the relatively short time period of roughly

4000 years for the formation of the lake shoulder
palaeo-shorelines (Anselmetti et al., 2009), the
present authors also think that the deeper palaeo-
shorelines might have formed in a similarly
short time interval. It is likely that during this
dynamic period, characterized by rising and
falling lake levels, large amounts of sediment
were redeposited.

Timing of desiccation and re-flooding
of the maar

None of the sites drilled during the PASADO
campaign penetrated into the buried palaeo-

Fig. 5. Evolution of Laguna Potrok Aike. (A) In an early stage, and after an even earlier lacustrine stage, Laguna
Potrok Aike was dry (probably with some small and shallow, persisting or ephemeral ponds) with aeolian deflation
in its western part and dune stacking in its eastern part due to strong westerly winds. Nearby Laguna Bismarck
shown in (B) can be used as a modern analogue with sediment blown in an east/north-easterly direction to form a fan-
shaped accumulation area outside the maar. (C) After a rapid lake level rise indicated by several palaeo-shorelines, a
lake level highstand was reached with a lake level well above the current lake shoulder, probably as high as +21 m
where the highest sub-aerial shoreline is found. A lake level higher than +21 m is impossible, as the lake then would
start to overflow. Sediments were deposited on the lake shoulder probably between 53Æ5 ka cal. bp and 30 ka cal. bp.
This was followed by a lake level drop down to 33 m below modern lake level, along with erosion of large parts of the
previously deposited sediment. (D) A second stepwise lake level rise indicated by 11 palaeo-shorelines on the lake
shoulder was reported by Anselmetti et al. (2009) (lower panel). Several sub-aerial terraces are presently exposed
(from Anselmetti et al., 2009) (upper panel). The +21 m terrace is marked in red.
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shorelines or the underlying stacked sand dunes,
and direct dating of these events thus is not

possible. Indirect age information, however,
comes from three tephra layers that were identified
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in the deep centre of the lake (Fig. 6B). The three
tephra layers originate from eruptions of the Reclús
volcano (2T35; Fig. 1A) and of Mount Burney
(2T39 and 2T52; Fig. 1A) and could be dated by
overlying and underlying 14C ages to 44Æ44 ka cal.
bp (tephra thickness: approximately 4 cm),
48Æ74 ka cal. bp (tephra thickness: approximately
7 cm) and 50Æ85 ka cal. bp (tephra thickness:
approximately 1 cm) at Site 2 (Table 1). In Fig. 6B,
these tephra layers are indicated in their strati-
graphic position in the lake centre, together with
the stratigraphic position of the sand dunes, the
overlying stacked palaeo-shorelines and their sep-
arating discontinuity. An average seismic velocity

of 1650 ms)1 was used for conversion of two-way
traveltimes to depth below lake floor in the lake
centre, as derived from seismic refraction data
(Gebhardt et al., 2011). This conversion brings the
sand dunes to approximately 30 to 80 m below lake
floor in the eastern part of the lake, while the
palaeo-shorelines are found at approximately 20 to
60 m below lake floor (Fig. 6B). Even though the
unconformity below the stacked palaeo-shorelines
cannot precisely be traced towards Site 1 and
further towards Site 2, a tentative correlation
shows that this unconformity must occur in a
stratigraphic position below tephra 2T52 (Fig. 6B).
The desiccation of the lake, thus, must have
occurred prior to the deposition of tephra 2T52,
i.e. at least before 50Æ9 ka cal. bp. The reflectors just
adjacent to the palaeo-shorelines towards the lake
centre are not continuous but show some ‘gaps’;
the present authors do not think that these are
associated with the palaeo-shorelines directly and,
taking the present situation as an example, it is
obvious that the present-day shoreline is approx-
imately 100 m above the present sediment depo-
centre in the lake basin. It is certainly unlikely that,
during the time when the palaeo-shorelines were
active, the depocentre was 100 m deeper as well
but at least it was somewhat deeper than the
respective shoreline level. Therefore, the sedi-
ments that are found today adjacent to the palaeo-
shorelines at the same depth in the seismic profiles
definitely have to be younger than the palaeo-
shorelines themselves.

The same three tephra layers were also identi-
fied in core PTA03/6 (for location see Fig. 1B)
from the lake shoulder (Haberzettl et al., 2008;
Fig. 6A) and could clearly be correlated to the
three tephra layers in the lake centre by their
unique geochemical fingerprint (t6-4 to 2T35, t6-8
to 2T39 and t6-10 to 2T52; see Fig. 7). A green

Fig. 6. (A) 3Æ5 kHz high-resolution profile of the northern lake shoulder with piston core PTA03/6. The erosional
unconformity between Subunits I-a and I-b is marked in olive green; lilac, mint green and light blue lines mark three
characteristic tephra layers that were found both in PTA03/6 and in the long PASADO cores at Site 2. The lines in
corresponding colours mark the respective isochrones of the tephra layers. Note that the sediments of Subunit I-b get
younger towards the lake shoulder edge, i.e. towards the south. The dark violet line marks the crater wall discordance
(contact between bedrock and lacustrine sediments). Subunit I-b is ca 10 m thick at the location of PTA03/6; ca 6 m
were retrieved. The sediment package at the lake shoulder edge that contains the youngest sediments of Subunit I-b is
ca 16 m thick with a basal age of ca 53Æ5 ka cal. bp and a top age of ca 30 ka cal. bp. Core depths were converted to
two-way traveltime with 1500 ms)1 above and 1600 ms)1 below the erosional unconformity according to Anselmetti
et al. (2009). (B) Combined seismic reflection profile from the southern part of the lake through Site 2 to Site 1 (AWI-
20058230) and then towards the east (AWI-20058220). The three tephra layers identified in the lake shoulder sed-
iments are indicated in their respective colour at Site 2. The unconformity below the stacked palaeo-shorelines can
tentatively be traced through Site 1 and further towards Site 2. Two-way traveltime was converted to metres below
lake floor using an average p-wave velocity of 1650 ms)1. Note that in (A), depth is given in metres below lake
surface, while in (B), depth is given in metres below lake floor relative to Site 1. The location all three profiles is
shown in Fig. 1B.
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line in Fig. 6A marks the unconformity between
Subunits I-a and I-b. This unconformity is clearly
visible in the dry bulk density data (Haberzettl
et al., 2008). The lilac, mint green and light blue
lines mark the three tephra layers (Fig. 6A).
Subunit I-b is ca 10 m thick at the location of
PTA03/6; ca 6 m were retrieved. The sediment
package at the lake shoulder edge where the
youngest sediments of Subunit I-b are found is ca
16 m thick. Sedimentation rates between the
tephra layers can be calculated as 0Æ06 cm per
year between 2T35 and 2T39 and 0Æ1 cm per year
between 2T39 and 2T52. Using the tephra ages
and corresponding sedimentation rates to extrap-
olate above/below the tephra layers, the sediment
package at the shoulder edge highlighted in light
orange on Fig. 6A comprises sediments from ca
53Æ5 to ca 30 ka cal. bp. The well-layered charac-
ter of the sediments of Subunit I-b points to
continuous deposition during a lake-level high-
stand between ca 53Æ5 to ca 30 ka cal. bp with a
lake level that must have been significantly higher
than the lake shoulder itself, i.e. significantly
higher than )33 m below present lake level. In
combination with the information from Site 2,
this points to a rapid lake-level rise before ca
53Æ5 cal. bp, with stacked palaeo-shorelines in the
eastern part of the lake, followed by a long period
of continuously high lake level, probably as high
as the uppermost subaerial terrace at +21 m
generating an outflow to the lake; this would
add up to a total of up to 200 m lake-level rise
between the desiccation and the outflow horizon.

After this period of lake-level highstand, the
lake level dropped to approximately 33 m below
the 2003 lake level to form the erosional uncon-
formity between Subunits I-a and I-b (Anselmetti
et al., 2009). The age of this regressional phase,
however, is uncertain; it must have happened
sometime between approximately 30 ka cal. bp

(extrapolated age of the youngest Subunit I-b
sediments; Fig. 6A) and 6Æ75 ka cal. bp (age of the
lowermost layer above the unconformity in
PTA03/6; Haberzettl et al., 2008). Airgun seismic
data from Lago Cardiel, a lake that is located
approximately 3� further north (Fig. 1A), also
show that this region has been dominated by
extremely contrasting climatic conditions with
rapid and significant lake-level fluctuations, at
least during the past 20 ka (Gilli et al., 2005;
Beres et al., 2008).

A series of studies have shown the impor-
tance of Patagonia as a source of dust in the
Antarctic ice cores (e.g. Delmonte et al., 2004;
Sugden et al., 2009). Sugden et al. (2009)

showed that dust availability in Patagonia is
closely related to the location and extent of the
Patagonian ice sheets. Dust peaks in Antarctic
ice cores only occur during glacial times when
rivers loaded with glacial meltwater deposit
their sediment load directly onto outwash
plains, from where it easily can be mobilized.
If the glaciers instead terminate into pro-glacial
lakes, no dust peaks are found in Antarctic ice
cores (Sugden et al., 2009). Given the fact that
the dry period indicated by the sand dunes in
Laguna Potrok Aike must have occurred slightly
prior to 53Æ5 ka cal. bp, it is quite likely that it
can be tentatively dated to MIS 4 where dust
peaks are found in both the Vostok as well as
the EPICA cores (e.g. Delmonte et al., 2004;
Fischer et al., 2007), and where Sugden et al.
(2009) report a period with braided rivers on a
large outwash plain in Patagonia.

CONCLUSIONS

Seismic reflection profiles of Laguna Potrok Aike
reveal a highly dynamic palaeoclimate history.
After an earlier lake stage, the region apparently
experienced dry conditions that led to a lake-level
drop and a subsequent desiccation of the lake
prior to 53Æ5 ka cal. bp, probably during Marine
Isotope Stage (MIS) 4. Strong westerly winds
caused aeolian deflation in the western part and
stacking of dunes in the eastern part of the
roughly 200 m deep, bowl-shaped dry maar.
Buried palaeo-shorelines overlay the stacked
sand dunes and point to a sudden change towards
wetter conditions after 53Æ5 ka cal. bp. After the
initial stepwise lake-level rise documented by
palaeo-shorelines, the lake became gradually
deeper and wider. A highstand situation was
reached rapidly with a lake level up to 200 m
above the desiccation horizon, and sediments
were continuously deposited on the lake shoul-
der, some 150 m above the desiccation horizon,
between 53Æ5 30 ka cal. bp and 30 ka cal. bp. Dryer
conditions and thus a dropping lake level down
to ca 33 m below modern lake level formed an
unconformity that is found basinwide on the lake
shoulder (Anselmetti et al., 2009). More evidence
for such a lake-level drop comes from a piston
core from the lake centre (Haberzettl et al., 2008).
A second stepwise transgression with up to 11
palaeo-shorelines deposited on the lake shoulder
unconformity and its highly dynamic climate
history are reported in great detail in Anselmetti
et al. (2009).
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Janssen, S., Lücke, A., Mayr, C., Ohlendorf, C., Schleser,
G.H. and Zolitschka, B. (2007) Vegetation and climate

dynamics in southern South America: the microfossil re-

cord of Laguna Potrok Aike, Santa Cruz, Argentina. Rev.

Palaeobot. Palynol., 146, 234–246.
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