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The 106 m long composite profile from site 2 of ICDP expedition 5022 (PASADO) at Laguna Potrok Aike
documents a distinct change in sedimentation patterns from pelagic sediments at the top to dominating
mass movement deposits at its base. The main lithological units correspond to the Holocene, to the
Lateglacial and to the last glacial period and can be interpreted as the result of distinct environmental
variations. Overflow conditions might have been achieved during the last glacial period, while signs of
desiccation are absent in the studied sediment record. Altogether, 58 radiocarbon dates were used to
establish a consistent age-depth model by applying the mixed-effect regression procedure which results
in a basal age of 51.2 cal. ka BP. Radiocarbon dates show a considerable increase in scatter with depth
which is related to the high amount of reworking. Validation of the obtained chronology was achieved
with geomagnetic relative paleointensity data and tephra correlation.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Lacustrine sediments are often outstanding natural archives and
complement marine and ice core records to reveal a consistent
global picture of past environmental and climatic changes.
However, terrestrial paleoclimatic data reaching far back into the
Pleistocene are rare, especially from the Southern Hemisphere
where southernmost South America is the only continental land
mass between 40�S and 60�S. But here climate archives, mostly fen
and lake sediments at the foot of the Andes, comprise only the past
18 cal. ka BP (Gilli et al., 2005; Markgraf et al., 2007; Wille and
Schäbitz, 2009; Markgraf and Huber, 2010; Moy et al., 2011).
Older records can only be found in extra-Andean Patagonia like at
Laguna Potrok Aike, Patagonia (51�580 S, 70�230 W). This site
cdp-online.org/front_content.
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emerged as a valuable terrestrial paleoclimate archive for the last
16 cal. ka BP (Zolitschka et al., 2006; Haberzettl et al., 2007;
Anselmetti et al., 2009; Mayr et al., 2009), and the Potrok AikeMaar
Lake Sediment Archive Drilling Project (PASADO) was established
to extend the climate record back in time. Such a sediment archive
would allow to investigate shifts in polar to mid-latitude pressure
fields and precipitation changes related to the Southern Hemi-
spheric Westerlies as well as the Antarctic Oscillation and allows
inter-comparisons between paleodata and climatemodels (Wagner
et al., 2007; Meyer and Wagner, 2008). Due to the location of
Laguna Potrok Aike in the Patagonian steppe leeward of the Andean
mountain range, it should also be suited to establish a tephra and
dust record which may be linked to marine records and ice cores
from Antarctica. Furthermore, the possible extension of the Pata-
gonian tephrochronology beyond the Lateglacial will provide the
needed chronological control for other investigations using
terrestrial as well as marine records.

Especially for multidisciplinary projects like PASADO, the initial
lithological core description is essential and gives an overview
about the compositional variability of the sediment record
ronology and sedimentological interpretation of the lacustrine record
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(lithological units) and the occurrence of unconformities and
bedding structures (Schnurrenberger et al., 2003). This information
is important to adjust the sampling scheme and to omit reworked
sediment units from further time-consuming and expensive anal-
yses. Moreover and most important, the significance of the
obtained paleoenvironmental information depends on a reliable
age-depth model. Only if time control is available, a comparison
with other records becomes possible and lithological changes can
be quantified with variations in sedimentation rates. Thus, the
objectives of this study are to (1) describe the lithological changes
encountered along the sediment record, (2) establish a robust
radiocarbon-based age-depthmodel and (3) interpret the observed
sedimentological variability.

2. Site description

Laguna Potrok Aike is a polymictic and subsaline maar lake
located in the Pali Aike Volcanic Field (PAVF) at 113 m a.s.l.
(Fig. 1). It has a maximum diameter of 3.5 km and a water depth
of 100 m with a volume of 0.41 km3 (Zolitschka et al., 2006).
According to the isotopic composition of the water body Laguna
Potrok Aike is a groundwater lake (Mayr et al., 2007a). Rapid
hydrological variations are documented by subaerial and
subaqueous lake level terraces (Haberzettl et al., 2005;
Anselmetti et al., 2009). At present the lake neither has
a permanent tributary nor an outflow. A paleo-outflow related to
a higher lake level is discussed for the Lateglacial (Haberzettl
et al., 2007). Currently, only episodic or ephemeral surface
runoff incised deep gullies in the surrounding subaerial terraces
(Mayr et al., 2007a).

The PAVF is a region in the Province of Santa Cruz (Argentina)
characterized by backarc volcanism (Mazzarini and D’Orazio,
2003). This intra-plate volcanism consists of Pliocene (3.8 Ma) to
Fig. 1. Location of Laguna Potrok Aike in the southern hemisphere, in southern South Amer
and geological data (Corbella, 2002; Zolitschka et al., 2006). Depth is given in m below lake
(red), phreatomagmatic tephra deposits (pink), moraine till (yellow), and the Tertiary Santa C
this figure legend, the reader is referred to the web version of this article.)
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Holocene (0.01 Ma) alkali-olivine basalts (Corbella, 2002). The
investigated maar itself is located in the older western part of the
PAVFwith scoria cones, plateau lavas andmaar volcanoes occurring
in the catchment area. A basaltic clast from the phreatomagmatic
tephra of themaar eruptionwas dated by Ar/Ar and provides an age
of 0.77 � 0.24 Ma (Zolitschka et al., 2006). Outcrops of weakly
compacted sandstone exist along the perimeter of the lake on
subaerial terraces. These belong to Lower Miocene fine-grained
molasse-type fluvial sandstones of the Santa Cruz Formation
which is the youngest formation in the Magellanes Basin (Uliana
and Biddle, 1988). Plio- and Pleistocene glaciations left behind
fluvioglacial deposits and till in the catchment area, but glaciers did
not reach the catchment area during the last few glaciations
(Caldenius, 1932; Coronato et al., in this issue; Mercer, 1976;
Rabassa and Clapperton, 1990; Meglioli, 1992).

Due to the proximity of the Antarctic continent, during austral
summers the small land mass of southern Patagonia does not
warm up as much as continents in the same latitude of the
Northern Hemisphere (Weischet, 1996). The mean annual
temperature at Rio Gallegos (6 m a.s.l., 85 km north-east of the
study site) is only 7.4 � 0.7 �C (Zolitschka et al., 2006). The regional
climate is affected by the Southern Hemispheric Westerlies. The
rain shadow effect of the northesouth striking Andean mountain
chain decreases precipitation to less than 300 mm (Mayr et al.,
2007b). At the meteorological station next to Laguna Potrok Aike
an annual precipitation sum of 150 mm has been observed
(Zolitschka et al., 2006). Mean annual wind speeds of 7.4 m/s occur
at Rio Gallegos; primarily from westerly directions (Weischet,
1996; Baruth et al., 1998). Recent series of precipitation measure-
ments (1999e2005) at Laguna Potrok Aike reveal that easterly
wind directions are often combined with precipitation whereas
west winds do not carry considerable amounts of moisture into the
area (Mayr et al., 2007b).
ica and bathymetric map with position of drill sites merged with an aerial photograph
surface. Young fluvial and lacustrine deposits (gray), a mid-Pleistocene basalt lava flow
ruz Formation (orange) are color-coded. (For interpretation of the references to color in
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3. Field work and laboratory methods

From August to November 2008 the ICDP lake deep drilling
expedition 5022 (PASADO) was carried out with the GLAD800,
a containerized barge system equipped with a CS-1500 drill rig
and operated by the non-profit organization DOSECC (Drilling,
Observation and Sampling of the Earths Continental Crust).
Hydraulic piston corer and extended nose devices were used as
drill tools. Full core runs consisted of 2.92 m sediment sections in
Butyrate liners (inner diameter: 66.34 mm) plus 8 cm sediment of
the core catcher. At two drill sites a total of four (Site 1) and three
(Site 2) overlapping core series have been recovered (Fig. 1). Liners
were cut into 1.5 m sections on the drilling barge, then shuttled to
the shore using a custom-built catamaran and finally stored in
a cooling container in which they were shipped to the University
of Bremen, Germany, for storage in the GEOPOLAR core repository
at 4 �C.

Smear slides of core catcher sediment were prepared in the
shore-based field laboratory according to Myrbo (2007) for the
microscopic identification of sedimentary components such as
carbonates or volcanogenic minerals.

A new protocol for sediment core treatment and subsampling
for multiproxy analyses was developed for PASADO (Ohlendorf
et al., 2011) and applied after plastic liners were cut lengthwise
with amanual splitter at the laboratory of the University of Bremen.
Depending on sediment consistency, core sections were split with
sharpened plates made of phosphorous bronze, nylon wire or steel
guitar strings. In a next step the sediment surface was cleaned and
smoothed with a sharpened blade. Photographic images were
taken from fresh surfaces using a digital camera image scanner
(SmartCIS, Smartcube) with a resolution of 500 dpi. With this
system individual 10 cm long images (jpg format) of the sediment
are automatically stitched together into a composite of the
complete core section. Core sections were described lithologically,
using the categories rock class (sedimentary), rock type (silici-
clastic, volcaniclastic, organic), grain size, structure, texture,
components (gastropods, plant macro remains, animal bones) and
color. Core descriptions were entered into the ICDP Drilling Infor-
mation System (DIS) database (Conze et al., 2007) to make them
available to the entire PASADO scientific community. Based on
lithologic characterization and after macroscopic correlation of
parallel cores from both sites, two composite profiles were
assembled. Site 2 was established as the key site with the
composite record 5022-2CP based on three parallel holes (Fig. 2)
with a total recovery rate of 95.2%. Sections of undisturbed sedi-
ment and without gaps were selected to establish the chro-
nostratigraphy for this composite profile.

Plant macro remains of aquatic mosses were sampled from
5022-2CP for radiocarbon dating. Samples were sieved through
a 200 mm sieve, cleaned with demineralized water and dried at
60 �C before they were sent to the Poznan Radiocarbon Laboratory
for AMS-14C determination. The top 18 m of 5022-2CP were not
sampled for radiocarbon dating. Instead, 14C dates were transferred
for this section from the profile PTA03/12 þ 13 (Haberzettl et al.,
2007) using lithological features and magnetic susceptibility data
as means for correlation. The latter have been obtained from cling-
film covered cores in 5 mm increments with a Bartington MS2F-
sensor mounted on an automated scanner.

Calibration of all radiocarbon dates from 5022-2CP as well as re-
calibration of the correlated dates from PTA03/12 þ 13 was carried
out with the CalPal_2007_HULU calibration dataset (Weninger and
Jöris, 2008) and the download-version of the CalPal calibration
software (Weninger et al., 2010). CalPal was preferred, because
other calibration software like Calib or OxCal do not allow to cali-
brate radiocarbon ages back 50 ka BP. There was no need to apply
Please cite this article in press as: Kliem, P., et al., Lithology, radiocarbon ch
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any age correction, as a hard-water effect was neither detected for
modern aquatic plants growing in the littoral zone of the lake nor
for autochthonously precipitated carbonates (Haberzettl et al.,
2005). For age-depth modeling the depth scale was event-
corrected, i.e. the thicknesses of instantaneous events like
volcanic ash layers and mass movement deposits were subtracted
from the overall sediment thickness. This event-correction
encompasses 60.29 m. The maximum chronostratigraphic sedi-
ment depth for age-depth modeling was thus reduced to 45.80 m
cd-ec (m of event-corrected composite depth). For this corrected
depth scale two age-depth models were developed using the
mixed-effect regression after Heegaard et al. (2005): the first age-
depth model by running two iterations with the mixed-effect
regression and the second by running the mixed-effect regression
only with ages that strictly follow the law of superposition. The
mixed-effect regression is regarded as a method relatively robust
with regard to outliers. In addition to the uncertainty of the indi-
vidual radiocarbon date it considers how representative the dates
are in relation to the population of other close by dates. This
method also produces error margins for the established age-depth
model. The statistical software Tinn-R (Version: 2.3.5.2) and the
libraries mgcv and agedepth (downloaded from http://www.eecrg.
uib.no/ on 3.11.2010) were used for calculations. To support the
radiocarbon-based chronology, two additional stratigraphic
methods were considered: tephrochronology and geomagnetic
relative paleointensities.

To characterize volcanic ash layers, glass components of tephra
samples were analyzed for their element geochemistry with an
electron microprobe at the Tephrochronology Analytical Unit of the
University of Edinburgh, UK. Analyses were performed on polished
thin-sections on a five-spectrometer Cameca SX-100 electron
microprobe with a beam diameter of 5 mm and an accelerating
voltage (beam current) of 15 keV (2 nA) for major elements and
15 keV (80 nA) for minor elements. Standard calibration blocks and
glass standards were used for calibration and control of accuracy
during analyses.

The comparison of geomagnetic relative paleointensity
focuses on the period from 55 to 25 cal. ka BP because this is the
period most critical for chronology. The average initial temporal
resolution in years (a) per individual data point of the records
used are 11.34 a (age-model 1), 9.44 a (age-model 2), 10 a after
cutoff frequency 1/3000 a (10Be-flux to Summit in Greenland:
Muscheler et al. (2005)), 48 a (SAPIS: Stoner et al. (2002)), 200 a
(stack from the Mediterranean Sea and Somali Basin: Meynadier
et al. (1992)) and 220 a (Lake Baikal: Peck et al. (1996)). The stack
from the Mediterranean Sea and Somali Basin comprises the
highest resolution records (>10 cm/ka) from the marine stack
SINT-200 (Guyodo and Valet, 1996) and the stack from the South
Atlantic Ocean (SAPIS: Stoner et al. (2002)) comprises five high-
resolution records (14.9e25 cm/ka) located in the sub-Antarctic
region. Each of the Laguna Potrok Aike datasets was interpo-
lated at 10 a intervals, then smoothed in order to illustrate the
millennial variability and, finally, the correlation coefficients
were calculated. For more details on the paleomagnetic record of
Laguna Potrok Aike, the reader is referred to Lisé-Pronovost et al.
(in this issue).

4. Results

4.1. Lithology

The total length of the composite profile from Site 2 (5022-2CP)
is 106.09 m and comprises 101.02 m of sediment (Fig. 2). Broken
liners, ineffective core catchers and the lack of sedimentary
features for core correlation caused 24 gaps summing up to the
ronology and sedimentological interpretation of the lacustrine record
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Fig. 2. Composition and lithology of the composite profile from site 2 (5022-2CP) of Laguna Potrok Aike. 2A, 2B and 2C: holes of site 2; PS: pelagic sediment; MMD: mass movement
deposits and gaps illustrated if their thicknesses increase 10 cm. Tephra layers are indicated according to their average depths. Radiocarbon samples in green circles are correlated
ages from PTA03/12 þ 13 (Haberzettl et al., 2007); those in yellow are samples from 5022-2CP. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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missing 5.06 m. Six gaps of 52 cm thickness are assumed to theo-
retically have contained pelagic sediment as they are over- and
underlain by this type of sediment. The remaining eighteen gaps of
454 cm in combined thickness are related to event deposits as they
are either over- or underlain by very coarse-grained mass move-
ment deposits. Often the very coarse-grained sediment from the
basal units of mass movements caused broken liners or flushed-out
sections and consequently created gaps in the record in 5022-2CP.

The composite profile consists of six different but recurring
sediment structures: laminated silts (Fig. 3A), laminated silts
intercalated with thin fine sand and coarse silt layers (Fig. 3B), ball
Please cite this article in press as: Kliem, P., et al., Lithology, radiocarbon ch
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and pillow structures (Fig. 3C), normally graded beds (Fig. 3D),
structureless sand with fine gravel layers (Fig. 3E) and light-colored
silt layers (Fig. 3H).

Laminated silts (Fig. 3A) have contributions of clay and small
amounts of sand. The lamination is characterized by changing
colors ranging from light to dark gray, greenish to bluish gray and
brownish gray and is most distinct for the topmost 18 m. Laminae
thickness varies in the cm- and dm-scale without any sharp
boundaries. Laminated silts are interpreted as pelagic sediments as
their accumulation results from continuous settling of particles
through the water column to the lake floor.
ronology and sedimentological interpretation of the lacustrine record
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Laminated silts intercalated with thin fine sand and coarse silt
layers (Fig. 3B) differ from laminated silts as they contain a few
coarser layers which are millimeter-thick and dark gray to black in
color. As these layers are homogenous or normally graded, the
contact to the overlying sediment is either sharp or gradual while
the contact to underlying laminated silts is always sharp. Lami-
nated parts are interpreted as pelagic sediments, whereas the
coarse-grained intercalations reflect event-deposits. The frequency
of these event-deposits varies between one per centimeter to one
per decimeter. Although their frequency can be high, their contri-
bution to this sediment type remains low. Thus, they are not sub-
tracted for event correction.

Normally graded beds interrupt pelagic sediments. In 5022-2CP
they reach up to 3.5 m in thickness and mostly consist of three
units: 1) a fining-upward base of dark gray to black coarse silt, sand
or gravel often containing abundant plant fragments, 2) a homo-
geneous silt to clay layer and 3) a thin layer of light-colored clay and
silt on top (Fig. 3D). Such structures in lacustrine sediments have
been interpreted as turbidites or homogenites resulting from mass
movements (Sturm et al., 1995; Girardclos et al., 2007; Bertrand
et al., 2008).

Sometimes ball and pillow structures (Fig. 3C) underlie these
graded beds and originate from the same mass movement. They
consist of brownish, bluish or greenish-gray rounded silt and clay
nodules up to several decimeters in size embedded in a domi-
nantly coarse (up to gravel) and unsorted mostly dark gray matrix.
Structureless sand and fine gravel layers (Fig. 3E) consist of
homogenous, not graded blackish sands and/or fine gravel
showing sharp upper and lower contacts. They reach a thickness
of a few decimeters and sometimes contain organic macro
remains (Fig. 6B). They are also interpreted as the result of mass
movement deposits but very likely of a different type compared to
normally graded beds.

Light-colored and sorted silt layers comprise bent, laminated or
homogeneous sediment structures (Fig. 3H). Contacts to over- and
Fig. 3. Different classes of sediment structures from 5022-2CP. The scale to the left of each ph
with thin fine sand and coarse silt layers (55.49e55.90 m cd), C) ball and pillow structure (1
and fine gravel layer (34.18e34.56 m cd), F) unique folded layer (77.45e77.99 m cd), G) uniq
(55.80e56.08 m cd). (For interpretation of the references to color in this figure legend, the

Please cite this article in press as: Kliem, P., et al., Lithology, radiocarbon ch
from Laguna Potrok Aike, southern Patagonia, Quaternary Science Review
underlying sediments are relatively sharp and sometimes irregular.
Some layers show a coarser base of not more than 1 cm in thickness
containing light-colored as well as black grains. Smear slides reveal
a dominance of volcanic glass shards, pumice and amorphous clasts
and sometimes also phenocrysts of volcanogenic minerals. Conse-
quently, these deposits have been interpreted as tephra layers,
which are distributed throughout 5022-2CP and reach individual
thicknesses of up to 50 cm (Fig. 2). As all described tephra layers
result from Andean volcanic eruptions in a distance of at least
150 km (Haberzettl et al., 2007, 2008), thick tephra layers probably
not completely result from fallout, but also from lake internal
reworking and fluvial or eolian reworking of volcanic ash material
that was deposited in the sparsely vegetated steppe environment
surrounding the lake. Some tephra layers actually show structures
of reworking (bent layers, mixing with lacustrine sediment
components). The coarser base of some tephras might be the effect
of sorting after settling through the water column or the result of
a gradual decrease in explosivity of the related volcanic eruption.

Based on the dominating sedimentary characteristics and on the
degree of dominance of mass movement deposits, 5022-2CP is
divided into five lithological units (Fig. 2):

Lithological unit A (0e8.82 m cd) is almost completely domi-
nated by pelagic laminated silts. The color spectrum changes
downwards from light and brownish gray to dark gray while
lamination gets more diffuse. Smear slides show a relatively high
content of carbonate crystals. Furthermore, low amounts of aquatic
mosses and gastropods are characteristic for this unit.

Lithological unit B (8.82e18.72 m cd) mainly consists of pelagic
laminated silts intercalated with thin fine sand and coarse silt
layers. The color spectra of laminations vary between dark gray (in
the upper part) and brownish and light gray (in the lower part).
Furthermore, a few normally graded beds, ball and pillow struc-
tures as well as homogenous sand layers occur. The thickness of
normally graded beds does not exceed 20 cm while clay caps are
absent. Their color spectrumvaries from brownish gray at the top to
otography is in cm. A) Laminated silts (1.87e2.28 m cd), B) Laminated silts intercalated
9.45e19.88 m cd), D) Normally graded beds (21.38e21.93 m cd), E) Structureless sand
ue matrix supported structure (87.92e88.36 m cd), H) Light-colored layer of sorted silt
reader is referred to the web version of this article.)

ronology and sedimentological interpretation of the lacustrine record
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Table 1
Geochemical data of tephra layers 5022-2T35, 5022-2T39 and 5022-2T52, shown as
mean oxide concentrations (wt %) and 1 standard deviation in parentheses. Only
analyses above 94% are included in the means (n: number of analyses).

5022-2T35 (type a) 5022-2T35 (type b) 5022-2T39 5022-2T52

n 9 2 24 14
SiO2 68.70 (1.34) 73.76 (0.26) 71.64 (0.75) 73.57 (0.93)
TiO2 0.52 (0.05) 0.12 (0.02) 0.35 (0.02) 0.25 (0.02)
Al2O3 14.74 (0.29) 12.38 (0.86) 12.93 (0.27) 12.63 (0.23)
FeOtot 2.73 (0.13) 1.23 (0.30) 1.92 (0.10) 1.42 (0.10)
MnO 0.05 (0.01) 0.04 (0.03) 0.05 (0.01) 0.04 (0.01)
MgO 0.84 (0.15) 0.29 (0.13) 0.52 (0.03) 0.38 (0.03)
CaO 3.07 (0.12) 1.38 (0.06) 2.31 (0.10) 1.84 (0.14)
Na2O 4.23 (0.13) 3.58 (0.37) 4.51 (0.13) 4.55 (0.17)
K2O 2.38 (0.06) 3.22 (0.14) 1.60 (0.07) 1.60 (0.07)
P2O5 0.10 (0.01) 0.03 (0.01) 0.05 (0.01) 0.04 (0.01)
Total 97.36 (1.83) 96.03 (1.37) 95.88 (0.94) 96.33 (1.15)

Fig. 4. Microprobe analyses of selected tephra layers from Laguna Potrok Aike (for all
analyzed data: see Wastegård et al., in this issue). All data from PTA03/6 show mean
values and 1 sd (standard error) (Haberzettl et al., 2008 and Wulf, personal commu-
nication, 2010). A) Bi-plot of SiO2 vs. K2O, B) Bi-plot of FeOtot vs. MgO. All data are
normalized to 100%.
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dark gray at the base. These sediment structures deviate from the
thicker and clay-capped graded units which dominate the under-
lying lithological unit C. A high amount of aquatic mosses occurs
between 15 and 18.6 m cd. Gastropods are relatively frequent as
well as a few fish bones and carbonate crystals above 14.2 m cd.

Lithological unit C (18.72e106.09 m cd) is subdivided into three
subunits (C-1, C-2, C-3) according to percentage, frequency and
thickness of mass movement deposits. No gastropods, bones or
carbonate crystals occur in this unit.

Lithological unit C-1 (18.72e40.23 m cd) is dominated by pelagic
laminated silts intercalated with thin fine sand and coarse silt
layers. The lamination is poor in contrast to lithological units A and
B. The color spectrum turns to greenish and bluish gray. All three
identified types of mass movement deposits (normally graded
beds; ball and pillow structures; structureless sand and fine gravel
layers) occur.

Lithological unit C-2 (40.23e81.53 m cd) is mainly composed of
the same sedimentary structures as lithological unit C-1. However,
the percentage of mass movement deposits increases (Fig. 2) and
some events exceed 1 m in thickness. The majority of mass
movement deposits consists of normally graded beds, some of
them containing fine gravel at the base. A prominent feature is one
folded structure of pelagic sediment and tephra (Fig. 3F) followed
by a 90 cm thick normally graded bed.

Lithological unit C-3 (81.53e106.09 m cd) is dominated by nor-
mally graded sediment structures which typically increase 1 m in
thickness. Pelagic sediments are almost absent and the amount of
gravel in mass movement deposits is generally higher compared to
units C-1 or C-2. Fine gravels occur in some ball and pillow struc-
tures as well as at the base of normally graded beds. One
outstanding and 1.5 m thick matrix supported layer occurs at
88 m cd. It consists of angular silt and clay clasts in a matrix of
basaltic sand and gravel (Fig. 3G). The clasts appear to be remobi-
lized pelagic sediments as lamination is preserved in some of these
clasts and the angular morphology suggests a short-distance
transport. The angular basaltic gravel probably originates from
erosion of basaltic lava at the southwestern lake shore.

4.2. Tephra analyses and correlation

Prior to this study, six tephra layers have been documented in
different sediment cores from Laguna Potrok Aike (Haberzettl et al.,
2009). The upper three ash layers from PTA03/12 þ 13 were
correlated stratigraphically to 5022-2CP (Fig. 5), while the older
three tephra layers were geochemically comparedwith microprobe
data obtained from a total of 19 volcanic ashes from 5022-2CP
(Wastegård et al., in this issue).

The latest compilation of available dates for the upper three
tephra layers from the Andean volcanoes Hudson, Mt. Burney and
Reclús was published by Stern (2008) and recalibrated with the
CalPal_2007_HULU calibration curve (Table 3). In the case of theMt.
Burney ash layer, three geochemically indifferent Mt. Burney
eruptions have been documented between the Hudson and Reclús
tephras spanning the time window from 7,64 to 10,320 cal. BP
(Kilian et al., 2003). For the sediments of Laguna Potrok Aike, only
one Mt. Burney tephra occurs between Hudson and Reclús ash
layers. This volcanic ash has been correlated to the youngest Mt.
Burney tephra layer (Haberzettl et al., 2007), which is interpreted as
the major eruption with a large ash fan whereas the other two
eruptions produced only local ash deposits (Kilian et al., 2003).

The lower three ash layers from Mt. Burney and Reclús volca-
noes described by Haberzettl et al. (2007, 2008, 2009) are
geochemically identical with 5022-2T35, 5022-2T39 and 5022-
2T52 (Table 1) and have been used for correlation. Analyses show
that 5022-2T39 and 5022-2T52 are rhyolitic with SiO2 values
Please cite this article in press as: Kliem, P., et al., Lithology, radiocarbon ch
from Laguna Potrok Aike, southern Patagonia, Quaternary Science Review
ranging from 74 to 77% and K2O values from 1.5 to 1.7% (Fig. 4A)
suggesting Mt. Burney as the volcanic source (Stern, 2008;
Haberzettl et al., 2009). Although the geochemical composition is
similar, 5022-2T39 has a higher contents in MgO, FeOtot and CaO
compared to 5022-2T52 (Fig. 4B) and can be clearly distinguished.
The main component of 5022-2T35 (type a) has a dacitic compo-
sition making it difficult to determine the source of the volcanic
eruption. The SiO2 vs. K2O scatterplot (Fig. 4) indicates volcanoes of
ronology and sedimentological interpretation of the lacustrine record
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Fig. 6. Layers with high concentration of plant macro remains from aquatic mosses in
A) Laminated silts (related radiocarbon date: POZ-32495) and B) In a structureless sand
layer (POZ-32492). Both positions were used for radiocarbon dating; white boxes show
sampling location.
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the Northern Andean Volcanic Zone (NAVZ) as a potential source,
i.e. volcanoes Viedma, Lautaro or Aguilera (Kilian et al., 2003; Stern,
2008). In contrast, a tephra layer with a similar geochemistry was
inferred to be an older Reclús tephra by Haberzettl et al. (2008). A
minor rhyolitic component (type b) was also analyzed for this
tephra.

All three geochemically analyzed tephras can be correlated with
tephras from core PTA03/6 (Haberzettl et al., 2008) (Fig. 4). The
rhyolitic ashes are correlated with tephra layers at 643 cm (t6e8)
and 859 cm (t6e10) of PTA03/6 while both glass components of
5022-2T35 correspond to tephra layer t6e4 at 359 cm of PTA03/6.
The agreement between the different analyses is high and the small
deviations in glass chemistry (e.g. slightly higher SiO2 values in
Haberzettl et al. (2008)) are probably due to different instruments
and analytical procedures applied.

4.3. Radiocarbon dates, chronology and sedimentation rate

For the Holocene and the Lateglacial part of the lacustrine record
from Laguna Potrok Aike radiocarbon dating was carried out on
carbonates precipitated from the water column, bulk sediment and
different organic macro remains (Haberzettl et al., 2007). As
carbonates are generally absent below 18 m cd for 5022-2CP, plant
remains, in most cases stems of aquatic mosses, were the only
biogenic sediment component available for AMS 14C dating. These
aquatic mosses are concentrated in layers intercalated within
pelagic sediment sections (Fig. 6A) as well as in basal layers of mass
movement deposits (Fig. 6B). The former were preferably sampled
because the likelihood of obtaining ages that do not represent the
time of deposition is much higher for mass movement deposits.
Nevertheless, dating was also carried out for some samples from
such deposits in order to obtain 14C ages over the entire length of
the composite sediment sequence. In general, dating of aquatic
mosses might involve some degree of reworking at Laguna Potrok
Aike. An alternative option would be to obtain other material for
dating (e.g. pollen, aquatic algae) which is not concentrated in
layers. This would not necessarily eliminate reservoir effects and
was not performed at 5022-2CP as it implies to sieve large amounts
of pelagic sediment.

In total, 58 radiocarbon dates are available (Table 2; Fig. 7). 21
ages were correlated from PTA03/12 þ 13 for the upper 18 m of
5022-2CP. These comprise the last 16 cal. ka BP. Three dates were
interpreted as reworked (Haberzettl et al., 2007) and thus omitted.
Fig. 5. Stratigraphic tephra correlation of 5022-2CP (100 m water depth) with PTA03/12 þ
(30 m water depth). Ages of tephra layers t12e12, t12e15 and t12e22 are recalibrated after
PTA03/6 was caused by erosion due to a low lake level (Haberzettl et al., 2008; Anselmetti
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In order to achieve a consistent interpretation, Poz-8391 and Poz-
5071 were reinterpreted as event deposit as the former was
obtained from a sand-layer and the latter from reworked Reclús
tephra of PTA03/12þ13. Below 18m cd, 37 dates cover a time range
between 18 and 51 cal. ka BP. Extremely low 14C values were
measured for three samples yielding infinite ages (Table 2). These
ages were excluded from age-depth modeling.

Intervals with mass movement deposits as well as tephra
layers were removed to compile an event-corrected composite
profile (cd-ec) for age-depth modeling which was carried out by
mixed-effect regression for 45.80 m cd-ec. This method is regar-
ded to be relatively robust to outliers (Heegaard et al., 2005).
However, it ignores the law of superposition. Two age-models (1
and 2) have been developed, one following the mixed-effect
regression and the other by additionally acknowledging the law
of superposition.
13 (95 m water depth) and geochemical tephra correlation of 5022-2CP with PTA03/6
Stern (2008) and t6e4, t6e8 and t6e10 are from Haberzettl et al. (2009). The hiatus of
et al., 2009). Note different depth scales. Gray shading marks Holocene deposits.
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Table 2
AMS radiocarbon ages from 5022-2CP of Laguna Potrok Aike calibrated with CalPal applying the CalPal_2007_HULU calibration curve. Ages from reworked sediment sections
are printed in bold. d13C and C-mass as measured during AMS 14C determination.

Laboratory
no.

Sediment
depth (m cd)

Event corrected
sediment depth
(m cd-ec)

14C age
(BP)

Error
(1s)

d13C (&) C-mass
(mg)

Sample description Calibrated
age (cal. BP)

Error
(1s)

Poz-834a 0.51 0.51 440 30 �22.7 0.85 Stems of aquatic moss 510 30
Poz-897a 0.56 0.55 655 25 �15.7 1.49 Bulk sediment 630 50
Poz-3570a 0.67 0.67 735 25 �8 1.30 Calcite fraction of bulk sample 690 20
Poz-896a 0.92e1.04 0.92e1.04 1470 40 �20.8 2.0 Stems of aquatic moss 1370 40
Poz-5182b 1.96 1.95 2300 35 �22.7 1.57 Twig of Berberis 2290 70
Poz-8549b 2.88 2.87 3600 35 2.2 6.28 Calcite fraction of bulk sample 3910 50
Poz-8390b 3.10e3.15 3.10e3.15 3625 35 �33.9 0.5 Stems of aquatic moss 3940 50
Poz-8398b 4.83 4.53 4465 50 �28.3 1.09 Stems of aquatic moss 5130 120
Poz-8550b 6.00 5.71 6440 70 �5.1 6.28 Calcite fraction of bulk sample 7360 60
Poz-8391b 6.91 6.63 7025 50 �21.5 0.51 Stems of aquatic moss 7870 60
Poz-8546b 8.12 7.83 7260 50 3.8 2.01 Calcite fraction of bulk sample 8090 60
Poz-8392b 9.69 9.37 7580 50 �28.3 2.56 Stems of aquatic moss 8390 40
Poz-8393b 10.44 9.97 9640 50 �28.4 2.43 Stems of aquatic moss 11,000 140
Poz-8547b 11.00e11.08 10.53e10.61 9410 50 6.6 Calcite fraction of bulk sample 10,640 60
Poz-8394b 12.00 11.37 11,090 60 �26.8 1.94 Stems of aquatic moss 12,980 80
Poz-5985b 13.04 12.22 8930 50 �18.9 2.28 Bone of Tuco Tuco 10,060 110
Poz-8548b 14.78 13.00 10,240 60 8.4 3.61 Calcite fraction of bulk sample 11,970 130
Poz-8396b 15.55 13.78 11,200 60 �30 1.69 Stems of aquatic moss 13,130 80
Poz-8397b 16.40 14.61 12,490 70 �31.2 1.60 Stems of aquatic moss 14,900 140
Poz-5072b 16.78e18.20 14.70 12,850 70 �25.8 2.64 Stems of aquatic moss 15,420 90
Poz-5073b 18.48e18.54 14.93e14.99 13,450 70 �28.7 2.69 Stems of aquatic moss 16,710 100
Poz-37017 18.69 15.13 14,540 70 �27.6 1.56 Stems of aquatic moss 17,760 50
Poz-37022 22.09 16.74 17,460 80 �29.2 1.63 Stems of aquatic moss 20,970 120
Poz-37007 23.25 17.90 18,700 120 �39.9 0.91 Stems of aquatic moss 22,570 110
Poz-32491 23.90 18.23 27,910 240 �25.9 2.12 Stems of aquatic moss 32,420 280
Poz-34233 26.65 19.42 22,450 140 �30.7 2.24 Stems of aquatic moss 27,230 320
Poz-37020 27.20 19.69 20,490 120 �28 1.11 Stems of aquatic moss 24,510 150
Poz-37008 31.01 22.14 30,300 300 �32.9 1.51 Stems of aquatic moss 34,500 240
Poz-37010 33.45 24.46 47,000 2000 �23.5 1.40 Organic macro remains 50,590 2670
Poz-34235 35.10 25.49 26,930 210 �28.5 3.03 Stems of aquatic moss 31,720 140
Poz-34236 36.38 26.67 25,110 180 �25 1.45 Stems of aquatic moss 30,030 170
Poz-34237 36.66 26.95 25,820 190 �27.3 2.64 Stems of aquatic moss 30,750 320
Poz-32492 39.77 28.69 34,500 500 �27.7 2.54 Stems of aquatic moss, Fig. 6B 39,770 910
Poz-37011 40.09 28.98 29,300 300 �28.9 1.86 Stems of aquatic moss 33,700 350
Poz-37012 45.81 30.30 31,900 300 �28.3 2.33 Organic macro remains 35,780 380
Poz-37002 47.34 31.34 29,600 300 �30.7 1.24 Stems of aquatic moss 33,930 310
Poz-37013 48.58 32.32 40,000 1000 �28 2.27 Stems of aquatic moss 43,730 810
Poz-34238 52.98 32.82 37,300 800 �28.5 2.37 Stems of aquatic moss 42,040 500
Poz-37003 53.12 32.96 39,200 700 �28.6 1.64 Stems of aquatic moss 43,140 570
Poz-32493 54.23 33.88 27,680 230 �24.3 1.30 Stems of aquatic moss 32,230 230
Poz-37014 54.23 33.88 44,000 2000 �24 1.18 Stems of aquatic moss 47,450 2200
Poz-37075 55.59 34.15 30,800 400 �18.1 0.63 Stems of aquatic moss 34,920 380
Poz-34239 56.66 34.71 42,000 2000 �28.7 2.25 Stems of aquatic moss 45,610 1850
Poz-34240 58.91 36.00 43,000 2000 �30 1.29 Stems of aquatic moss 46,510 2040
Poz-34241 63.18 36.70 50,000 3000 �30.4 2.36 Stems of aquatic moss 53,610 3630
Poz-37018 65.11 37.33 43,000 2000 �26.8 2.13 Organic macro remains 46,510 2040
Poz-32494 67.13 38.87 43,000 2000 �28.3 1.08 Stems of aquatic moss 46,510 2040
Poz-34242 72.80 40.56 44,000 2000 �30.3 2.43 Stems of aquatic moss 47,450 2200
Poz-37004 73.32 40.66 47,000 2000 �39.7 1.71 Stems of aquatic moss 50,590 2670
Poz-34243 75.18 41.40 47,000 2000 �34.8 2.27 Stems of aquatic moss 50,590 2670
Poz-37006 75.68 41.67 51,000 4000 �32.3 1.50 Stems of aquatic moss 53,910 4130
Poz-37021 78.43 42.39 >48,000 �18.9 1.18 Organic macro remains
Poz-32495 80.60 42.97 45,000 2000 �27.2 1.64 Stems of aquatic moss, Fig. 6A 48,430 2320
Poz-34245 96.21 45.71 >48,000 �30.4 2.46 Stems of aquatic moss
Poz-37015 96.21 45.71 52,000 4000 �27.2 1.26 Organic macro remains 54,580 3940
Poz-37016 98.95 45.79 42,000 1000 �26.2 1.06 Organic macro remains 45,200 1060
Poz-34246 99.89 45.80 50,000 4000 �30.6 2.05 Stems of aquatic moss 53,220 4250
Poz-32496 102.96 45.80 >45,000 �32 0.82 Stems of aquatic moss

a Haberzettl et al. (2005).
b Haberzettl et al. (2007).
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For age-model 1 (Fig. 8A and B) thirteen dates on remobilized
material were excluded prior to the mixed-effect regression. The
first iteration (Fig. 8A) reveals that (1) some radiocarbon dates
considerably exceed the 95% confidence interval of the calculated
age-depthmodel and (2) the age-depthmodeling below 43m cd-ec
produces an age reversal caused either by a lack of reliable material
for dating or because the radiocarbon method is close to its age-
limit (>45 cal. ka BP). Therefore, a second iteration with the
Please cite this article in press as: Kliem, P., et al., Lithology, radiocarbon ch
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mixed-effect regression was restricted to dates above 43 m cd-ec
(two more dates were not considered) and excludes four dates
considerably exceeding the confidence interval of the first iteration
(Fig. 8B). As this chronology does not extent to the base of the
composite record, the age-depth model was extrapolated below
43 m cd-ec down to a basal depth of 45.80 m cd-ec resulting in an
age of 51.2 cal. ka BP. This is the maximum age for 5022-2CP with
age-model 1 as only event deposits occur below.
ronology and sedimentological interpretation of the lacustrine record
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Fig. 7. Depth distribution of 14C ages in 5022-2CP (1s error). Lithology and event
deposits (gray shading) are indicated.
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Age-model 2 was developed on the youngest possible radio-
carbon ages and strictly according to the law of superposition
(Fig. 9). Thus not only radiocarbon ages on some of the reworked
material (iteration 1) and dates excluded during iteration 2 were
discarded but a total number of 29 calibrated dates (19 for age-
model 1). Hence, age-model 2 is based only on four dates below
20 m cd-ec. Most of the discarded radiocarbon ages exceed the 95%
confidence interval of age-model 2. The extrapolation below
44.79 m cd-ec yields a bottom age of 45.2 cal. ka BP for the basal
depth of 45.80 m cd-ec.

In order to validate these age-depth models, we compared the
PTA03/12 þ 13 age-depth relation with age-models 1 and 2 for the
last 16 cal. ka BP based on their magnetic susceptibility records
(Fig. 10). Generally, they show a fairly good correlation with PTA03/
12 þ 13 suggesting a consistent age transfer to 5022-2CP. Slight
shifts of magnetic susceptibility peaks between 8 and 10 cal. ka BP
and prior to 12 cal. ka BP result from differences of our age model
compared to the model performed by Haberzettl et al. (2007). They
used a linear interpolation and included the Mt. Burney tephra
(t12e15) dated by Kilian et al. (2003) for their agemodel. The upper
three tephras from PTA03/12 þ 13 have been dated independently
by peat bogs and lake sediments (Kilian et al., 2003; McCulloch
et al., 2005; Stern, 2008) and tend to be younger than the
Please cite this article in press as: Kliem, P., et al., Lithology, radiocarbon ch
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estimated ages from both of our age models; but their 95% confi-
dence intervals overlap (Table 3).

The tephra correlation beyond 30 cal. ka BP from PTA03/6 to
5022-2T35 seems to confirm age-model 2, whereas the correlation
to 5022-2T39 and to 5022-2T52 seems to verify age-model 1
(Figs. 8 and 9). However, the age of 5022-2T35 as obtained from
PTA03/6 is not very reliable because it results from a linear inter-
polation between a 14C dated tephra layers ca 5 m above
(14.9 � 0.3 cal. ka BP) and at 3.5 m below (48.5 � 2.5 cal. ka BP) this
tephra. Moreover, it is a combination of two different coring loca-
tions from the slope of the lake basin (Haberzettl et al., 2009). Here
we improve the dating of these tephra layers by applying age-
model 1 (Table 3).

Finally, relative paleointensity results (cf. Lisé-Pronovost et al.,
in this issue) were compared with independently dated records
worldwide to further validate our age models (Fig. 11). The
millennial-scale variability using age-model 1 correlates much
better to the global dipole field derived from independent archives,
including cosmogenic isotopes, marine and lacustrine sediments
(Meynadier et al., 1992; Guyodo and Valet, 1996; Peck et al., 1996;
Stoner et al., 2002; Muscheler et al., 2005). In all cases, the corre-
lation coefficients are significantly higher using age-model 1
compared to age-model 2 (Fig. 11). The minimum in relative pale-
ointensity at ca 38e39 cal. ka BP (using age-model 1), coeval with
the intensity low derived from the 10Be flux of the Summit ice core
from Greenland, might correspond to the Laschamp geomagnetic
excursion (Lisé-Pronovost et al., in this issue), which was dated to
40.4 � 2 ka (2s) on lava flows at the type locality in the Massif
Central, France (Guillou et al., 2004). Some of the differences in the
paleointensity records most likely result from temporal offsets
associated with the individual chronologies, which are to the limits
of the radiocarbonmethod at 35e50 cal. ka BP (Hughen, 2007). This
is illustrated, for example, by comparing SAPIS and PASADO
records, where the correlation coefficient would be higher if the
chronologies were slightly adjusted within dating uncertainties.
Nonetheless and even on their own chronologies, the good corre-
spondence between the SAPIS and PASADO records between 40
and 50 cal. ka BP supports age-model 1.

In conclusion, age-model 1 is favored and was used to calculate
sedimentation rates for event-corrected 5022-2CP (Fig. 8C). Three
periods are noticeable during which sedimentation rates exceed
1 mm/a: 6.6e9.4 ka BP, 23.7e31.1 ka BP and 46.3e51.2 ka BP.
Minima occur at w3 cal. ka BP (0.75 mm/a), w15 cal. ka BP
(0.37 mm/a) and w38 cal. ka BP (0.40 mm/a). The event-corrected
sedimentation rate averages 0.9 mm/a. Including the mass move-
ment deposits it increases to 2.07 mm/a.

5. Discussion

5.1. Lithology

The lithological units coincide with the mid to late Holocene
(lithological unit A: present to 8.3 cal. ka BP) and the Glacial period
(lithological unit C: 17.2e51.2 cal. ka BP) separated by a transitional
zone that started prior to the Lateglacial and ended in the early
Holocene (lithological unit B: 8.3e17.2 cal. ka BP) (Fig. 8B). This
transition is well defined in the lower part of lithological unit B by
the highest concentration of plant macro remains within the entire
record. The abrupt onset of plant macro remains at
17.2� 0.5 cal. ka BP suggests a climatic and a related environmental
change that persists until 12.2 � 0.7 cal. ka BP. This corresponds
with the time range between the first (w19e17 cal. ka BP) and the
second (w13e12 cal. ka BP) major deglacial warming steps docu-
mented from marine sediments off Chile and Antarctic ice records
(Lamy et al., 2007). This is also confirmed by the continental record
ronology and sedimentological interpretation of the lacustrine record
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Fig. 8. First (A) and second (B) iteration (age-model 1) of the mixed-effect regression for 5022-2CP-ec using the constantevariance function. (C) Sedimentation rate based on this
age-depth model processed for each millimeter. Gray shading marks periods with increased sedimentation rates. Tephra correlation according to Haberzettl et al. (2008, 2009).
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from Lago Pollux (Chile, 46�S) suggesting deglacial warming after
18.6 cal. ka BP (Markgraf et al., 2007). Moreover, based on exposure
ages deglaciation started in Patagonia after a final glacier advance
at around 18 ka (Hein et al., 2010).

The high amount of plant macro remains (aquatic mosses)
might result from an increased productivity due to deglacial
warming and increased nutrient availability. As sand-wedges
document former permafrost in southern Patagonia (Bockheim
et al., 2009), its decay might have released organic carbon and
nutrients in the drainage basin (Frey and Smith, 2005) which
increased lacustrine productivity, predominantly in the littoral
zone which is where aquatic mosses grow. However, it has been
shown that recent permafrost degradation in the subarctic did not
directly affect the trophic state of a lake and thus its sediments
(Kokfelt et al., 2009).

Increased productivity of the lake is one possibility to explain
the abundance of plant macrofossils at the transition from the Last
Glacial Maximum (LGM) to the Lateglacial. Another explanation
could be related to lake level fluctuations. Based on luminescence
dates from overflow terraces, the lake level was highest around
17 cal. ka BP (Kliem et al., in this issue). Thus the transition from
lithological unit C-1 to B might be a sedimentary response to the
start of a post-LGM lake level lowering. This might have continued
until 13.6 cal. ka BP, when the threshold of the lacustrine system
with regard to carbonate precipitation was passed (Hahn et al., in
Please cite this article in press as: Kliem, P., et al., Lithology, radiocarbon ch
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this issue; Jouve et al., in this issue). Thus it might be argued, that
the lake level during the early Lateglacial was comparable to
modern conditions. A lake level decrease could also explain why
aquatic mosses are so common immediately after 17 cal. ka BP: they
were eroded from the freshly exposed former littoral zone of the
lake. However, this would have caused additional profundal accu-
mulation. In contrast, the period is characterized by very low
sedimentation rates (Fig. 8).

Laminations of lithological units A and B range in thickness from
cm- to dm-scales with sedimentation rates from 0.37 to 1 mm/a.
They seem to reflect changes in depositional conditions of decadal
to centennial timescales. The processes generating these lamina-
tions are not clear but must have beenmore pronounced during the
Holocene and the Lateglacial with rather distinct laminations. This
is also supported by smear slide analyses. Assuming that the
occurrence of autochthonous carbonate crystals indicates warmer
and drier climatic conditions with responding lower lake levels for
the Holocene and the Lateglacial (Haberzettl et al., 2007), no such
period with carbonate precipitation occurred during the recovered
glacial record at Laguna Potrok Aike.

Intercalations of thin fine sand and coarse silt layers in
laminated silts as well as mass movement deposits increase
below lithological unit A. Thus, the lacustrine sedimentation
pattern was completely different between the Holocene and the
glacial period with the Lateglacial as a transition. Nevertheless,
ronology and sedimentological interpretation of the lacustrine record
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Fig. 9. Mixed-effect regression for 5022-2CP-ec using the constantevariance function. Ages for modeling were selected strictly according to the law of superposition (age-model 2).
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also Holocene mass movement deposits have been identified by
seismic and sediment core data (Haberzettl et al., 2007, 2008;
Anselmetti et al., 2009). Earthquakes as well as very low lake
levels during the early Holocene might have triggered these
events. In the case of multiple and simultaneous mass move-
ments in the entire lake basin, as identified by seismic analysis,
earthquakes were likely the trigger (Anselmetti et al., 2009). In
addition, very low lake levels can decrease slope stability because
of increased sedimentation on tilted subaquatic strata (Hampton
et al., 1996; Locat and Lee, 2002; Strasser et al., 2007) and in
combination with pore-fluid overpressure (Sultan et al., 2004).
The latter might be the effect of a reduced water column in
combination with increased deposition of fine-grained sediments
on subaqueous slopes potentially closing off pore water under
undrained conditions (Anselmetti et al., 2009). The relative
position between mass movement deposits and erosional gaps
suggests a successive collapse of subaquatic terraces (Kliem et al.,
in this issue).
Fig. 10. Correlation of magnetic susceptibility from PTA03/12 þ 13 and 5022-2CP with
age-model 1 and age-model 2 using 11-point running means. Ages of PTA03/12 þ 13
have been recalibrated with the CalPal_2007_HULU calibration curve prior to linear
interpolation according to Haberzettl et al. (2007). Triangles show tephra layers with
their ages in the respective age model.
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As high-resolution data of the 3.5 kHz seismic survey allows
sediment penetration only down tow20m (Anselmetti et al., 2009),
no identification of simultaneous mass-movement events and thus
paleo-earthquakes is possible below. It is likely that repeated lake
level fluctuations during the last glacial period as well as earth-
quakes have resulted in frequent slope collapses which have not yet
been detected. However, the maximum in mass movement
frequency during the last glacial period is most likely the effect of
environmental changes and not a paleo-earthquake signal. Prob-
ably, permafrost in combination with sea-level-controlled ground-
water influence enforced lake level fluctuations. Frozen ground
reduces infiltration and thus increases surface runoff and decreases
groundwater recharge. Consequently, groundwater influence
should be less important. Due to permafrost sealing of the ground,
a much higher percentage of precipitation, regardless if related to
rainfall or snowmelt runoff events, reaches the lake. Moreover,
buffering of the lake level via groundwater is reduced for two
reasons: (1) the groundwater level follows or at least responds to
the global sea level and thus should be considerably deeper and (2)
permafrost isolates the lake water body from groundwater influ-
ence although forming a talik. If both aspects are completely true,
groundwater influence would have been eliminated by permafrost
during the last glacial period. Then the typically high precipitation
variability as observed in semiarid regions is not buffered any more
by groundwater influence which consequently causes a muchmore
direct link betweenprecipitation, snowmelt and the lake level. Thus
Table 3
Correlated tephra layers with ages according to age-model 1 compared to ages from
Stern (2008). Uncalibrated literature dates of 5022-2T1, 5022-2T24 and 5022-2T53
were recalibrated with CalPal and the CalPal_2007_HULU calibration curve. Dates of
5022-2T35, 5022-2T39 and 5022-2T52 are according to the age model of Haberzettl
et al. (2009).

Tephra layer Source volcano Age model 1
(cal. ka BP)

Age (cal. ka BP)

5022-2T53 Hudson 8.40 � 0.63 7.72 � 0.14 Stern (2008)
5022-2T1 Mt. Burney 9.43 � 0.72 9.44 � 0.64 Stern (2008)
5022-2T24 Reclús 16.03 � 0.56 15.12 � 0.45 Stern (2008)
5022-2T35 (NAVZ) 44.53 � 3.81 w34 Haberzettl et al. (2009)
5022-2T39 Mt. Burney 48.70 � 4.95 w45 Haberzettl et al. (2009)
5022-2T52 Mt. Burney 50.87 � 6.35 w54 Haberzettl et al. (2009)
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Fig. 11. Relative paleointensity proxy from Laguna Potrok Aike using A) Age-model 1 and B) Age-model 2 compared with independent geomagnetic field reconstructions from 55 to
25 cal. ka BP. From top to bottom: geomagnetic field intensity derived from the 10Be-flux of the Summit ice core, Greenland (Muscheler et al., 2005), stack for the South Atlantic
Ocean (SAPIS; Stoner et al., 2002), marine stack of the Mediterranean Sea and Somali Basin (Meynadier et al., 1992; Guyodo and Valet, 1996) and stack from Lake Baikal (Peck et al.,
1996). Correlation coefficients are indicated. The shaded area indicates the geomagnetic Laschamp excursion at ca 38e39 cal. ka BP in the PASADO and 10Be-derived records.
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more pronounced lake level fluctuations can be expected under
permafrost conditions. Moreover, a higher percentage of precipi-
tation is transferred to the lake as infiltration is eliminated and also
evaporation is less effective under the generally colder air temper-
atures of the glacial period. Relict permafrost features (sand-
wedges) are actually widespread in southern Patagonia (Bockheim
et al., 2009) and sand-wedges have also been detected in the
catchment of Laguna Potrok Aike where they suggest permafrost
conditions around 35 ka (Kliem et al., in this issue). The general
decrease of mass movement deposits with time might also be
related to a reduced subaquatic relief as the result of sediment
accumulation and slope consolidation.

In addition to laminated pelagic sediments and mass move-
ment deposits, tephra layers are the third dominant sediment
feature. However, no tephras from local eruptions of the PAVF
have been documented for the 51 ka record, although this volcanic
area provides a huge source of volcaniclastic material and erup-
tions are ongoing until at least the early Holocene (Corbella,
2002). Since volcanic activities of the PAVF have developed
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toward the east, dominating west winds might have inhibited
tephra accumulation from younger eruptions in Laguna Potrok
Aike and only remote Andean tephras were recorded. Over- and
underlain by lacustrine sediment, cohesionless tephra layers
consisting of sorted silt may have acted as shear zones at the
subaquatic slopes resulting in mass movements. This would
explain that only one tephra layer exists between tephra layer
t6e4 and t6e10 of PTA03/6 as the others probably have been
eroded and are only preserved in the central deep site of 5022-2CP
(Fig. 5). This also suggests unidentified hiatuses in PTA03/6 as no
hiatus has been documented below 34 cal. ka BP (Haberzettl et al.,
2009) which would explain that the proximal sedimentation rate
at PTA03/6 is less than 1.0 mm/a compared to 0.6e2.4 mm/a in the
profundal zone at 5022-2CP.

5.2. Chronology

The elaborated radiocarbon chronology (age-model 1) is
hampered by several outliers representing ages considerably
ronology and sedimentological interpretation of the lacustrine record
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younger and older than the estimated age after the second iteration
of the mixed-effect regression. Different reasons can be regarded as
the cause for these results: stratigraphical mixing, hard-water and
reservoir effects, variations in 14C production (plateau effects) as
well as contamination bymodern carbon can theoretically influence
radiocarbon dates (Cohen, 2003). Stratigraphical mixing caused e.g.
by bioturbation or dating of roots as well as the hard-water effect
can be excluded for this record. The observed concentration of
aquatic moss fragments in certain sediment layers point to sedi-
mentation events during which these mosses are transported from
littoral to profundal zones of the lake (Fig. 6). Hence, it is not
surprising that some dates from pelagic sediments vary toward
higher ages indicating the dating of reworked material. Offsets to
younger ages occur at the transition from lithological unit C-2 to C-1
until ca 30 cal. ka BP. These apparently too young dates might be
explained by the sensibility of samples closer to the dating limit of
the radiocarbon method for contamination by modern carbon
(Olson and Eriksson,1972). Contamination is known from fungi and
bacterial activity as they assimilate modern CO2 if stored for many
years within sediment cores (Geyh et al., 1974) or under wet
conditions after sampling (Wohlfarth et al., 1991). This explanation
seems to be unlikely in our case as the cores were continuously
stored under cool and dark conditions; samples were taken rela-
tively fast after coring (10e12 months) and immediately dried after
sampling. The most prominent too young dates (Poz-37075 with
34.4 cal. ka BP in 34.15 m cd-ec; Poz-32493 with 32.2 cal. ka BP in
33.88m cd-ec) seem to be confirmed by the tephra layer 5022-2T35
if dated according to Haberzettl et al. (2009) and by one 230Th-age
dated to 29.4 � 5.9 ka in 34.95 m cd-ec (Nuttin et al., in this issue)
which question age-model 1. Considering these younger dates as
true ageswould imply a hiatus to the next older date of 10.1e12.3 ka.
However, in the lithology no indication for such a large hiatus has
been observed. Mass movements within that depth interval
suggest some degree of erosion, but applying the mean event-
corrected sedimentation rate of 0.9 mm/a a sediment package
betweenw9 andw11 mwould have to be eroded. This seems to be
very unlikely for the profundal zone of the lake. Another option
would be an unidentified hiatus related to desiccation. However,
a permanent water column is suggested by continuous lacustrine
sedimentation on the subaquatic terrace and by seismic results
betweenw30 and 53.5 ka (Gebhardt et al., 2012). Furthermore, the
ageof 5022-2T35 fromHaberzettl et al. (2009) is questionable. Short
term fluctuations of the atmospheric 14C/12C ratio caused by
increased production of 14C as a result of low paleomagnetic field
intensity are another option to explain too young ages. Data avail-
able for calibrating 14C ages vary up to 2000 years for the time
window 30e50 cal. ka BP (Schramm et al., 2000) indicating short
term fluctuations in atmospheric 14C concentration. The two
affected radiocarbon dates differ from the estimated age byw11 ka
and w9 ka, respectively. It is conceivable that the short-living
aquatic mosses might document fluctuations in the atmospheric
14C/12C ratio. Whether this is a realistic explanation and whether
this effect is as large as ca 10 ka needs to be further investigated. At
the older part of the record (>45 cal. ka BP) radiocarbon dates tend
to show an asymptotic behavior, which can be a sign of under-
estimated ages close to the dating limit of the radiocarbon method
(Chappell et al., 1996). Upcoming publications of high resolution
radiocarbon dates for varve-dated sediments of Lake Suigetsu
(Japan) might improve our understanding of the terrestrial radio-
carbon calibration models and underlying 14C variations back to the
dating limit of this method (Nakagawa et al., 2012).

Age-model 2 as the conservative alternative for the age-depth
modeling of sediments from Laguna Potrok Aike seems to be
disproved by the two oldest tephra layers (Fig. 8B) and after
comparison with global geomagnetic relative paleointensity data
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(Fig. 11). Therefore, we suggest following age-model 1 as the most
likely chronology for the time being. Nevertheless, most radio-
carbon dates approaching the limits of this dating method
(30e45/50 ka BP) can be questioned and thus efforts have been
undertaken to improve the reliability of our time control by
additional and independent dating methods. As Ar/Ar dating of
volcanic ashes turned out to be impossible due to the lack of
suitable potassium feldspars (M. Storey, 2011; pers. comm.), our
focus is now directed toward luminescence dating. Analyses of 38
samples from core 5022-1D have already been carried out and
evaluated (Buylaert et al., in this issue). However, before these
dates can be compared to the age models presented here,
a thorough correlation between the composite profile from Site 2
(radiocarbon chronology and most other stratigraphic investiga-
tions) with Site 1 (luminescence dating) needs to be carried out.

5.3. Sedimentation rates

Calculated sedimentation rates for the sediment record range
between 0.37 and 8.5 mm/a (mean: 2.07 mm/a). However, the
percentage of mass movement deposits increases downcore but no
erosion at their respective bases was assumed for the compilation
of the event-corrected composite profile 5022-2CP and thus this
effect is not reflected in the sedimentation rates. Sharp contacts to
underlying sediments document some degree of erosion of pelagic
sediments. Therefore, calculated sedimentation rates have to be
regarded as minimum values as it is impossible to estimate the
degree of erosion.

During three time periods sedimentation rates exceed 1 mm/
a (Fig. 8C: 6.6e9.4 cal. ka BP, 23.7e31.1 cal. ka BP and
46.3e51.2 cal. ka BP). The first of these periods correlates with the
transition from lithological unit B to A which is described as having
the lowest lake level (33mbelow the lake level of 2003) since the last
glacial period due to dry conditions caused by strengthening of the
Southern Hemispheric Westerlies (Haberzettl et al., 2007, 2008;
Anselmetti et al., 2009). Profundal sedimentation increased probably
because the lake level lowering exposed older terraces to erosion.
Furthermore, a reduced water body would result in reduced accu-
mulation space and therefore in increased sedimentation rates at the
coring location. A more negative water balance of the lake between
9.2 and 8.7 cal. ka BPwith considerable variations afterward is based
on pollen and geochemical evidence (Mayr et al., 2007b).

If low lake levels at Laguna Potrok Aike cause higher sedimen-
tation rates, increased sedimentation rates during the last glacial
period centered around 27.4 and 48.8 cal. ka BP may also document
lower lake levels. For the younger glacial period with higher sedi-
mentation rates from 31.1 to 23.7 cal. ka BP it would be plausible to
assume that at the begin of the LGM a general decrease in precip-
itation occurred which might have caused a lake level lowering
with enforced erosion of the then exposed former littoral zone.
However, this assumption needs to be verified by additional future
studies. In contrast, the record from PTA03/6 documents a higher
lake level between 45 and 51 cal. ka BP (Haberzettl et al., 2009).
This is much higher than the modern water level and supported by
IRSL dating of tephra layers now exposed at terrace-outcrops that
have been deposited in the lake between 44 and 48 ka suggesting
overflow conditions (Kliem et al., in this issue). Based on this data,
the hypothesis that higher sedimentation rates are linked to lake
level low stands has either to be falsified or the temporal lake level
variability was much higher than anticipated.

5.4. Formation of the lake basin

The expected base of lacustrine sediments inferred by a seismic
survey is in 370 m blf (below lake floor which is presently at 13 m
ronology and sedimentological interpretation of the lacustrine record
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a.s.l.) (Gebhardt et al., 2011). Considering an overall mean sedi-
mentation rate of 2.07 mm/a for the entire history of Laguna Potrok
Aike, the start of lacustrine sedimentation can be estimated to
w180 ka. This represents also the approximate date of the maar
eruption as the crater bottom filled-up rapidly with groundwater
after the eruption. However, this date contradicts the Ar/Ar date of
770 � 240 ka for a basaltic clast from the phreatomagmatic tephra
of the maar eruption (Zolitschka et al., 2006). Explanations for this
discrepancy could be unreliable dating or frequent desiccations of
the lake basin which introduce periods without sedimentation and
sediment removal by deflation as observed for this region today,
e.g. for Laguna Maar Bismarck (Gebhardt et al., 2012). Indeed,
stacked sand dunes approximately 200 m below the present lake
level in the eastern part of the lake basin, i.e. older than
51.2 cal. ka BP, have been inferred by seismic data and support
desiccation and deflation just prior to the start of the sedimentary
record discussed here (Gebhardt et al., 2012). So far, no desiccation
hiatus was identified lithologically. However, mass movements
might have eroded such features at the coring location. Although
high lake levels are documented for this record, low lake levels have
not been determined prior to the Lateglacial. Furthermore, the
presence of aquatic mosses throughout 5022-2CP supports at least
ephemeral water bodies for the last 51.2 cal. ka BP confirming that
no desiccation occurred during this time interval. But periods of
desiccation accompanied by wind erosion most likely existed
before (Gebhardt et al., 2012) reducing the total amount of accu-
mulated sediment and thus bringing the extrapolated age for the
bedrock to sediment transition (using the mean sedimentation
rate) and the Ar/Ar date for the maar formation into agreement.

6. Conclusions and outlook

The Holocene and the glacial periods of the 106.09 m long
composite profile from Site 2 (5022-2CP) of Laguna Potrok Aike can
be distinguished by dominance of laminated silts and the occur-
rence of carbonate crystals during the Holocene and by laminated
silts intercalated with fine sand and coarse silt layers as well as
mass movement deposits during the last glacial. The transition is
characterized by a high content of plant macro remains, that
started abruptly at 17.2 � 0.5 cal. ka BP and continued until
12.2 � 0.7 cal. ka BP. This period correlates with the first and
second major deglacial warming step known from marine and
Antarctic ice core climate records. Mass movement deposits are
important for the sedimentation history of the lake basin as they
comprise over 50% of the record and increase downward in
frequency. Rapid and frequent lake level changes might have
enforced the collapse of slopes during the glacial period which
increased the occurrence of mass movement deposits. Their
general decrease with time is probably the effect of decreasing
sub-aquatic relief energy, slope consolidation and a less inclined
slope angle during basin development.

Prevailing permafrost conditions and a decreased sea level
decoupled the lake water body from groundwater which made the
lake level more susceptible to variations in precipitation. Moreover,
frozen ground inhibited infiltration. Together, these permafrost-
related factors increased not only the amplitude but also the
frequency of glacial lake level fluctuations.

The complete record was datable with the radiocarbon method.
Sufficient amounts of carbon were found in layers containing
organic macro remains. In most cases stems of aquatic mosses were
analyzed, which apparently grew throughout the record. For age-
depth modeling, an event-corrected composite profile of 45.80 m
cd-ec was developed using the mixed-effect regression procedure.
Two age-depthmodels consider two different interpretations of the
same data and have been validated with tephra correlations and
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geomagnetic relative paleointensity records. For the favored age-
model 1 several outliers of significantly older and younger ages
have been removed. The age-model 2 includes ages strictly accord-
ing to the lawof superposition. However and based on a comparison
of both models with the global geomagnetic relative paleointensity
and tephrochronological data, age-model 1 is preferred.

Applying age-model 1, the bottom age of the recordwas dated to
51.2 cal. ka BP. Throughout this time range the lake basin was
permanently filled with water; the water column distinctly
exceeded modern water depth between 45 and 51 cal. ka BP and
around 17 cal. ka BP (Kliem et al., in this issue) and was much lower
between 9.4 and 7.3 cal. ka BP (Anselmetti et al., 2009). Considering
the Ar/Ar age of the maar eruption and the extrapolation of sedi-
mentation rates to the lacustrine base inferred by seismic data, the
lake basin should be completely filled with sediment. Most likely,
persistent desiccations causing erosion or at least no sedimentation
have to have existed before 51.2 cal. ka BP to explain this
discrepancy.
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