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Abstract

Seismic reflection studies in the maar lake Laguna Potrok Aike (51°58’ S, 70°23’ W) revealed an erosional unconformity
associated with a sub-aquatic lake-level terrace at a water depth of 30m. Radiocarbon-dated, multi-proxy sediment studies of a
piston core from this location indicate that the sediment below this discontinuity has an age of 45kyr BP (Oxygen Isotope Stage 3),
and was deposited during an interval of high lake level. In comparison to the Holocene section, geochemical indicators of this older
part of the record either point towards a different sediment source or to a different transport mechanism for Oxygen Isotope Stage 3
sediments. Holocene sedimentation started again before 6790cal. yr BP, providing a sediment record of hydrological variability
until the present. Geochemical and isotopic data indicate a fluctuating lake level until 5310cal. yr BP. During the late Holocene
the lake level shows a receding tendency. Nevertheless, the lake level did not drop below the 30m terrace to create another
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unconformity. The geochemical characterization of volcanic ashes reveals evidence for previously unknown explosive activity of
the Reclus and Mt. Burney volcanoes during Oxygen Isotope Stage 3.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Major gaps of palacoclimatic information exist during
Oxygen Isotope Stage 3 (OIS 3) in the marine sector
around South America as well as in high-resolution
terrestrial records over large parts of this continent
(Voelker, 2002). Such information is critically needed in
order to compare southern-hemisphere climate with the
better known climate history from the tropics and the
northern hemisphere. This permits an assessment of
possible synchronicity of global climate events in the
past, and a validation of global climate models. Climatic
information from terrestrial archives in South America
covering OIS 3, however, is limited to latitudes north of
43° S (Voelker, 2002). The southernmost sites comprise
pollen records from several sites, including a mire at
Taiquemd (42°10’ S, 73°36” W) on Isla Grande de Chiloé
in Chile (Heusser et al., 1999; Heusser and Heusser,
2006), and a fen at Fundo Nueva Braunau (40°17" S,
73°05" W, Heusser et al., 2000), as well as tree-ring studies
based on sub-fossil tree remnants found at Seno Reloncavi
(40°00" to 42°30" S, 71°30" to 74°00" W), both in the
southern Lake District of Chile (Roig et al., 2001). Farther
south, climatological information covering this time
interval originates from Antarctic ice cores (Petit et al.,
1990; 1999). Hence, a high-resolution sediment record
from Laguna Potrok Aike (51°58' S, 70°23” W) (Figs. 1
and 2) covering OIS 3 would be a critical step towards
bridging the gap between these continental records. One
aim of this paper therefore is to investigate the hydro-
logical variability in southeastern Patagonia on the basis of
lacustrine sediments from Laguna Potrok Aike during the
Holocene and OIS 3.

Additionally, the identification of ash layers will allow
the refinement of the regional tephrostratigraphy. During
the Late Quaternary southern Patagonia was influenced by
intensive volcanism that occurred along the Southern
Andes in two separate volcanic zones, i.e., the Southern
Volcanic Zone (SVZ) and the Austral Volcanic Zone
(AVZ) (Stern et al., 1984). To the north, the Hudson
volcano in the southern part of the Southern Volcanic Zone
(SSVZ, 46° S) erupted basaltic and trachyandesitic to
rhyodacitic pyroclastic material. In the south, the strato-
volcanoes of the AVZ (49°-54° S) produced many tephra
eruptions of andesitic—dacitic to rhyolitic composition

(Stern and Kilian, 1996). Most of those eruptions were
confined to the Lautaro, Viedma and Aguilera volcanoes
in the northern part (NAVZ) as well as to Mt. Burney and
Reclus in the southern part of the AVZ (Auer, 1974; Stern,
1990). The Holocene explosive history of SSVZ and AVZ
volcanoes has been characterized on the basis of chemical
discrimination of numerous distal tephra layers detected in
terrestrial sediment records from Chile and Argentina
(Auer, 1974; Stern, 1990; Stern and Kilian, 1996; Haberle
and Lumley, 1998; Markgraf et al., 2003). Tephra ages
were estimated indirectly using numerous radiocarbon
dates that are bracketing the respective tephras. Although
widespread in Patagonia, volcanic ashes older than Ho-
locene have not been the focus of detailed studies. Up to
now, geochemical characterization of tephras erupted
during OIS 3 have only been performed further north
(Toms et al., 2004). Those investigations identified
volcanic ashes from the Quizapu volcano at the northern
limit of the SVZ (Toms et al., 2004) confirming the
existence of volcanic activity in the SVZ during that time.

2. Site description

The maar lake Laguna Potrok Aike is located in
southeastern Patagonia (Fig. 1). This environment is
characterized by a strong precipitation gradient from
west to east with ca. 170mm/yr of precipitation at the
lake. Climate in this area is dominated by the westerly
wind constituting more than 50% of all wind directions
and reaching mean monthly wind speeds of 9m/s during
early summer (Endlicher, 1993).

The circular lake has a maximum diameter of 3470m.
The catchment area (> 200km?) reaches far south.
Nevertheless, stream run-off only occurs episodically
through a few gullies and canyons. In summer 2002, the
lake level was at 113m a.s.l. and the maximum water
depth was approximately 100m (Haberzettl et al., 2005).
The lake is surrounded by well-preserved sub-aerial as
well as sub-aquatic lake-level terraces formed by wave
action. Lacking permanent surface inflow and outflow,
Laguna Potrok Aike responds rapidly to changes in the
precipitation/evaporation ratio, with rising lake levels in
times of wetter climatic conditions and falling lake levels
during drier periods (Haberzettl et al., 2005). Further
details about Laguna Potrok Aike are provided elsewhere



T. Haberzettl et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 259 (2008) 213—229 215

=
nguna Potrok Aike

La\%::\]a Azul
o8

i LR
ran Campo Nevado
L B

gpLaguna Potrok Aike

Fig. 1. Location of the research area in southern South America and other sites mentioned in the text. Maps were created with OMC (Weinelt, 1996-2004).

(Schabitz et al., 2003; Zolitschka et al., 2004; 2006;
Haberzettl et al., 2005, 2006, 2007; Haberzettl, 2006).

3. Field and laboratory methodology
3.1. Field methods

A seismic survey of the lake consisting of 70km of high-
resolution single-channel seismic data was acquired in
February 2003 with a 3.5kHz pinger system characterized
by a vertical resolution of 10cm. The survey was performed
with a steel-hulled catamaran with a conventional GPS-
based navigation. Seismic data were stored digitally in
SEG-Y format allowing further processing and interpreta-
tion. A 2—6.5kHz band-pass filter was applied to the data.

Two overlapping sediment cores of 5Sm length (PTA03/
6-1 to PTA03/6-5 and PTA03/6-6 to PTA03/6-10 con-
stituting the core PTA03/6, Fig. 2) were retrieved using a
hand-driven UWITEC piston coring system (Www.
uwitec.at, acrylic glass tubes, I.D. 60mm) from a lake-
level terrace approximately 30m below the present lake
surface. This was detected during the seismic survey
(Fig. 2). Cores were cut into one-meter sections on board
of the research vessel. Field length of the entire core
PTAO03/6 comprising all sections was 981cm.

3.2. Non-destructive laboratory methods

In the laboratory, sediment cores were stored in
darkness at 4°C, before being split, photographed and

described lithologically. Additionally, smear slides were
prepared at eight-centimeter intervals and at depths with
lithological differences for microscopic inspection.

A non-destructive core-scanning method was applied
to all sections using a CORTEX (Corescanner Texel)
XRF-scanner, which provides qualitative analyses of the
chemical elements K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
Zn, Sr and Pb (Jansen et al., 1998). The Ca-profile
obtained by XRF scanning, and photographs including
macroscopic marker layers were used for correlation of
the overlapping core sections and for establishment of a
composite sediment profile. After correlation the total
sub-bottom depth of the core was 900cm.

A second non-destructive method applied on the split
cores was magnetic-susceptibility scanning, measured
with a point sensor in l-cm resolution using a
Bartington sensor (type MS2E).

3.3. Destructive laboratory methods

Cores were sub-sampled continuously and volumet-
rically in 1-cm intervals. All volumetric sediment sam-
ples were freeze-dried for determination of dry density
and water content. Dried samples were ground in a mor-
tar and homogenized prior to measuring total nitrogen
(TN), total carbon (TC) and total sulfur (TS) in 4-cm
increments using a CNS elemental analyzer (EuroEA,
Eurovector). Sub-samples were subsequently treated
with 3% and 20% HCl at 80°C to remove any carbonates
and then measured with the CNS analyzer again for
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Fig. 2. Seismic profile of Laguna Potrok Aike performed with a 3.5 kHz system (note vertical exaggeration). The unconformity visible in the seismic
profile is displayed in the blow-up in the center and highlighted with arrows in the profile. The location of core PTA03/6 is indicated in the
bathymetric map and in the profile. The location of the core from the center of Laguna Potrok Aike (PTA03/12), used for comparative reasons, is only

indicated in the bathymetry.

determination of total organic carbon (TOC). Total
inorganic carbon (TIC) was calculated as the difference
between TC and TOC. A preliminary screening with
eight-centimeter increments showed that TIC was absent
in all samples below 31lcm. Therefore, TOC was
considered to be equal to TC for the samples from this
section. At depths that show a larger variability in specific
parameters, measurement resolution was increased to 1-
cm intervals. Bulk mineralogy was determined
for selected samples using X-ray diffraction (XRD)
techniques (Philips X'Pert Pro MD equipped with an
X’Celerator Detector-Array).

Grain-size analyses were performed using a laser
diffraction particle size analyzer (LS 200, Coulter)
equipped with a variable-speed fluid module which mea-
sures particles from 0.4 to 2000pum. Sub-samples taken
every Scm were pooled for each 1-m section. In a section
containing, according to the measured parameters, an
unconformity, pooled samples were taken from above and
immediately below the unconformity as well as from the
lowest part of the section. Prior to analyses, samples were
treated with H,O, to remove the organic fraction, HCI to

remove carbonates and NaOH to remove biogenic silica.
Chemical dispersion was performed using Calgon
(NaPO3)n).

For analyses of carbon isotope ratios of organic matter
(0" Core) in 8-cm intervals, samples were treated with
5% HCI for 6h in a water bath at 50°C to remove
carbonates, afterwards rinsed with deionized water until
pH was neutral and freeze-dried. Samples were com-
busted at 1080°C in an elemental analyzer (EuroEA,
Eurovector) and resulting CO, gas was analyzed with an
IRMS (Isoprime, Micromass). Isotope ratios are reported
as conventional d-values (in %o) with 6 = (R/Ry 1) *
1000, where R, and R are the '*C/'*C ratios of the
sample and an international standard (Vienna-Pee Dee
Belemnite, VPDB), respectively.

3.4. Chronology

Plant macro-remains were picked out for AMS '*C
dating and gastropods for later taxonomic determination.
In total, five samples were selected for AMS '*C age
determination carried out at the Poznan Radiocarbon
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Laboratory (Poland). Radiocarbon analyses were per-
formed on sieved samples containing remains of aquatic
macrophytes (> 100pum). Radiocarbon ages were cali-
brated using the southern-hemisphere calibration curve
(McCormac et al., 2004) labeled as “shcal.”, as well as
with the northern-hemisphere calibration curve (Reimer
etal., 2004) marked as “nhcal.”, to facilitate comparisons
with other archives, using the software CALIB 5.0.2
(Stuiver and Reimer, 1993; Stuiver et al., 2005).

3.5. Tephrochronology

Tephras have been characterized geochemically and
microscopically in order to define the volcanic sources.
For comparison, tephra samples from the Hudson,
Reclis and Aguilera/Lautaro volcanoes (Gilli et al.,

Age (cal. BP) Depth (cm) Lithology

2001; 2005; Gilli, 2003; Markgraf et al., 2003) obtained
from the sediment records of Lago Cardiel (48°57" S,
71°26’ W) were analyzed as well. Tephra samples were
carefully cleaned with 30% H,O, to remove organic
matter and surface coatings, and dried with ethanol.
Major-element chemistry of single glass shards was
determined on the basis of polished thin sections by
electron-probe micro-analyses (EPMA) using a
CAMECA SX100 instrument at GFZ Potsdam. The
operating conditions for measurements were 15kV
accelerating voltage, 20nA beam current, a defocused
beam of 15um diameter and peak counting times of 20s
except for Na (10s). Instrumental calibration used
interlaboratory natural mineral and glass (Lipari obsid-
ian) reference materials (Hunt and Hill, 1996). At least
ten glass shards per tephra were measured according to
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Fig. 3. Lithology of core PTA03/6 from Laguna Potrok Aike including ages derived from the age model.
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Table 1
AMS radiocarbon dating carried out on stems of aquatic mosses
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Lab. no. Sediment '*C Error  shcal. Error to Error to nhcal. Error to Error to Age derived from age Sediment
depth age median  present past median  present past model used for depth
(BP) age (BP) (20) 2o) age (BP) (20) 20) interpretation (cal. BP)
Poz-6096 191 cm 4680 +40 5390 315 185 5400 85 175 5310 191 cm
Poz-6166 266 cm 5320  +50 6050 130 130 6100 150 170 6210 266 cm
Poz-6167 3llem 6040 +£40 6820 125 140 6890 120 105 6750 311 cm
Poz-6097 372cm 5910 +£50 6670 120 165 6730 95 150 6790 372 cm
(only 0.23 mg C)
Poz-6098 728 cm 44,800 +2000 44,300 (years BP) 728 cm

Radiocarbon ages were calibrated with the southern-hemisphere calibration curve (shcal., McCormac et al., 2004) as well as with the northern-
hemisphere calibration curve (nhcal., Reimer et al., 2004) for comparative reasons using the software CALIB 5.0.2 (Stuiver and Reimer, 1993,
Stuiver et al., 2005). The ages derived from the age model are given in cal. BP and are used for interpretation.

the homogeneity of samples. Individual analyses of
glass shards with total oxide sums lower than 95wt.%
have been excluded. The data of accepted analyses of
individual tephra layers were recalculated to 100wt.%
and given as a mean with lo standard deviation of n
glass shards. Petrological classification is based on the
Total Alkali—Silica diagram (Le Bas et al., 1986).

4. Results
4.1. Seismic reflection data

High-resolution seismic studies revealed an uncon-
formity in a sub-aquatic lake-level terrace of Laguna

Potrok Aike. The terrace is located approximately 30m
below the present lake surface and both the unconfor-
mity and the terrace can be traced around the lake. The
unconformity is characterized by 3 to 4m of almost
horizontally layered or gently lakeward dipping layered
sediments above and sediments following the morphol-
ogy of the ancient lake by steeply dipping towards the
lake center below (Fig. 2).

4.2. Lithology
In the core PTA03/6 (Fig. 2) two major lithological

units can be distinguished, which are separated by the
unconformity at 311lcm (Fig. 3). Unit A (above the
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Fig. 4. Age model based on radiocarbon dates. Holocene dates are calibrated with CALIB 5.0.2 (Stuiver and Reimer, 1993; Stuiver et al., 2005). Each
calibration was performed with the southern-hemisphere calibration curve and is displayed as median of the 2g-probability distribution with error

bars. The Pleistocene date is displayed as '*C yr BP.



T. Haberzettl et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 259 (2008) 213—229 219

unconformity, 0—311cm) consists of dark-brown to black
silts, whereas unit B (below the unconformity, 312—
900cm) is composed of greenish-brown fine sands
(Figs. 3 and 7). Both lithological units can be subdivided
into two separate sub-units: A-1, A-2 and B-1, B-2
(Fig. 3). A-1 (0-190cm) consists of silt with abundant
gastropods and A-2 (191-311cm) of silt with gastropods
and, in addition, abundant plant debris. Unit B-1 (312—
378cm) is characterized by the absence of gastropods but
the presence of many organic macro-remains (moss
shoots and plant debris), whereas in unit B-2 (379-
900cm) macro-remains only occur in one layer at a depth
of 728cm (Fig. 3). The boundary between sub-units B-1
and B-2 is marked by a white tephra layer at 379cm
sediment depth. Further down-core, within B-2, two other
volcanic ashes have been detected in sediment depths of
643cm and 859cm (Fig. 3).

4.3. Chronology

4.3.1. Radiocarbon dating

The AMS '*C dating of sediment core PTA03/6
reveals ages between 4680 and 44,800yr BP (Table 1,
Fig. 4). The oldest radiocarbon age therefore was not
calibrated as it is beyond the calibration curves of
CALIB 5.0.2 (McCormac et al., 2004; Reimer et al.,
2004; Stuiver and Reimer, 1993; Stuiver et al., 2005).
Hence, the oldest age is displayed uncalibrated in '*C yr
BP (Figs. 3 and 4, Table 1). The Holocene section was
only dated in lithological unit A-2 and comprises the
time interval between 4680+40yr BP (53907'7%/ 3,5
sheal. yr BP) and 6040+40yr BP (6820"'*%/_,,5 shcal.
yr BP) as in unit A-1 no macro-remains for dating were
available. The absence of a hard-water effect in the
sediments of Laguna Potrok Aike has been demonstrat-
ed in an earlier study (Haberzettl et al., 2005).

4.3.2. Tephrochronology

Three previously unknown tephra layers have been
identified in the lower part of PTA03/6 (Fig. 3). The
youngest tephra at 379cm sediment depth is a 1.5-cm-
thick, fine-grained (maximum grain size dp,,x 100um)
white ash layer that directly underlies lithological unit
B-1. Glass shards forming the essential phase of tephra
components reveal two different major-element chem-
istries: the main glass population is dacitic in compo-
sition, showing relatively high aluminum concentrations
(> 15wt.%), while the secondary phase displays a rhyo-
litic composition with relatively high potassium values
(Table 2). Minerals are rare and comprise plagioclase,
orthopyroxene, amphibole and apatite phenocrysts. Spo-
radically, corroded xenocrysts of quartz, biotite and

Table 2
Mean major oxide concentrations of glass shards extracted from the
tephra layers of core PTA03/6

Tephra 379 cm

643 cm 859 cm

Glass type A Glass type B

SiO, 70.19 (0.59)  74.52 (0.69)  72.69 (0.80) 74.26 (1.33)
TiO, 0.56 (0.03) 0.12 (0.02) 0.34 (0.03)  0.23 (0.02)
AlL,O; 15.23(0.36) 1243 (0.17) 13.39(0.18) 12.99 (0.24)
FeO 2.79 (0.14) 0.99 (0.01) 1.94 (0.09) 1.39 (0.09)
MnO 0.05 (0.03) 0.03 (0.01) 0.05 (0.02)  0.04 (0.02)
MgO 0.84 (0.06) 0.14 (0.00) 0.49 (0.02)  0.37 (0.03)
CaO 3.08 (0.24) 1.17 (0.04) 2.26 (0.07) 1.79 (0.09)
Na,O  3.59 (0.13) 3.01 (0.18) 3.54 (0.20)  3.79 (0.30)
K,O 2.24 (0.07) 3.16 (0.12) 1.48 (0.02) 1.65 (0.11)
P,0s5 0.11 (0.05) 0.04 (0.03) 0.06 (0.03)  0.05(0.03)
Cl 0.13 (0.01) 0.17 (0.01) 0.19 (0.02)  0.17 (0.03)
Total 98.81 95.76 96.42 96.72
n=10 n=2 n=11 n=8

n=number of shards analyzed. 1o standard deviations are shown as
numbers in parentheses.

clinopyroxene are present displaying remaining compo-
nents of granodioritic rock fragments.

Tephra layers at 643cm and 859cm sediment depth
are both white ash deposits of 1cm thickness. The upper
is mainly made up of fine-grained (dyn.x 100pm) vitric
components which are characterized by a homogeneous
low-K-rhyolitic chemistry (Table 2). Its mineral assem-
blage comprises plagioclase, orthopyroxene and rare
amphibole phenocrysts. The lower tephra, in contrast, is
a coarser-grained pumice deposit (dpax 300um) that
additionally contains rare biotite and Fe—Ti-oxide
phenocrysts. Vitric components (microcrysts-bearing
pumices and low vesicular glass shards) show a similar
but slightly more silicic low-K-rhyolitic composition
than the tephra at 643cm (Table 2).

4.4. Sediment analyses

4.4.1. Lithological unit B (below unconformity visible
in lithology)

Below an unconformity visible in the lithology at
311cm, values for magnetic susceptibility and dry density
are much higher (Fig. 5) than above. Water content, TN,
TOC, TIC, TS and Ca reveal only minor variations with
low values. C/N ratios oscillate around 6. 8> Corg values
vary slightly around 26.0%o but show two minima at
434cm and at 415cm followed by a shift to more positive
values at 407cm (Fig. 5). Ti, Fe, K and Co show a
prominent shift to higher values around 770cm. Decreas-
ing values from 770 to 645cm are followed by an increase
(646—397cm). Mn only shows minor fluctuations around
200cps in the whole record except for two distinct
maxima at 854cm and 538cm (Fig. 5).
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Fig. 5. Profiles of geochemical, geophysical, isotopic and XRF scanning analyses. XRF data is plotted as counts per second (cps). The age axis results
from the age model (Fig. 4). Mag Susc refers to magnetic susceptibility, WC to water content and DD to dry density.
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4.4.2. Unconformity visible in lithology

The most prominent shift in most parameters occurs
at a sediment depth of 311 to 312cm (Fig. 5). This shift
is clearly visible in magnetic susceptibility, water con-
tent, dry density, TN, TOC, TIC and Ca (Fig. 5). Below
311cm values of magnetic susceptibility and dry density
are much higher than above. The opposite is observable
for water content, TN, TOC, TIC, §'° Core and Ca with
higher and oscillating values above 312cm (Fig. 5).
Other data obtained by XRF scanning do not show any
anomalous features at the level of the unconformity
visible in the other parameters but TS, o3 Corg and C/N
exhibit a major peak.

4.4.3. Lithological unit A (above unconformity visible
in lithology)

At 308cm sediment depth XRD analysis shows the
presence of calcite, chamosite, illite—montmorillonite,
plagioclase, pyrite and quartz. Higher in the section, TS
and C/N ratios continue to show high values (TS until
164cm, C/N ratio until 190cm). At 290 and 250cm
minima are observed in the C/N ratio. Towards the top of
the record values are significantly lower, but C/N ratios
rise again in the uppermost 50cm. TIC and related Ca
show much higher variations than in unit B, increasing to
the top of the core (Fig. 5). A similar pattern is observed
for water content, TN and TOC, though the latter two
parameters show low values between 190 and 120cm.
Magnetic susceptibility and dry density show slightly
higher values at the same depth, although in general,
values between 311 and Ocm are low. Ti, Fe, K and Co
gradually decrease from 311cm sediment depth to the
top. o3 Corg decreases to lowest values at 293cm,
followed by a slight increasing trend from 290cm to
132cm. From there values rise to highest of the record
between 32 and 16cm sediment depth (Fig. 5).

5. Interpretation and discussion
5.1. Chronology

An age-depth model has been established on the basis
ofradiocarbon dates and tephrochronological studies. The
age model above the unconformity visible in the
parameters and the lithology (lithological unit A-2) is
based onthree AMS '*C dates using the medians of the 2¢-
probability distribution calculated with the southern-
hemisphere calibration curve (McCormac et al., 2004). A
linear regression (y=0.0834x 251.8) of the three medians
was calculated to form the age model (R* = 0.97, Fig. 4).
The calculated ages derived from that age model for the
respective depths are given in Table 1 as cal. yr BP. Based

on this approach the sedimentation rate between 191 and
311cmis 0.83mm/yr.

If sedimentation had continued with the same rate
(0.83mm/yr) to the top of the core, about 3000years or
3.6m would be missing. However, according to obser-
vations in the field, the sediment/water interface was
well-preserved and forms the top of the sediment record
(i.e., the coring date in March 2003). Therefore, either
the sedimentation rate decreased after 5310cal. yr BP
(191cm) to less than 0.35mm/yr (Fig. 4) or there is one
large or several smaller hiatuses due to erosion or non-
deposition.

A date obtained at 372cm is in the same age range as
the date at 311cm (Figs. 3 and 4, Table 1). However,
physical-property parameters suggest that lithological
units B-1 and B-2 are similar and hence, lithological unit
B-1 belongs to the lower part of the core (Fig. 5), which
apparently is much older.

The dated stems of aquatic mosses yielded only
0.23mg of carbon for AMS-dating, instead of the nor-
mally necessary 1mg of carbon. Nevertheless, the age of
the sample might be correct as in most cases a lower
carbon content only affects precision. Accordingly, the
date at 372cm was accepted and perturbation of the
sediment during deposition is assumed for the section
between 312 and 372cm (Fig. 4), resulting in a reworked
layer. In the reworked layer, younger plant remains were
incorporated into older minerogenic sediment with si-
milar properties as the sediment deposited during OIS 3.
The reworked layer was probably deposited very rapidly
during a lake transgression as the shoreline passed the
coring location. It was likely formed before the onset of
Holocene pelagic sediment deposition.

According to the interpretation of lithological unit
B-1 as a reworked layer one has to distinguish between
the unconformity visible in the seismic profile and the
unconformity visible in parameters and lithology which
do not seem to be identical. The latter is located above
unit B-1 whereas the first is probably located below.

Another possible interpretation of unit B-1 is that it is
a palaeosoil. However, this is unlikely because the dates
at 311cm and 372cm show only slightly different results
though they are 61cm apart, and the date at 372cm was
obtained from stems of aquatic mosses and not from
roots. Therefore, the cover of 61lcm also containing
organic macro-remains (detritus), which was not in situ,
must have formed very rapidly.

As the 2g-probabilities of the dates at 311 and 372cm
are overlapping and a clear boundary is visible in the
proxy data (Fig. 5) and in the lithology (Fig. 3), the law of
superposition, which states that the younger strata rest on
older strata (Schwarzacher, 2000) is applied. Therefore,
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for 372cm (Table 1) the median of the maximum age of
that dating and the calculated age (i.e., cal. yr BP in
Table 1) of the dating at 311cm was chosen (6790 +40cal.
yr BP). The reworked layer is delimited at the top by the
marked shifts in all data above 312cm and at the base by
an undisturbed tephra layer at 379cm.

Below 379cm sediment depth, material suitable for
radiocarbon dating was found only at 728cm depth. A
sample from that depth yielded an uncalibrated age of
44,800yr BP. However, no similar tephra is contained in
a core from the center of Laguna Potrok Aike, con-
tinuously spanning the last 13.5kyr BP (Haberzettl,
2006, Haberzettl et al., 2007). Therefore, lithological
unit B-2 at the transition between unit B-1 and B-2
seems to be older than 13.5kyr.

Based on this chronology the record can be divided
into four parts (Fig. 4), which are consistent with the
lithological units (Fig. 3):

1. B-2: Pleistocene (OIS 3) section dated at 45kyr BP at

728cm (900—379cm),

. B-1: reworked layer (378-312cm),

. A-2: mid-Holocene section of continuous sedimen-
tation (311-191cm) dated at 6750—5310cal. yr BP,

. A-1: late Holocene section of either low sedimenta-
tion rate (0.35mm/yr) or discontinuous sedimentation
(190—0cm) without age control.
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5.2. Tephrochronology

The results of tephrochronological studies suggest an
origin of all three tephras from AVZ volcanoes, even
though none of them can be correlated with any specific
tephra event so far. The unique bimodal glass compo-
sition and mineral assemblage of the youngest tephra at
379cm sediment depth indicate an origin from Reclus
volcano, even though one group of glass shards clusters
in the lower field of the NAVZ products (Fig. 6). Apart
from slightly higher potassium values, the major-
element chemistry is similar to late Pleistocene and
Holocene tephra products from Reclis volcano
(Bitschene and Fernandez, 1995; Kilian et al., 2003b;
Naranjo and Stern, 1998; Stern, 1990; Stern and Kilian,
1996) but differs from a 12.6kyr BP ash (McCulloch
et al., 2005) intercalated in a sediment record recovered
from the center of Laguna Potrok Aike (Haberzettl,
2006; Haberzettl et al., 2007). This suggests an age for
tephra deposition before 13.5kyr BP (oldest part of the
record from the center of the lake). The major-element
chemistry of the tephras deposited at 643 and 859cm
sediment depth clearly clusters within the Mt. Burney
pyroclastic field, indicating an origin from this volcano
(Table 2, Fig. 6). According to the preliminary age
estimation described above, the tephras were erupted
shortly before and after 44.8 +2kyr BP. This radiocarbon
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Fig. 6. Biplot of SiO, versus K,O for single glass shards extracted from Laguna Potrok Aike tephras at 379 cm (triangles), 643 cm (rectangles) and
859 cm (stars) compared to the mean oxide concentrations of tephras derived from southern Patagonian volcanoes (geochemical envelopes = EPMA
data of juvenile glass; dashed lines = whole rock XRF data). Data are from: (1) (Stern, 1990); (2) (Stern and Kilian, 1996); (3) (Naranjo and Stern,
1998); (4) (Kilian et al., 2003b); (5) (Bitschene and Fernandez, 1995).
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date is supported by the stratigraphic position of Mt.
Burney tephras in respect to the > 12.6kyr BP Reclus
tephra. Even though independent dating of tephra layers
is not available at the moment, the correlations of
Laguna Potrok Aike tephras to distinct volcanic sources
help to increase the knowledge of the explosive activity
of southern Patagonian volcanoes during OIS 3. The
results of tephrochronological investigations, for in-
stance, imply that at least Reclis volcano and Mt.
Burney were explosively active around 45kyr BP.
According to the thicknesses of tephra layers in the
Laguna Potrok Aike sediment core and the maximum
grain sizes of their components, large volumes of tephra
have been erupted and dispersed in an easterly direction,
suggesting an occurrence of westerly winds similar to
today during the last glacial period. The major-element
chemistry of juvenile clast and phenocryst assemblages
of tephras moreover indicates that the magma compo-
sition during the last 45ka did not significantly change at
Mt. Burney, while magma erupted from Reclus volcano
evolved slightly during this time period.

The tephrochronological results, however, are in
agreement with the age model constrained by radiocar-
bon datings. The unconformity at ca. 7cal. kyr BP is
confirmed by the absence of distal tephras deposited
between 7cal. kyr BP and 16cal. kyr BP in the center of
the lake (Haberzettl, 2006; Haberzettl et al., 2007).

5.3. Hydrological variability

The interpretation and discussion starts with an
introduction to indicators for lake level changes. Sub-
sequently, lithological unit A-2, 311-191cm, for which a
good age control is available, is discussed in order to
explain the interdependence of some proxies on the basis
of continuous deposition. This is essential for sections
without continuous age control, which will be discussed
subsequently. Hence, lithological units A-2 and A-1
(Holocene) will be discussed prior to the lithological
units B-2 (OIS 3) and B-1 (reworked layer).

5.3.1. Indicators for lake level changes: C/N

C/N ratios were used as an indicator of palaeoshore-
line proximity for a short core from the center of Laguna
Potrok Aike (Haberzettl et al., 2005) as well as for Lake
Victoria, East Africa (Meyers and Teranes, 2001). C/N
ratios distinguish between higher plant (aquatic macro-
phytes, terrestrial vegetation) and algal and soil material
(Mayr et al., 2005). For Laguna Potrok Aike, this as-
sumption is based on the knowledge that terrestrial and
littoral aquatic macrophytes show high C/N ratios above
24 (Haberzettl et al., 2005) and can therefore be dis-

tinguished from planktonic algae which typically have
C/N ratios between 4 and 10 (Meyers, 1997; 2003;
Meyers and Teranes, 2001). Similar observations were
made for Laguna Azul (Fig. 1), located approximately
60km further to the east (Mayr et al., 2005).

5.3.2. Indicators for lake level changes. stable isotopes

613C0rg was also identified as a sensitive parameter
for palaeoshoreline proximity for Laguna Potrok Aike
(Haberzettl et al., 2005) and Laguna Azul (Mayr et al.,
2005). It indicates higher contributions of organic matter
from aquatic macrophytes, which have 613C0rg values
between 10 and 16%o at Laguna Potrok Aike.

5.3.3. Indicators for lake level changes:
calcium carbonates

TIC and Ca represent autochthonously precipitated
CaCOs, which was identified as a sensitive lake-level
(water volume) indicator in Laguna Potrok Aike
(Haberzettl et al., 2005). Due to concentration and di-
lution processes, there is a relationship between those
proxies and lake level: high TIC and Ca values point to a
low lake level and vice versa (Haberzettl et al., 2005).
This is based on calcite precipitation during concentra-
tion (= lake level lowering/low lake level) and no
precipitation during times of dilution (= lake level rise/
high lake level).

5.3.4. Indicators for lake level changes: titanium (Ti),
iron (Fe), potassium (K) and cobalt (Co)

In many aquatic systems allochthonous clastic input
is characterized by higher Ti and Fe contents (Haug
et al., 2003). For Laguna Potrok Aike correlations of Ti
with Fe, K and Co (R* = 0.69, 0.65 and 0.50) allow the
same conclusion for K and Co. At this lake, the al-
lochthonous input is associated with run-off and hence
hydrological variability (Haberzettl et al., 2005).

5.3.5. Lithological unit A-2

Lithological unit A-2 represents the first continu-
ously deposited Holocene sediment at the core site.
This means that the lake level above the terrace after
the transgression was high enough to prevent dis-
turbances at the sediment surface. The core site was
well below wave base, which is estimated to be in a
water depth of 3—5m (Sly, 1994) if preconditions given
at Laguna Potrok Aike are taken into account. Today,
aquatic macrophytes start to grow at a water depth of 2
to 3m, suggesting recent disturbances to that depth.
Hence, the lake level at least had to be 3m above the
core site. However, as indicated by higher TIC, TOC,
TN and C/N ratios, the lake level was still quite low in
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comparison to lithological unit B and the lower part of
A-1.

In Laguna Potrok Aike, C/N ratios between 311 and
290cm (6750—6500cal. yr BP) are highest (Fig. 5) and
reflect higher contributions of terrestrial and aquatic
macrophytes, i.e., a rising lake level still close to the
coring location. High peaks in TN and TOC during that
time (Fig. 5) point towards erosion of plants at the
littoral belt by wave action and accumulation at the
coring location. Further evidence for this is given by the
higher amount of plant debris in this core section
(Fig. 3). The interpretation of a shoreline close to the
coring location in the lake (similar elevation) is sup-
ported by the 6" Corg values (Fig. 5). The most positive
8"2Corg values of unit A-2 are observed between 311cm
and 290cm (6750—6500cal. yr BP), possibly indicating
higher contributions of organic matter from aquatic
macrophytes. Thus, shallow-water habitats in which the
aquatic macrophytes live still were close to the coring
location (Fig. 5). TIC and Ca support a rising lake level
(Fig. 5) in this interval. In this case low values probably
indicate a lake-level rise with minor stagnations or lake
level lowerings, which cause brief intervals of low
CaCOs; precipitation. Therefore, according to all para-
meters, between 6750 and 6500cal. yr BP lake level was
rising to an elevation only slightly but at least 3m above
the core site.

Around 290cm (6500cal. yr BP) all parameters in-
dicate a distinctly higher lake level than before (Fig. 5).
This is also true for indicators of minerogenic input (Ti,
Fe, K, Co) which show the highest values of the entire
Holocene around 290cm (ca. 6500cal. yr BP) indicating
enhanced fluvial detrital input and hence, a higher lake
level.

Above 290cm, until 191cm (6500—-5310cal. yr BP)
all proxies oscillate rapidly indicating a variable lake
level (Fig. 5). However, minerogenic input indicators
show a trend to lower input. Ca and TIC support a lake
level lowering or stagnation at ca. 5500cal. yr BP.

Elevated TS values indicate oxygen-poor to anoxic
conditions in the sediment of unit A-2 (Fig. 5). This
assumption is based on an XRD analysis at 308cm
sediment depth, which reveals the presence of pyrite
(FeS,). Therefore, it is assumed that the sulfur present in
this section is mainly incorporated into pyrite, which
forms under oxygen-restricted conditions (Wignall
et al., 2005) in association with the decomposition of
organic matter (Gore, 1988). This does not necessarily
imply that the lake water above the sediment was anoxic
(Gore, 1988), as pyrite can also form below the
sediment/water interface in organic-rich sediments
deposited in oxygenated water (Cohen, 2003; Gore,

1988). By rapid deposition of minerogenic matter
(indicated e.g., by Ti) an oxygen-impermeable layer
may develop. The impermeable layer leads to anaerobic
decomposition of deposited organic matter in interstitial
waters, resulting in reducing anaerobic conditions
(O’Neil, 1998). This can induce pyrite formation
(Degens, 1968; Wignall et al., 2005). Therefore, the
preservation of TS as FeS, is dependent on the
minerogenic input. As Ti, Fe, K and Co and hence
minerogenic input decrease, e.g., around 200cm (ca.
5500cal. yr BP), TS decreases as well.

5.3.6. Lithological unit A-1

There are two possible reasons for the distinct change
in sedimentation rate above 191cm (Fig. 4): (1)
sediment supply was significantly reduced, either due
to a higher lake level increasing the distance to the shore
and thus leading to decreased sedimentation or due to
less direct input to the lake; (2) regressions of lake level
created the formation of unconformities. Considering a
constant sedimentation rate and interruptions in sedi-
mentation (non-deposition) without significant phases
of erosion, the sum of the breaks would have lasted
approximately 3000 years. This value is derived from
the intersection of the extrapolated regression of the
dated Holocene section (unit A-2) with the sediment
surface (Fig. 4). Accordingly, if erosion is considered as
well, this time span would be shorter.

Neither lithology (Fig. 3) nor seismic reflection
investigations (e.g., Fig. 2) indicate any evidence for
unconformities in this lithological unit. Attempts to
correlate this section with cores from the center of the
lake (Mayr et al., unpublished data) with respect to
613C0rg reveal a similar trend. Hence, a constant but
lower sedimentation rate than in lithological unit A-2
can be assumed for unit A-1 which is also indicated by
low TS values.

The low values of TIC, C/N ratio, TOC, TN and
613C0rg (Fig. 5) at the bottom of this unit and the trend to
higher values towards the top, beginning at 132cm
sediment depth, point to an initially high lake level
followed by a regression. A lower lake level close to the
top of the core becomes especially evident if 6" Corg 18
considered (Fig. 5): at 31lcm, the depth where
undisturbed Holocene sedimentation began, values for
this palacoshoreline proximity indicator are very high.
At that time the lake shore was likely close to the coring
location causing high 613C0rg values due to deposition
of aquatic macrophytes. At a depth of 16 to 32cm,
values for 6'° Corg are even higher (Fig. 5) implying that
the lake shore was also very close to the core site and
aquatic macrophyte debris was deposited. Toward the
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top of the core, Ti, Fe, K and Co also suggest less
minerogenic sediment supply and hence less fluvial
input and drier conditions (Fig. 5).

Due to the lack of datable material it was impossible
to determine the regression in greater temporal detail.
The most likely scenario for this interval includes
increasing the distance to the shore, and hence leading to
lower rates of deposition followed by a regression with
less minerogenic input resulting in a constant but lower
sedimentation. The record from the center of Laguna
Potrok Aike (Fig. 2) also shows a transgression followed
by a trend towards a lower lake level during the late
Holocene (Haberzettl, 2006; Haberzettl et al., 2007).
This is in agreement with the absence of glacier
extensions greater in extent than the “Little Ice Age”
moraines during the last 5000 years at Gran Campo
Nevado (53° S, Fig. 1) located southwest of Laguna
Potrok Aike, which might also be attributed to drier
conditions (Kilian et al., 2003a).

5.3.7. Lithological unit B-2

Assuming that during glacial times o3 Corg, TIC, Ca
and C/N ratio can be used as lake-level indicators in the
same way as in the Holocene, the lake level during OIS 3
(Fig. 5) was the highest of the record. The high lake level
during that time may point to a less arid climate or less
evaporation (due to e.g., higher relative humidity, less
wind resulting in less evaporation or seasonal ice cover).
A high lake level of Laguna Potrok Aike at this time
coincides with lower dust values than during OIS 4 and
2 in the Vostok and Epica ice core records, where the
source of the dust was ascribed to Patagonia (Delmonte
et al., 2004; Basile et al., 1997; Petit et al., 1999; 1999).
This implies that the source area was wetter during OIS 3
than during OIS 4 and 2 hampering dust mobilization
despite the lack of vegetation. If the lake level could be
attributed to increased precipitation, an increase of
precipitation-bearing easterly winds can also be as-
sumed (Haberzettl, 2006; Mayr et al., 2007; Schneider
et al., 2003). This implies a reduction of the intensity of
the strong westerly winds, which are probably respon-
sible for dust transport at a larger scale (e.g., Antarctica).
However, a prevalence of westerly winds can be
concluded from the presence of the tephra layers
explaining the higher dust contents than today due to
less vegetated and easily erodible ground in Patagonia.
An unlikely scenario might be the development of a
vegetation cover impeding dust mobilization more
effectively. However, due to the cold conditions
assumed for the glacial period this is unlikely. The
generally higher values of Ti, Fe, K and Co in Laguna
Potrok Aike are further evidence for this hypothesis, and

might be explained by the fact that during colder con-
ditions vegetation cover was markedly reduced. There-
fore, material in the catchment was eroded and
transported to the lake.

The reduced plant cover might also be responsible
for high values of dry density and magnetic suscepti-
bility (Fig. 5), both commonly associated with
allochthonous input (Geiss et al., 2003; Thompson
et al., 1975). At Laguna Potrok Aike OIS 3 sediments
consist of coarse silt and fine sand (Fig. 7). This
sediment fraction is the first fraction to be moved by
wind and kept in suspension (Tucker, 1991). Magnetic
susceptibility varies with the magnetite grain size,
usually showing distinct maxima at around 0.02um and
between 25 and 100pm (Dearing, 1994). The latter
spectrum matches with the peak of the grain-size
distribution of the OIS 3 section in Laguna Potrok Aike
(Fig. 7). Between the two areas of increased magnetic
susceptibility values are rather low. This is in
agreement with the mean grain-size distribution above
the unconformity visible in proxies and lithology in
Laguna Potrok Aike, which is almost equally distrib-
uted from 0.4 to 200pm (Fig. 7). Though the interval
between 25 and 100pm is also contained in the grain-
size distribution above the unconformity, there is a
dilution effect by material of smaller grain sizes
(Fig. 7). Due to the reduced vegetation cover higher
amounts of dust should have been transported to the
lake compared to Holocene times. This would be in
agreement with higher amounts of dust during OIS 3
than today in the Vostok record (Petit et al., 1999;
1990) though it is less than during OIS 4 or 2.
Comparisons between the Vostok ice core record and
magnetic susceptibility measured on a loess sequence
in China showed similar results, with high magnetic-
susceptibility values during glacial periods with loess
accumulation (= dust maxima in ice core) and low
magnetic-susceptibility values in interglacial soils (Petit
et al., 1990). If the origin of the sediments deposited
during OIS 3 could be mainly attributed to aeolian
transport of loess-like material, this would explain the
higher values of magnetic susceptibility as this
parameter may register changing sediment sources
for lake sediments or a different transport mechanism
(Dearing, 1994). In this case, magnetic susceptibility
might be used as a dust indicator. Unfortunately, neither
sediment from the Last Glacial Maximum (OIS 2) nor
from OIS 4, when dust fluxes were even higher in the
Vostok record (Petit et al., 1999; 1990), have been
recovered from Laguna Potrok Aike to test whether
magnetic-susceptibility values were higher during those
times.


http://nbn-resolving.de/urn:nbn:de:gbv:46-dis000103918
http://nbn-resolving.de/urn:nbn:de:gbv:46-dis000103918

226 T. Haberzettl et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 259 (2008) 213—229

el A Grain size
measurements
below the
unconformity

Grain size
measurements
above the
37 unconformity

Volume (%)

T T 1 T T T ] 7
04 06 1 2 4 6 8 10 20 40 60 100 200
Particle Diameter (pum)

5] Mean grain size
distribution
below the unconformity

Mean grain size distribution
37 above the unconformity

Volume (%)

0— T I T T T T T T T ] !
0.4 06 1 2 4 6 8 10 20 40 60 100 200
Particle Diameter (pm)

Fig. 7. Differences in grain size distribution above and below the unconformity visible in parameters (Fig. 5) and lithology (Fig. 3). In A all
measurements are displayed, B shows the mean grain-size distribution. Note different scaling in A and B.

5.3.8. Lithological unit B-1 and 407cm values are almost constant (Fig. 5). How-

There is conflicting evidence for the exact thickness ever, at 379cm a tephra layer was found. If the sediment
of the reworked layer. As far as o Corg> C/N ratio, TOC, was already in a state of mixing, this tephra would have
TN, Ca, Ti, Fe, K and Co are concerned, it seems to been reworked and probably been diluted. Furthermore,

proceed from 312 to 407cm. At this depth, a distinct below the tephra no organic macrophytes were detected
change takes place in those parameters. Between 312 whereas there were plenty above it (Fig. 3). Therefore,



T. Haberzettl et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 259 (2008) 213—229 227

the tephra is interpreted as definite lower boundary of
the reworked layer. However, the true boundary may be
slightly above the tephra. The change in the proxies at
407cm sediment depth hence has to be attributed to a
different event. After this event, sedimentation contin-
ued until the tephra was deposited. Due to erosion,
mixing and (re)deposition, the homogeneity, visible in
almost all proxies of lithological unit B-1, can be
explained (Fig. 5).

The radiocarbon date of 6790+40cal. yr BP in litho-
logical unit B-1 indicates when climate became more
humid. This resulted in a significant lake-level rise
leading to erosion of a mixture of mid-Holocene plant
macro-remains and eroded OIS 3 minerogenic sedi-
ments, and deposition onto much older OIS 3 material as
the lake shore passed by during transgression. The age
of 6790+40cal. yr BP is a minimum age of the onset of
transgression, because the lake level might have been
lower than the 30m level of the coring site. During the
previous dry phase, the lake level either dropped to or
below the lake-level terrace and eroded parts of the
previously deposited sediment section. This formed the
reworked layer and the erosional unconformity visible
in proxies and lithology marking the transition from the
reworked layer to Holocene sedimentation between 311
and 312cm sediment depth in the proxies.

The occurrence of the dry phase prior to 6790+40cal.
yr BP is in agreement with analyses of sediment cores
(Gilli, 2003; Markgraf et al., 2003) from Lago Cardiel
(49° S) which yield evidence for an increased influx of
freshwater into the lake between 7100 and 5500cal. yr BP
(Gilli, 2003). The core from the center of Laguna Potrok
Aike also points to a lake-level lowstand after 8650nhcal.
yr BP (Haberzettl, 2006; Haberzettl et al., 2007).

6. Conclusions

The sediment record from the sub-aquatic lake-level
terrace of Laguna Potrok Aike can be divided into four
lithological units: a Pleistocene section (OIS 3, B-2) with
an age of about 45kyr BP, a reworked layer (B-1), a well-
dated mid-Holocene section (A-2) covering the time
interval from 6750 to 5310cal. yr BP, and a section
without a confirmed age control due to a lack of aquatic
macrophytes suitable for dating above (late Holocene, A-
1). High lake levels are interpreted during OIS 3 from
results of a multi-proxy study of sediment core PTA03/6
indicating sediment deposition at more than 70m above
the modern lake floor. This sediment core extends the
sediment record from the center of Laguna Potrok Aike
covering the last 13.5kyr BP (16,000cal. yr BP) further
back in time and emphasizes the potential of Laguna

Potrok Aike for long-term palaeoclimate reconstructions.
In comparison to the Holocene section, however,
geochemical indicators of dominant allochthonous ma-
terial point towards a different sediment source or to a
different transport mechanism that likely developed when
the catchment had sparse vegetation cover during OIS 3.
Sediment deposited between OIS 3 and 6790cal. yr BP
was probably eroded during lake-level lowstands.

The radiocarbon date of 6790cal. yr BP in the re-
worked layer gives a minimum age for a hydrological
change, leading to a higher lake level, as the rising lake
level needed some time to reach the elevation of the
coring location. This event caused an unconformity
visible in seismic profiles, showing sediments dipping
towards the lake center below the unconformity, and
horizontally-laminated sediments above. Due to the re-
worked layer, the seismic unconformity is not visible in
the sedimentological parameters. Therefore, the uncon-
formity visible in proxies and lithology is at the top of
the reworked layer (311-312cm).

The lake level was stable and stayed near the elevation
of the coring location (i.e., 70m above present lake floor)
or was slowly rising until 6500cal. yr BP, then rose
considerably. Subsequently, lake level was variable, but
receding. Around 5310cal. yr BP lake level rose again and
some time after 5310cal. yr BP climate became drier.
After that date no material suitable for radiocarbon dating
was found, which inhibits a precise dating of the
regression. Climate proxies indicate less minerogenic
sediment supply to the lake after 5310cal. yr BP which
may explain the low sedimentation rate.

Three tephra layers, none previously described, were
recovered from PTA03/6 and are restricted to the Plei-
stocene. Geochemical and petrophysical data indicate
that these tephras are derived from the Mt. Burney and
Reclus volcanoes. These results imply that at least the
AVZ volcanoes were explosively active around 45kyr
BP, and thus, there is a high potential for tephrostrati-
graphical studies in southern Patagonia and the western
part of the South-Atlantic Ocean that requires further
volcanological and tephrochronological efforts.
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