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Hydrological changes that occurred during the last 4700 years have been reconstructed using multi-proxy anal-
yses of sediment cores from the volcanic crater lake of Laguna Cháltel (50°S, 71°W). The chronology is based on
AMS 14C age modeling constrained by paleomagnetic secular variations. Chemical and physical properties of the
lake water together with results of lake-water surface-temperature monitoring, as well as sediment characteris-
tics reveal conspicuous features archived as different sedimentary carbonate phases andmorphologieswhich are
attributed to lake-level changes.
Sedimentological, geochemical and biological proxies together suggest the development from an initial playa
lake-phase towards a system with progressively rising lake level. In detail, proxies indicate the existence of an
ephemeral lake since 4700 cal BP until a glauberite-bearing carbonate crust formed around 4040 cal BP which
probably is associated to the globally recognized 4.2 ka event. This crust is interpreted as a desiccation event ter-
minating the ephemeral lake phase. Following this desiccation a shift towards conditions with a positive hydro-
logical balance of Laguna Cháltel occurs, which leads to the development of a saline lake with ooid formation
between 4040 and 3200 cal BP. Further lake-level increase with initially high minerogenic input until 2700 cal
BP resulted in a lake fresheningwhich allowed the preservation of diatoms. Sigmoidal and star shaped carbonate
crystals occurred until 1720 cal BP indicating a syn- or post-depositional formation of ikaite. Anoxic conditions
and increased deposition of clay and sand through fluvial and eolian input are interpreted as a further lake-
level rise and/or a prolonged winter ice cover culminating during the Little Ice Age. The highest lake level was
probably reached at that time and since then dropped to its present day height.
Previous studies have shown that the southern hemispherewesterlywinds (SWW) exert an oppositional control
on hydrological regimes at the eastern and the western sides of the Patagonian Andes. At Laguna Cháltel SWW
forcing is changing evaporation rates by varying wind intensities, air temperatures and lake ice coverages as
well as by precipitation rates (easterly vs. westerly sources ofmoisture). Our data suggests that the lake-level his-
tory of Laguna Cháltel reflects changes in the SWWduring the last 4.7 ka on the eastern side of the Andes. How-
ever, the elevated location of LagunaCháltel on an800mhigh plateau at the leeward side of theAndes potentially
leads to a local overprint of the SWW influence on the hydrological balance.

© 2014 Elsevier B.V. All rights reserved.
anada.
1. Introduction

Terrestrial paleoclimatic information from the southern hemisphere
mid-latitudes is scarce due to the prevalence of the Southern Ocean
compared to only 2% land. This is especially critical when the global
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nature of climatic events should be assessed. Moreover, in southern
South America drastic zonal climate differences are caused by the
Andeswhich are perpendicular to the prevailingwesterlyflowdirection
of air masses. Thus climate archives are strongly affected by local cli-
mate conditions (Fletcher and Moreno, 2011) depending whether the
archive is situated on the eastern (Mayr et al., 2007) or the western
(Lamy et al., 2010) side of the Andes and at high or low altitude. In
this context it is currently debated how the behavior of the southern
hemisphere westerly winds (SWW) changed during the Holocene
(Kilian and Lamy, 2012). Climate modeling results suggest that a
strengthening and a poleward shift of the SWW occurred since
the mid-Holocene (Varma et al., 2012). While SWW variations on the
western side of the Andes are closely associated to changes in precipita-
tion (Garreaud et al., 2013), the relation of SWW changes to variations
in precipitation turns out to be more complex on the eastern side of
the Andes (Berman et al., 2012). In order to better characterize the
impact of SWW on local climate in southeastern Patagonia, more
paleoenvironmental records are needed (Fletcher and Moreno, 2011).
In this remote area, the number of high-resolution terrestrial paleocli-
matic reconstructions is limited to a few studies (e.g. Markgraf et al.,
2003; Gilli et al., 2005b; Zolitschka et al., 2006a; Ariztegui et al., 2007;
Haberzettl et al., 2007; Fey et al., 2009; Massaferro et al., 2009;
Waldmann et al., 2010; de Porras et al., 2011; Schimpf et al., 2011;
Mancini et al., 2013). Paleomagnetic records are also rather scarce in
this region (Recasens et al., 2011; Gogorza et al., 2012; Lisé-Pronovost
et al., 2013).

We present a paleoenvironmental record from Laguna Cháltel
(49°S), a crater lake located on a volcanic plateau east of the Andes in
South America. In a multiproxy approach we use biological, sedimento-
logical and geochemical data to investigate the hydrological develop-
ment of Laguna Cháltel and the paleoenvironmental history of
southeastern Patagonia during the last ca. 4700 cal BP. A possible
connection of the observed changes with the 4.2 ka event is discussed.

2. Site description

Laguna Cháltel (also known as 'Laguna Azul') is a crater lake located
at 49°58′S, 71°07′Wat an elevation of 788masl in the province of Santa
Cruz, southern Patagonia, Argentina (Fig. 1a). The lake is situated about
160 km east of the Southern Patagonian Icefield and about 70 kmeast of
the large proglacial lakes Lago Viedma and Lago Argentino (Fig. 1b).
Laguna Cháltel (CHA) is located on a volcanic plateau locally known as
‘Pampa Alta’ (Fig. 1b). It consists of Miocene sediments and Pliocene
TiO2-rich basaltic lavas assigned to the La Siberia and the Laguna Barrosa
Basalts (Corbella and Lara, 2008) that are part of the discontinuousN–S-
trending belt of Late Pliocene mafic backarc lava formations (D'Orazio
et al., 2004).

The region of Laguna Cháltel is characterized by a cool-temperate,
semiarid climate with strong winds resulting in steppe and semi-
desert vegetation (Paruelo et al., 1998; Zolitschka et al., 2006b). The cli-
mate is influenced by the southern hemisphere westerly winds which
are strongest during the austral summer between 45°S and 55°S,
while during the austral winter they move northward and weaken at
50°S (Garreaud et al., 2009). The Andes produces a major rain shadow
effect and forced subsidence over their eastern side creates very dry
conditions in Argentinean Patagonia. Due to the remoteness of the re-
search area, local meteorological data are not available. Regional inter-
polation suggests a mean annual air temperature between 7 °C and
8 °C and a mean annual precipitation around 150 mm (Oliva et al.,
Fig. 1. Location and bathymetry. (a) The position of southern Patagonia is highlighted as a black
Río Gallegos (RG). The locations of Laguna Azul (AZU), Laguna Potrok Aike (PTA), Laguna las V
dicated. (b) The higher elevation of Laguna Cháltel on the basaltic meseta ‘Pampa Alta’ (encircle
meseta was covered by snow and the lake presumably had an ice cover. (c) The bathymetricma
visible. Their positions are indicated in light blue. Positions of the mooring, the water profile a
highlighted in orange. Area stippled in white indicates the proposed zone of ooid formation.
2001). However, this data hardly accounts for local topography, espe-
cially the high elevation of the ‘Pampa Alta’ plateau. Satellite images
(Fig. 1b) and reports of local people suggest that there is a considerable
amount of snow on the ‘Pampa Alta’ plateau in winter.

The modern vegetation in the wider area around the ‘Pampa Alta’
plateau is composed of semi-desert, shrub-steppe and grass-steppe.
The direct vicinity around Laguna Cháltel is covered by xeric steppe
with tussock grasses (Stipa spp.) and Festuca pallescens as dominant
species (Movia et al., 1987). Occurrences of dwarf-shrubs (Nassauvia,
Ephedra, Azorella), and thickets of Verbena and Nardophyllum point to
comparatively humid conditions at this high elevation plateau com-
pared to shrub-steppe and semi-desert vegetation at lower elevations.

Steep crater walls rise about 40 m above the present-day lake level.
The almost circular lake today has a maximum water depth of 41 m
(Fig. 1c). This morphology indicates that Laguna Cháltel probably origi-
nated from a maar explosion. Hence the hydrological catchment of the
lake is rather small and almost exclusively consists of basaltic rocks.
There are several small but presumably permanent inflows entering
the lake via three short canyons that are deeply incised into the sur-
rounding volcanic rocks. Fluvial runoff in these canyons is probably
strongest and most important during snowmelt at the end of winter,
but was also observed in the drier season at the end of the Austral sum-
mer (March 2004). At the northern lake shore the largest tributary is in-
cised into ca. 1.0–2.5 m thick subaerial outcrops of silty and sandy lake
sediments that are interbeddedwith layers rich in aquaticmoss remains
and unsorted, angular rubble probably representing proximal delta de-
posits. The eastern shore of the lake is built up of large blocks of the vol-
canic bedrock. Close to the mouth of the northern tributary, drowned
dwarf-shrubs below the modern water line of March 2004 indicated a
lower lake level shortly before 2004 that permitted the growth of ter-
restrial plants at this place. In contrast, dead dwarf-shrubs obviously
killed by drowning, but occurring in a 1–2 m wide strip above the
water line of 2004, indicate a previously higher lake level. Past lake-
level changes of higher magnitude are also evidenced by relicts of
lake-level terraces along the northern and western shores and by
white carbonate crusts that cover the blocky material along the eastern
and southern shores. These lake-level terraces and crusts indicate a past
lake level high stand ca. 10m above the lake level of March 2004. Quan-
titative data about ice cover on the lake in winter are not available.
However, the high elevation of the lake, satellite images and reports
about ice-coverage of lowland lakes in the area suggest that ice cover
on Laguna Cháltel is a common phenomenon (Fig. 1b) and can be ex-
pected to persist for a considerable period of time.

3. Material and methods

3.1. Actual limnology

Physico-chemical properties of the water column of Laguna Cháltel
were determined along depth profiles and for surface samples. Howev-
er, due to the lack of year-round data, statements can only be made for
the time of sampling in the Austral summer 2004 (2004-03-09). Param-
eters including water temperature, pH, dissolved oxygen and electric
conductivity were measured in the field with a Universal Pocket
Meter (Multi 340i, WTW). Likewise, alkalinity was also determined in
the field by acidimetric titration against phenolphthalein and a mixed
indicator resulting in positive p- und m-values (Alkalinity Test,
Merck). In the laboratory, anion and cation concentrations of the same
samples were determined using ion chromatography and ICP-MS
area on the inset globe. Laguna Cháltel (CHA) is located ca. 200 kmNNWof the nearest city
izcachas (VIZ), Lago Cardiel (CAR), Lago Guanaco (GUA) and Laguna Bismark (BIS) are in-
dwith a white line) can be deduced from a satellite image taken on 2003-08-23when the
p of Laguna Cháltel is superimposed on an aerial photograph onwhich different gullies are
nd all sediment cores taken in 2004 are shown, with the two cores analyzed in this study
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techniques. Lake water chemistry data were used to calculate super-
saturation with respect to calcite (Ohlendorf and Sturm, 2001). Water
samples were taken for diatom analyses and conserved with formalin.
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March 2004 (Fig. 1c). Unfortunately, due to a drift of the mooring only
surface water temperatures were recorded between 2004-03-10 and
2007-11-14 (dates throughout the paper are expressed according to
ISO 8601 as YYYY-MM-DD). For comparison, daily averages of air tem-
peratures were calculated from meteorological data measured at the
weather station at Río Gallegos airport (RG-aero, Fig. 1a) available via
NOAA/NCDC (NCDC, 2011).

3.2. Coring and sampling

During March 2004, eight gravity cores were recovered from
profundal and littoral positions at Laguna Cháltel (Fig. 1c). Sediment
cores were sealed gas-tight and stored cool and dark until subsampling.
Here we present results of the two parallel cores CHA-04/2 (60.8 cm)
and CHA-04/4 (58.0 cm) that were retrieved with a modified ETH-
gravity corer (Kelts et al., 1986) from nearby coring positions in the
lake center (49°58′S, 71°07′W) at 41 m water depth (Fig. 1c). The
cores were split, photographed, described lithologically and smear
slides were prepared from selected depths for microscopic investiga-
tion. After employing non-destructive magnetic susceptibility and
XRF-scanning techniques, cores were volumetrically subsampled in
continuous 1 cm intervals (Ohlendorf et al., 2011). Aliquots from each
subsample were divided for the different analytical procedures applied.
Ostracod, chironomid and diatomwere analyzed on core CHA-04/2. For
comparison and to test the between-core consistency, core CHA-04/4
was also analyzed for ostracods.

3.3. Chronology

Nine samples were radiocarbon-dated with the accelerator mass
spectrometry (AMS) technique at the Poznań Radiocarbon Laboratory,
Poland. As no terrestrial macrofossils were available, age determina-
tions were carried out on the fine fraction (b100 μm) of seven bulk sed-
iment samples and on the total inorganic carbon (TIC) fraction of one
bulk sediment sample, all from core CHA-04/4. Radiocarbon ages were
calibrated with the southern hemisphere calibration curve (SHCal04,
McCormac et al., 2004) using the software CALIB 5.0.1 (Stuiver and
Reimer, 1993; Stuiver et al., 2005) and are given as calibrated years be-
fore present (cal BP). In addition, one sample of a living aquatic moss
collected from Laguna Cháltel in March 2004 was dated to test for a po-
tential reservoir effect. The resulting post-modern age was calibrated
with the software CALIBomb(Reimer et al., 2004) applying the southern
hemisphere data set (Hua and Barbetti, 2004) and is given in calendar
years AD.

Age–depth modeling was done using the mixed-effect regression
procedure after (Heegaard et al., 2005). The statistical software Tinn-R
(Version: 2.3.5.2) and the libraries mgcv and agedepth (Download
24.05.2011: http://www.eecrg.uib.no/Homepages/agedepth_1.0.zip)
were applied. Using the one sigma ranges of eight calibrated radiocar-
bon dates age–depth modeling was done in 1 mm steps between 0
and 58 cm sediment depth of core CHA-04/4 after (Heegaard et al.,
2005). After core retrieval in March 2004 the sediment/water interface
appeared completely undisturbed in the transparent core liner and the
supernatant water was completely clear. Therefore the sediment/
water interface was included as an additional date (AD 2004). Ages
for depths below the lowermost dated sample taken at 56–57 cm
(4440–4520 cal BP) in CHA-04/4 were extrapolated using the average
sedimentation rate determined for the nearest two dated samples.

3.4. Paleomagnetic analyses

The natural remanent magnetization (NRM) was acquired at 1 cm
intervals on a u-channel from CHA-04/2 using a 2G Enterprises™
760R cryogenic magnetometer with stepwise alternating field (AF)
demagnetization at peak fields of 0 to 100 mT with 5 mT increments.
Inclination and declination of the characteristic remanent
magnetization (ChRM) were calculated following Mazaud (2005) with
AF demagnetization steps from 5 to 75mT (15 steps). This allows calcu-
lation of component magnetizations and Maximum Angular Deviation
(MAD) values using principal component analysis (Kirschvink, 1980).
ChRM declinations are relative and centered at zero since the core
was not azimuthally oriented. Due to the response function of the
magnetometer pick-up coils of ~7 cm, the top and bottom ~7 cm of
the u-channel have to be considered with caution.

3.5. Physical properties and mineralogy

Water content (WC) and dry density (DD) were calculated from
the weights of fresh and freeze-dried volumetric subsamples of core
CHA-04/4. Volume specific magnetic susceptibility (κ) was determined
on the split cores using Bartington E- and F-sensors employed on an
automated measuring bench (Funk et al., 2004). Measurements were
performed at 4 mm increments (E-sensor) for CHA-04/2 and at
10 mm increments (F-sensor) for CHA-04/4.

Using the ITRAX core scanner (COX analytical systems, Croudace
et al., 2006) X-radiographic images along a 22 mm wide track in the
central part of CHA-04/2 were obtained with 200 ms exposure time
per 200 μm step interval using a Mo-tube at 50 kV, 30 mA. Gray value
analysis was done on the radiograph images with the software ImageJ
(ImageJ, 2013).

Grain size measurements were performed continuously at 1 cm in-
tervals for core CHA-04/2 using a Beckman Coulter LS 200 equipped
with a variable speed module. Approximately 1 g of fresh sediment
was taken directly from the corewith a spatula. After removal ofmacro-
scopically visible carbonate crystals the sediment was homogenized in
an aluminum cup and transferred into centrifuge tubes with 20 ml of
a 5% Calgon solution. After 1 min of ultrasonic treatment, samples
were transferred to the measuring cell through a 2000 μm sieve and
measured at least 5 times for 60 s with sonication turned on during
the measurement. When a stable distribution was reached arithmetic
means were calculated from at least three individual measurements.

The mineralogical composition of selected samples was determined
by standard powder X-ray diffraction (XRD) analyses (Philips X'Pert Pro
MD equipped with an X'Celerator Detector Array) using nickel-filtered
Cu-Kα(1,2) radiation (λ = 1.541818 Å). Data was collected in the 2
theta-range 2–85° in 0.02° steps with counting times for individual
scans of 50 s.

3.6. Geochemistry

Qualitative element counts for major and trace elements were ob-
tained from the split cores using two different X-ray fluorescence
(XRF) scanning systems: CHA-04/2 was measured at 1 mm intervals
with 10 s exposure time using an ITRAX XRF-core scanner (COX analyt-
ical systems, Croudace et al., 2006 at GEOPOLAR, University of Bremen)
applying 30 kV/20 mA for the Mo-tube and 30 kV/33 mA for the Cr-
tube. Element data and the intensities of the coherent (coh) and
incoherent (inc) scatter peaks of Mo and Cr were recorded. CHA-04/4
was measured at 10 mm intervals using a CORTEX core scanner
(Jansen et al., 1998) at the ODP/IODP Bremen Core Repository. Values
are given as total counts (cts) for CHA-04/2 and as counts per second
(cps) for CHA-04/4. XRF-scanning data of core CHA-04/2 are displayed
as element ratios with Ti as denominator following Thomson et al.
(2006). For the Ti-record coh is used as denominator because it inte-
grates most of the effects that arise from sample matrix variations
(Rothwell et al., 2006; Guyard et al., 2007). Concentrations of carbon, ni-
trogen, sulfur and biogenic silica were determined on core CHA-04/4 at
1 cm intervals. Prior to measurements, freeze-dried subsamples were
ground in a mortar and homogenized. Total carbon (TC), total nitrogen
(TN) and total sulfur (TS)were analyzed using a CNS elemental analyzer
(EuroEA, Eurovector). Concentrations of total organic carbon (TOC)
were determined with the same device after successive treatment

http://www.eecrg.uib.no/Homepages/agedepth_1.0.zip
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with 3% and 20% HCl at 80 °C in order to remove any carbonates. Total
inorganic carbon (TIC) was calculated as the difference between TC
and TOC. Biogenic silica (BSi) was analyzed with an automated leaching
method after Müller and Schneider (1993) and is given as SiO2. All
values are given as weight percentages (wt.%).

3.7. Stable isotopes

Stable isotope ratios of nitrogen (δ15N) and organic carbon (δ13Corg)
were determined on core CHA-04/4 at 1 cm intervals. Subsamples for
isotopic analyses were freeze-dried, homogenized with a spatula and
sieved with a 200 μmmesh to eliminate coarse debris of aquatic macro-
phytes. δ15N and δ13Corg values were determined on the fine bulk
sediment weighed into tin capsules and combusted at 1080 °C in an el-
emental analyzer (EuroEA, Eurovector) with automated sample supply
linked to an isotope ratiomass spectrometer (Isoprime,Micromass). For
δ13Corg analysis aliquots were decalcified with HCl (5%) for 6 h in a
water bath at 50 °C, afterwards repeatedly rinsed with deionized
water to remove the reagent, centrifuged and finally freeze-dried. Iso-
tope ratios are reported as δ values in per mil according to the equation

δ ¼ Rs=Rst–1ð Þ � 1000 ð1Þ

with Rs and Rst as isotope ratios (13C/12C, 15N/14N) of the samples and in-
ternational standards VPDB for carbon and AIR for nitrogen, respective-
ly. Analytical uncertainty (one standard deviation based on replicate
analyses of samples) was 0.1‰ for δ15N and δ13Corg.

3.8. Biological proxies

Ostracods were prepared according to standard procedures
(Holmes, 2001). Individuals were identified according to Martens and
Behen (1994), Rosetti and Martens (1998), Meisch (2000), Schwalb
et al. (2002), and Cusminsky et al. (2005).

For chironomid analysis, samples were prepared according to the
methodology of Walker (1990). Head capsules (HC) were identified
with reference to available taxonomic literature (Cranston, 2000;
Massaferro and Brooks, 2002) and the Patagonian subfossil chironomid
taxonomic identification guide (Massaferro et al., 2013b).

For diatom analysis, sample treatment and slide preparation were
carried out following standard procedures (Battarbee, 1986).

Flux values for ostracods, chironomids and diatoms were calculated
as the number of individuals considering the sedimentation rate.

3.9. Statistical analysis

Bioproxy zones were established by optimal partition (Birks and
Gordon, 1985) and significance of the partitions was assessed by the
Broken-stick model (Bennett, 1996).

Zonation was performed considering species accounting for at least
3% of their corresponding assemblage in at least one sample. Relative
abundances were recalculated to add up to 100% between all species
at each level and were defined by optimal partitioning.

4. Results

4.1. Actual limnology

The course of the surface water temperatures of Laguna Cháltel
closely follows that of air temperatures determined at RG-aero
(Fig. 2a, b). Surface water temperature shows a clear seasonal signal
with a temperature below 1 °C between June/July and September/
October and above 8 °C between January and April/May (Fig. 2b).
During the observation period, the annual maximum surface water
temperature decreased from 13 °C in 2005 to 10 °C in 2007 and the
date when this temperature was reached moved from 19th of February
in 2005 to 25th of January in 2007. No major time lags were registered
between air and water temperatures.

In the Austral summer 2004 (2004-03-09), Laguna Cháltel exhibited
a slight stratification of thewater bodywith temperatures in the epilim-
nion (0–2 m water depth) of 12.2 °C near the surface and 10.6 °C in
the hypolimnion below 5 m water depth (Fig. 2c). Water column pH
values ranged from 9.0 in the epilimnion to 8.8 in the hypolimnion.
Oxygen concentrations were between 9.7 mg l−1 in the epilimnion
and 7.8mg l−1 in the hypolimnion. Electric conductivity did not display
any stratification and showed values around 788 μS cm−1 throughout
the entire profile. Alkalinity of the surface water was 8.7 mmol l−1

(pos. m-value) and 1.1 mmol l−1 (pos. p-value).
Mean nutrient concentrations at the sampling date (2004-03-09)

were 0.14 mg l−1 for nitrate, 0.388 mg l−1 for total phosphorus and
2.28 mg l−1 for silicon with the latter showing considerable variation
within the water column (Fig. 2c). Super-saturation with respect to cal-
cite varied between 10 and 40 times (Fig. 2c). Water chemistry was
characterized by a dominance of the carbonate ion (mostly HCO3

− at
the given pH) and high Na+ concentrations (Fig. 2d).

4.2. Lithology

All cores taken from the central basin of Laguna Cháltel, i.e. CHA-04/
1, 2, 3, 4, 6 and 7 show a very similar lithologic succession and can be
correlated bymeans of characteristic lithologic features. This is exempli-
fied for cores CHA-04/2 and CHA-04/4 in Fig. 3. Because CHA-04/2 is the
longest core, its lithostratigraphy is described below from the top to the
base of the core. The lithologic units defined in this core are also encoun-
tered in the other cores in slightly different sediment depths. The min-
eralogical composition was determined for selected representative
samples from each lithologic unit. The main minerals occurring are
listed in Fig. 3 in descending order of their estimated content.

Unit A (0 to 9.5 cm sediment depth) is composed of grayish-brown,
layered, sandy silt. The uppermost 1 cmshows a reddish brown color. At
2.5 cm, a layer with frequent bivalve shells occurs. Between 4 and
6.5 cm, brownish gray to black lamination is observed, best visible in
CHA-04/4 at 5-8 cm (Fig. 3) because this photographwas taken directly
after core opening and before oxidation could commence. Occasionally,
up to 3 mm long, sigmoidal carbonate crystals occur between 7.5 and
9.5 cm. The main minerals that occur in this unit are quartz (Qz),
feldspars (Fsp), calcite (Cc) and phyllosilicates (Phy).

Unit B (9.5 to 26.0 cm) consists of grayish light brown, layered silt.
Up to 3 mm large, sigmoidal or star shaped (Fig. 3), yellowish light
brown, carbonate crystals are scattered throughout this unit. At the
base of this unit a layer with reddish dark brown spots occurs in CHA-
04/2 which is not obvious in CHA-04/4. Black mackles as well as black
sand grains are scattered throughout this unit as well. A layer with
brownish gray to black lamination occurs at 18.5 to 19.5 cm in CHA-
04/4 but is not obvious at the corresponding level (15.5 to 16.5 cm) in
CHA-04/2. Qz is followed by Cc, Fsp and Phy in the mineralogical
composition.

Unit C (26.0 cm to 51.5 cm) is characterized by brownish gray, lay-
ered sandy silt. Several reddish brown layers occur in this unit and a
layer with brownish gray to black lamination is observed around
42.5 cm. The mineralogical composition is dominated by Qz, followed
by Fsp, Cc and Phy. At the base of this unit a blackish to dark brown
silty sand layer with irregular base and top boundaries occurs between
50.0 and 51.5 cm. This layer consists of rounded dark colored rock frag-
ments that in some cases are coated by a thin, light colored, porous
crust. A distinctive whitish, light gray, carbonaceous layer is observed
at 48.5 cm. A characteristic feature of this unit is the scattered occur-
rence of well-rounded carbonate ooids of up to 200 μm in diameter
(Fig. 3). Layers in which ooids are enriched occur at 26 and at 36 cm.

Unit D (51.5 cm to 60.8 cm) reveals yellowish and reddish dark
brown to light brown, layered sandy silt. Qz is the dominant mineral
followed by Cc, Fsp and Phy. A distinctive whitish, light gray,
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carbonaceous layer occurs between 54.5 and 55.5 cm as well as at the
base of the core below 59.5 cm. The most striking feature of this unit
is a light brownish yellow, carbonaceous, sandy silt layer between
51.5 and 52.0 cm. This layer has an irregular surface and consists of
very hard sediment chips (Fig. 3) composed of sand grains of different
colors that are cemented by a carbonaceous matrix. XRD analysis of
this layer reveals Cc as the main component followed by Qz, Fsp and
Phy. As a minor component, glauberite (Na2Ca(SO4)2) was detected.

4.3. Core correlation

The cores CHA-04/2 and CHA-04/4 were correlated by wiggle-
matching of macroscopically visible marker layers (e.g., the carbonate
layer at 51 cm in CHA-04/4), their ostracod assemblages and Ti peaks
determined by XRF-scanning (Fig. 3). Between tie points, sediment
depths were calculated by linear interpolation. A common depth scale
was calculated at 1 cm intervals by projecting the depth scale of CHA-
04/2 onto the depth scale of CHA-04/4. Using this correlation the chro-
nology established for CHA-04/4 was transferred to CHA-04/2. In order
to check the robustness of this correlation, the magnetic susceptibility
record for both cores was plotted on the common depth scale of CHA-
04/2 and shows good visual agreement (Fig. 3).

4.4. Chronology

The radiocarbon dates from the sediment sequence of core CHA-04/
4 exhibit ages between 190 ± 30 and 4080 ± 30 14C yrs BP. Calibrated
ages range between 0 and 4520 cal BP (Table 1). The sample of living
aquatic moss reveals a post-modern value (113.2 ± 0.3 pMC) and
post-bomb calibration results in two intersections with the calibration
curve and thus two possible ages: AD 1959 or AD 1993 (Table 1). A
basal age of 4620 cal BP is obtained for CHA-04/4. The resulting age
model shows a sigmoidal shape (Fig. 4). Accordingly, the sedimentation
rates (SR) calculated every 1mm for core CHA-04/4 by divisionwith the
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respective modeled age are very low (b0.1 mm yr−1) in the topmost
15 cm of the core (Fig. 4). Below this depth a maximum of
0.54 mm yr−1 is reached at 31 cm sediment depth. SR then decrease
again to values around 0.11 mm yr−1 at the base of the core.

The age model shows a relatively narrow 95% confidence interval
(Fig. 4). The maximum difference between the lower and the upper
level of the confidence interval is 418 years. The chronology obtained
for CHA-04/4 was then transferred to CHA-04/2 using the correlation
outlined above (Fig. 3). Since the latter core is slightly longer an extrap-
olated basal age of 4660 cal BP was obtained for it.

4.5. Paleomagnetic secular variations

Except for the upper part of the record which is affected by an edge-
effect, MAD-values are always lower than 5° (Fig. 5). NRM intensities
are high and range between 6.8 × 10−2 and 1.3 × 10−3 A m−1

(Fig. 5). Inclination ranges between 66.9°S and 41.3°S, the latter value
being affected by the edge effect at the top of the u-channel (Fig. 5).
The expected geocentric axial dipole (GAD, 67.21°S for Laguna Cháltel)
is only observed at the top of the record. In the remaining part the incli-
nation is shallower than the expected GAD value (Fig. 5). Resulting from
the low temporal resolution in the upper part of the record, graphs for
inclination and declination are very smooth when plotted on an age
scale (Fig. 5). In order to see the temporal data coverage, each data
point is shown for Laguna Cháltel in Fig. 5. In contrast, for the lower
part of the recordwhere sedimentation rates are higher, clear variations
in declination and inclination are observed.
4.6. Physical properties

The highest dry density values (up to 0.67 g cm−3) were detected at
49–51 cm. Apart from this localmaximumdry density varies around the
meanvalue of 0.25 g cm−3 in the lowermost part of the core between 59
and 13 cm (Fig. 6). A gradual upwards increase of dry density from the
mean to values as high as 0.54 g cm−3 occurs between 13 cm and 1 cm
whereas in the uppermost 1 cmof sediment dry density decreases again
to 0.26 g cm−3.

Variations in gray values from the sediment X-radiographs (Fig. 6)
reflect changes in sedimentwet bulk densitywith low values, i.e. darker
sections on the image, being indicative of a higher density. The most
striking features are local densitymaxima below50 cmand a density in-
crease towards the top in the uppermost 11 cm.

Magnetic susceptibility (Fig. 6) exhibits moderate variations
around a mean value of 770 × 10−6 SI for most of the profile. However
a prominent peak with values up to 1770 × 10−6 SI is observed at
49–52 cm.

Ooids do not occur in units A and D but were only detected in
lithologic units B and C of CHA-04/2 (Fig. 6). Ooids are enriched in the
medium sand fraction (200–630 μm) and exhibit two distinct maxima.
A lower peak with up to 1652 ooids cm−3 is centered at 42.5 cm
and contains ooids with a dull surface. An upper, broad peak with
up to 1639 ooids cm−3 is centered at 33.5 cm and contains ooids
with a polished surface. From this upper peak the ooid abundance
decreases gradually from 33.5 cm until values around 0 are reached
at 17.0 cm.
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The grain size of CHA-04/2 cannot strictly be used for inferring clas-
tic input into Laguna Cháltel, because carbonates were not destroyed
but large carbonate crystals were removed prior to grain size analysis.
Hence the occurrence of sand sized carbonate ooids in some sections
is reflected in the sediment grain size distribution. Regarding the com-
plete record (Fig. 6) the average composition of the CHA-04/2 sedi-
ments is 13.3% sand, 81.2% silt and 5.6% clay. Most pronounced
variations are observed in the coarse silt to fine sand fractions and in
the clay fraction. The latter ranges below 3% between 21 and 61 cm
but is always above 6% in the topmost 21 cm of the core. Themost strik-
ing variations occur in the fine sand fraction (63–250 μm). At the bot-
tom of the core, below 50 cm, fine sand percentages exhibit highest
values of up to 42% occurring at 51–52 cm. Slightly smaller peaks
occur at 54–56 cm and 58–59 cm. In these layers, significant amounts
of medium and coarse sand were also detected. From 50 to 21 cm, fine
sand percentages gradually decrease from about 20% to 0% with the
coarsest particles occurring between 40 and 50 cm. Between 21 and
11 cm fine sand practically disappears (0 to 1%) but constitutes up to
18% again in the topmost 11 cm of the core.

4.7. Bulk organic geochemistry

The TS concentration curve (Fig. 7) is characterized by two broad
peaks at 5–12 cmand 18–24 cm. In all other intervals, TS concentrations
are below the detection limit.

BSi concentrations (Fig. 7) increase gradually from the bottom
(0.8 wt.% at 50 cm) to the top of the core (12.4% at the sediment sur-
face). BSi values depict small fluctuations below 23 cm, whereas above
larger fluctuations superimposed on a gradual increase occur. A weak
linear correlation between BSi and TOC exists (r = 0.54).

TOC (Fig. 7) and TN (not shown) concentrations depict mean values
of 2.8 wt.% and 0.27 wt.%, respectively and are strongly correlated (r =
0.89). Minimum values as low as 1.1 wt.% and 0.1 wt.% were detected at
the transition from unit C to D and at the base of the core (61 cm).Max-
imum values of up to 4.9 wt.% and 0.54 wt.%, respectively, occur at the
transition of unit A to unit B and at the top and near the base of the core.

TIC values (Fig. 7) show a general trend towards decreasing values
from the bottom to the top of the core. However, rather large fluctua-
tions are observed, with the highest concentrations of up to 4.4wt.% oc-
curring at 51–53 cm and the lowest (0.2 wt.%) at the sediment surface.

The TOC/TN molar ratio (Fig. 7) varies around a mean value of 11.5
between 23 and 61 cm. A transition to lower values occurs between
20 and 23 cm. Between 0 and 20 cm variations around a mean of 9.1
are observed.

Stable isotope values of organic carbon (δ13Corg) vary only slightly
around −25.5‰ below 51.5 cm. δ13Corg values show a local maximum
of−22.9‰ at 51.5 cm and an abrupt decrease to−27.0‰ at 49 cm. Be-
tween 49 and 14 cm, δ13Corg-values slightly increase to−27.8‰. Above
14 cm δ13Corg values increase to the maximum value of−21.7‰ in the
topmost 1 cm of the core (Fig. 7).

Stable isotope values of nitrogen (δ15N) range between 5.5 and 7.5‰
below 16 cm except for the interval between 43 and 49 cmwheremax-
imum values of 10.5‰ are reached. Above 16 cm δ15N-values decrease
gradually from 7.8‰ to 3.7‰ in the uppermost 1 cm of the core (Fig. 7).

4.8. Bulk inorganic geochemistry

The inorganic geochemistry data determined by XRF-scanning is
shown in Fig. 8 and is always displayed as deviation from the average
value with positive/negative deviations shown as colored shading in
Fig. 8. Whereas element/Ti ratios (Fig. 8) are considered to reflect vari-
ations in the mineralogical composition of the detrital matter itself,
the Ti/coh ratio (Fig. 8) is considered to reflect variations in the overall
input of detrital minerogenic matter.

The S/Ti-ratiomirrors the TS curvewith peaks at 8–10 and 19–22 cm
(yellow). An additional peak is observed at 4.5 cm. Peaks are sharper
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owing to the higher resolution of the XRF-measurements (1 mm)
compared to the conventional TS analyses (10 mm).

The Fe/Ti-ratio fluctuates around its mean of 35 with no detect-
able long-term trend. Peaks above/below average are shown in
yellow/green.

The Mn/Ti-ratio shows high amplitude variations (note logarithmic
scale in Fig. 8) around the mean of 0.62 with peaks of high intensities
(green) e.g. in the uppermost 1.0 cm of the core. A pronounced
minimum (yellow) occurs between 4.0 and 8.0 cm.

The 11-points running correlation between Fe and Ti is always
positive with r N 0.5 (green) below 26 cm, but peaks with an inverse
correlation of r b −0.5 (yellow) occur above 26 cm.

The Ca/Ti-ratio shows high amplitude fluctuations and is therefore
displayed on a logarithmic scale in Fig. 8. Distinct peaks above (magenta)
the mean of 2.8 occur at 1, 11, 37 cm and below 49 cm, while for most
parts of the record Ca/Ti ranges below (gray) the mean value.

The Zr/Ti-ratio (displayed as 7-point runningmean in Fig. 8) exhibits
peaks above average (blue) around 48, 51 and 55 cm and a gradual
increase in unit A. Values below average (red) occur between 34 and
47 cm (unit C) and in most of unit B.

The coh/inc-ratio exhibits narrow peaks above average (blue) in
units A to C andwider peaks in unit Dwhereby a gradual increase occurs
from 12 cm towards the top of the core.

The Si/Ti-ratio in unit D exhibits two peaks centered at 51.5 and
55 cm (blue). In unit C, the Si/Ti-ratio is at a constantly low level (red)
and increases only at the transition to unit D. From the boundary
betweenunits B and C at 26 cm the Si/Ti-ratio increases linearly towards
the top of the core (blue).

The K/Ti-ratio exhibit values above average (blue) in units A and D
and mostly below average (red) in units B and C.
The Ti/coh-ratio exhibits an overall increasing trend from the
bottom to the top of the core. Lowest values (red) occur at 50–59 cm
in unit D. Peaks with highest values (blue) occur in the lower half of
unit B, whereas values are almost constantly above average in unit A.

4.9. Bioproxies

Optimal partitioning based on all bioproxies allowed the delimita-
tion of four statistically significant bioproxy assemblage zones (BAZ)
in the stratigraphical sequence (Fig. 9).

BAZ-D (4655–3920 cal BP) is characterized by the dominance of
Limnocythere rionegroensis (up to 95% of the ostracod assemblage).
Other species present, which account for almost 30% of the ostracod as-
semblage in some samples, are Limnocythere patagonica, Eucypris
virgata, Eucypris fontana and Eucypris cecryphalium. The only chirono-
mid taxa present in this zone is Polypedilum. Diatoms are absent.

In BAZ-C (3920–3185 cal BP), diversity of all bioproxies is the lowest
of the whole sequence. Apart from a couple of isolated peaks of the chi-
ronomid Polypedilum, there is a complete absence of chironomid and di-
atom remains. The ostracod Limnocythere rionegroensis is the dominant
species (between 90 and 100%). Towards the top of the zone, diatoms
appear marking the onset of BAZ-B.

In BAZ-B (3185–1630 cal BP), the diatom assemblage is dominated
by Thalassiosira patagonica, Cocconeis placentula var. euglypta and
Epithemia adnata. Around 2400 cal BP, Hyalodiscus sp. appears and
dominates the assemblages (ca 80%) until the top of the zone
when it starts to decrease. At the base of the zone, the ostracod
Limnocythere patagonica reappears and Limnocythere rionegroensis de-
creases to its final disappearance towards the top of this zone. There
are also some abundance spells of Kapcypridopsis megapodus. Although
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in low abundances, two chironomid taxa appear for the first time:
Cricotopus and Phaenopsectra.

BAZ-A (1630 cal BP up to the present) is characterized by a compo-
sitional change of all bioproxies. Cyclostephanos salsae appears as
dominant diatom species. Hyalodiscus sp. disappears and Cocconeis
placentula var. euglypta and Epithemia adnata show their minimum
values. Among the ostracods, a complete replacement of Limnocythere
rionegroensis by Limnocythere patagonica and Kapcypridopsis megapodus
is observed. Chironomids Smittia and Parasmittia appear for the first
time and Cricotopus and Phaenopsectra reach their maximum values.
The number of taxa in this zone is the highest of the entire profile. Fluxes
of diatoms and chironomids attain their maximum values at around
1300 cal BP.

5. Discussion

5.1. Actual limnology of Laguna Cháltel

Biotic communities indicate oligotrophic conditions for Laguna
Cháltel although high total phosphorous concentrations after
Vollenweider and Kerekes (1982) would suggest eutrophic to hy-
pertrophic conditions. This has also been observed in other studies
of Patagonian lakes (Zolitschka et al., 2006b), A slight increase of
pH and oxygen values together with silica depletion in the surface
water (Fig. 2c) indicates that some photosynthetic activity took
place at the sampling date (2004-03-09).

The observed super-saturation of the lake water with respect to cal-
cium carbonate (Fig. 2c) today should lead to carbonate precipitation.
However, TIC percentages in the surface sediments are rather low
(Fig. 7) indicating that either precipitation is inhibited, e.g., due to
high lake water phosphorous concentrations, or carbonates were dis-
solved prior, during or after sedimentation. However, idiomorphic car-
bonate crystals in the sediments (Fig. 3) and on the basaltic rocks
above the shoreline document that carbonate precipitation happened
in the past. The sigmoidal shapes of carbonate aggregates demonstrate
that these are pseudomorphs of calcite after ikaite, so-called glendonites
(Swainson and Hammond, 2001; Oehlerich et al., 2013). Ikaite pre-
cipitation has been observed during winter season in a comparable
Patagonian lake (Laguna Potrok Aike, 52°S) at water temperatures
below 7 °C (Oehlerich et al., 2013). In contrast to Laguna Potrok
Aike, modern ikaite precipitation at Laguna Cháltel has not yet
been observed and it remains unclear if the ikaite precipitated syn-
sedimentary or post-depositionally.

Although the installed mooring failed to record water profile infor-
mation because it drifted ashore, it is likely that surface water tempera-
tureswere recorded correctly. Regarding the course of the surfacewater
temperature (Fig. 2b) a striking feature is the almost linear temperature
decrease in austral fall that stops abruptly when a temperature of 0.1 °C
is reached where a sharp kink followed by a very gentle increase to-
wards ca. 1 °C is observed. This increase is interrupted by a second
kink where temperatures start a stepwise increase during austral
spring. These two sharp kinks are well developed in most years except
for the secondkink in 2006. Ifwe hypothesize that these kinks represent
the beginning and the end of ice-coverage this would give us an
estimate for the annual ice cover duration of 70 to 90 days.

5.2. AMS 14C chronology constrained by paleomagnetic secular variations

The rather low sedimentation rates observed for the Laguna Cháltel
record (Fig. 4) are comparable to those encountered e.g. in lakes with
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vegetation free, granitoid catchment in the Chilean Andes (Breuer et al.,
2013) or in some Arctic lakes (Guyard et al., 2011). They might be ex-
plained by low primary productivity due to the cold and oligotrophic
conditions, by a presumably long period of ice cover and by limited clas-
tic input due to erosion-resistant volcanic rocks in the catchment and a
lack of major inflows. The deeply incised canyons probably have been
formed over a very long time period or under significantly different
climatic conditions beyond the time scale of the presented record.
Hiatuses in the record as a reason for the apparently low sedimentation
rates seem rather unlikely, as indicated by lithological evidence and the
stratigraphic consistency of the AMS 14C-dates. Furthermore, there is no
evidence for any significant reservoir effect as AMS 14C-dating of living
aquatic mosses sampled in March 2004 reveals post-modern ages of
AD 1959 or AD1993 (Table 1) resulting frompost-bombcalibration. Ad-
ditionally, the topmost fine bulk sample taken at 0.5–1.4 cm sediment
depth yielded a calibrated age range of 0–286 cal BP. Together with
the post-modern age of the living aquatic moss we consider a reservoir
effect as highly unlikely. More evidence for the absence of a reservoir
effect, for the older sediments of the lake, comes from the fact that
14C-dating of the TIC fraction yielded an age that fits into the strati-
graphic order of all other dates that were obtained on bulk organic
matter.

Complementary constraints of the AMS 14C-chronology come from
paleomagnetic measurements. As shown above, the ChRM is carried
by a strong, stable, single component magnetization with MAD values
lower than 5°, which are indicative of high-quality directional data
(e.g. Stoner and St-Onge, 2007). A comparison between inclination
and declination records from Laguna Cháltel plotted on a calendar
year time axis together with independently dated Argentinean lacus-
trine records from lakes Escondido (Gogorza et al., 2002), El Trébol
(Irurzún et al., 2006) and Moreno (Gogorza et al., 2000) all located in
the Llao-Llao area (41°S, 71.5°W) as well as the record from Laguna
Potrok Aike (Lisé-Pronovost et al., 2013) allows the detection of several
contemporaneous paleomagnetic features before 2500 cal BP marked
with I1–I4 in inclination and D1–D4 in declination (Fig. 5). Especially
the declination records from Escondido, Potrok Aike and Laguna Cháltel
are in good agreement before 3000 cal BP (Fig. 5). Good agreement is
also observed between the inclination records of El Trébol, Moreno
and Laguna Cháltel (Fig. 5) although the sediments from Laguna Cháltel
seem to record more details since peaks I2 and I3 at Laguna Cháltel
appear as one peak in the other two archives. Even a peak at
~4400 cal BP (I1 in Fig. 5) observed in the part of the Laguna Cháltel re-
cord which is potentially influenced by the edge-effect is also observed
in the other records (Fig. 5).

The agreement between inclination and declination inferred from
Laguna Cháltel and the records from the Llao–Llao and Potrok Aike
area supports the robustness of our chronology. This is especially true
for the time before 2500 cal BP at Laguna Cháltel when the sedimenta-
tion rate is higher and hence more details can be observed. Because of
the low sedimentation rate after 2500 cal BP and the possible influence
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of an edge effect in the upper part of the core, it is difficult to draw any
conclusions for this part of the record. The lower part has amuch higher
resolution from 4000 to 3000 cal BP and is relatively short (Fig. 5),
which might implicate that the expected GAD-value was not reached.
In the upper part of the record with lower resolution, smoothing poten-
tially overprinted possible approximations to the GAD.

Hence, the 14C-chronology is constrained by paleomagnetic secular
variations which provide new inclination and declination data for the
period ~4500–2500 cal BP from an area where only very little
paleomagnetic information is available.

5.3. Lake level history

We hypothesize that the detected variations in lithology (e.g. car-
bonate variety), physical properties, sediment geochemistry and the
composition of biological remains (Figs. 6 to 9) all reflect changes that
can be used to construct a qualitative lake-level curve of Laguna Cháltel
(Fig. 10) for which large uncertainties should be considered.

The division into four lithologic units (Fig. 3) based on core descrip-
tion, closely resembles the biostratigraphic zonation derived from the
statistical analysis of bioproxy data (Fig. 9). This underlines the distinct-
ness of changes that occur at the unit boundaries.

Following the lithologic units, four phases of lake-level development
are distinguished from the bottom to the top of the core: D) ephemeral
lake and desiccation, C) lake re-flooding and shallow lake, B) medium
deep lake and A) deep lake.

5.3.1. Unit D (4040–4680 cal BP)
Unit D exhibits TOC rich sediments that alternate with TIC rich

layers. TOC/TN ratios above 12 can indicate either higher contributions
of macrophytes compared to algae or N-limiting conditions for lacus-
trine primary production (Mayr et al., 2009). Layers with high Ca/Ti ra-
tios are separated by layers where Fe/Ti and S/Ti are slightly higher
probably indicating the occurrence of iron sulfides. The latter may
have been formed in the course of bacterial SO4

2−-reduction under an-
oxic conditions that e.g. develop underneath a salt crust that forms dur-
ing desiccation periods (Teller et al., 1982). At 55.0 cm (4200 cal BP)
high Ca/Ti and high K/Ti values together with increasing Si/Ti and Zr/
Ti values point to a minerogenic input of fine sand to silt and clay
sized particles which probably originated from the erosion of mudflats
surrounding the lake. Increased K-concentrations have been associated
to higher clay contents, whereas Zr was found to be enriched in the silt
fraction (Cuven et al., 2010; Kylander et al., 2011). However, very low
Ti/coh values for most parts of unit D indicate a generally low input of
minerogenic particles from the catchment. More positive δ13Corg-
values at the transition of unit D to C could indicate either a higher pho-
tosynthetic production at that time or the prevalence of organic matter
(OM) frombicarbonate users (Mayr et al., 2009). LowTOC/TN ratios and
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a δ15N decrease during the δ13Corg maximum strongly argue in favor of
cyanobacteria as dominant source of OM at this level (Mayr et al., 2009).
The dominance of the ostracod Limnocythere rionegroensis indicates sa-
linity values in the mesohaline range (median TDS ≈ 10.000 mg l−1)
and Na waters enriched in chlorine and/or sulfate and/or bicarbonate
(Cusminsky et al., 2011; RamónMercau et al., 2012). A peak of total chi-
ronomid and ostracod fluxes (Fig. 9) together with the presence of the
littoral chironomid Polypedilum evidences low lake levels during this
period (Massaferro et al., 2013a). The absence of ooids suggests a fre-
quent occurrence of desiccation phases interrupting shallowwater con-
ditions (cf. unit C) that would be necessary for ooid formation.

A very striking feature is the light colored hard crust formed bymin-
eral grains that are cemented by calcite as reflected in high Ca/Ti ratios
at 51.5 cm (4040 cal BP) in CHA-04/2. High densities and large coh/inc
values characterize this crust and the overlaying dark silty sand layer in-
dicating low porosity and low OM content or a different mineralogical
composition (Guyard et al., 2007; Fortin et al., 2013). Within this layer
traces of glauberite have been detected which is a mineral typically en-
countered in very saline environments like dry salt lake beds (Mees
et al., 2011) or evaporite deposits (Arakel and Cohen, 1991). Thus this
carbonate crust is interpreted as representing a phase when the lake
was at least episodically dry that culminated around 4040 cal BP.
Today such carbonate crusts are observed in many ephemeral lakes in
southeastern Patagonia (e.g. Laguna Bismark, Fig. 1a). In Laguna Cháltel,
the basaltic catchment apparently leads to the formation of a Ca and Na
rich brine (cf. Fig. 2d) from which glauberite can precipitate when the
lake water volume is reduced significantly. Presuming the water chem-
istry and the lake basin morphology as determined in March 2004
(Figs. 2d, e), a 280-fold evaporative enrichment would be necessary to
exceed the solubility of glauberite. A simple linear calculation using
the hypsographic curve (Fig. 2e) shows that such enrichment, i.e., a
glauberite saturation of 1 or more, would be reached if the lake volume
would decrease from today 160 × 106m3 to less than 0.57 × 106m3, the
latter implying a water depth of less than 1 m (Fig. 2e). We therefore
suppose that unit D (4680–4040 cal BP) represents a time period
when Laguna Cháltel was a playa lake surrounded by mudflats with
an ephemeral shallow body of water in the center of the depression.
The concentrated brine probably experienced several phases of desicca-
tion which led to precipitation of a carbonate crust with glauberite and
the formation of Fe sulfides in the mud underneath. During rainfall
events, flooding may have produced layers enriched in minerogenic
and organic matter and partial dissolution or erosion of the salt crust.
The carbonate crust at 51.5 cm indicates that the last desiccation oc-
curred around 4040 cal BP.

5.3.2. Unit C (3190–4040 cal BP)
At the base of unit C a dark colored, sandy layerwas deposited on top

of the carbonate crust. The dark color, the roundness of grains together
with high values of dry density, coh/inc, Zr/Ti, Ca/Ti and magnetic sus-
ceptibility point to a basaltic nature and an eolian transport. Hence, a
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sub-aerial deposition directly on the carbonate crust, in a dry or very
shallow lake, or deposition as fluvial input during flood events has to
be considered.

After re-flooding of the lake, there is no indication for a renewed
massive lake level drop until present day. However, the frequent occur-
rence of ooids (Figs. 3, 6) in unit C is indicative of a significantly
shallower lake than today. Ooids in recent or ancient freshwater envi-
ronments have only rarely been described (Halley, 1977; Wilkinson
et al., 1980; Davaud and Girardclos, 2001). Their presence is commonly
associated with shallow and agitated water situations (Flügel, 2010).
Ooid sands have been described in the southwestern part of Lake
Geneva in well oxygenated, shallow (b5 m) water (Davaud and
Girardclos, 2001). In Laguna Cháltel the lowermost ooid peak (Fig. 6)
exhibits light colored poorly sorted ooids with rough, dull surfaces in-
dicative of an autochthonous formation without a long transport path
(Freeman, 1962). Hence, water depth of Laguna Cháltel at the location
of CHA-02/2 probably did not exceed 5 m at that time (3690 cal BP).
In contrast, the upper ooid peak shows yellowish, well sorted, ooids
with polished surfaces typical for ooids that were transported
(Freeman, 1962) and thus are allochthonous with respect to the coring
position. Regarding the bathymetry of the lake basin and considering a
marked steepening in the curve of the lake surface area (Fig. 2e),
the most likely location for ooid formation is the flat areas in the
western part of the lake (stippled area in Fig. 1c) that represented a
shallowwater environment (0–10m)potentiallywell suited for the for-
mation of ooidal sands (Fig. 1c). Hence, water depth at the location of
CHA-04/2 at that time (3380 cal BP) presumably increased to 5–10 m.
LowBSi percentages (b5%), low Si/Ti-ratios (Figs. 6, 7) and the complete
absence of diatoms (Fig. 9) point to dissolution of biogenic silica in a
saline lake likely due to high pH-values in the water column and in
interstitial waters (Barker et al., 1994).

Extreme environmental conditions may also be reflected by the
markeddominance ofmonospecific ostracod assemblages during the en-
tire zone. Monospecific assemblages of Limnocythere rionegroensis indi-
cate that the lake hydrochemistry was driven by evaporative
conditions. Zamora et al. (2009) interpreted a similar record with pre-
dominance of a single ostracod species and absence of diatom remains
as evidence of a shallow, saline lake, which is in accordance with the
proxy data available for this part of the record. Isolated levels with the
chironomid Polypedilum and the ostracods Eucypris spp., and
Limnocythere patagonicamight be related to episodic pulses of less saline
waters (meso-oligohaline). Polypedilum is a chironomid that resists
heavy drought and its occurrence together with L. rionegroensis confirms
the hypothesis of a low lake level related to a dry period.

A generally low terrigenous clastic input is indicated by low to inter-
mediate Ti/coh values. Additionally, low Zr/Ti and K/Ti values reveal a
reduced input of clay- and silt-sized particles in the lower part of unit
C. Together this suggests that mudflats previously surrounding the
deepest part of the lake were permanently covered by water and thus
not prone to erosion by floods any more as was the case during unit
D. Peaks in Ti/coh values at 3400 and 3700 cal BP indicate that ooid de-
position was associated with an increased terrigenous clastic input. The
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highest sedimentation rates are recorded in this interval and support
this interpretation (Fig. 4). Zr/Ti and coh/inc ratios increase abruptly
where the second ooid peakwas detected, which indicates that, togeth-
er with the polished ooids, silt-sized particles were transported to the
coring location in the deepest part of the lake. Zr/Ti decreases again af-
terwards, whereas slightly higher TOC/TN ratios point to an increased
input of terrigenous OM shortly after 3400 cal BP. The latter most likely
requires increased runoff and thus a further lake-level rise seems likely.

For the entire units D and C, Mn/Ti values vary around their mean
and Fe shows a positive correlation with Ti, indicating that it reaches
the sediment solely via clastic input from the catchment as it is assumed
for the inert Ti. This suggests that the Fe(II)/Fe(III) and Mn(II)/Mn(IV)
redox boundaries in the shallow, saline lake of unit C were located in
the water column or at the sediment/water interface representing
steady-state diagenetic conditions (Kasten et al., 2003) which disable
Fe and Mn fixation in the sediment.

5.3.3. Unit B (1720–3190 cal BP)
At the base of unit B, a reddish layer (Fig. 8) with high Mn/Ti values,

marks a change in redox conditions at the sediment water interface.
Immediately below the Mn/Ti-peak, the positive correlation between
Fe and Ti disappears for the first time and Fe/Ti values indicate a slight
enrichment of Fe most likely due to reductive processes rather than
due to detrital input. Immediately above the Mn/Ti-peak, high Ti/coh
values between 2750 and 3150 cal BP indicate an increased terrigenous
clastic input. This succession of peaks points to a sudden shift of redox
boundaries causing non-steady-state diagenetic conditions (Kasten
et al., 2003) and thus leading to a preservation of element peaks in the
sediment sequence. The increased accumulation of terrigenous particles
aswell as the lake-level rise and freshening of the lake probably allowed
the fixation of Fe andMn in the sediment as oxides or hydroxides at this
level. This is interpreted as evidence for an initially rapid rise of the lake
level, which is also indicated by the occurrence of the highest sedimen-
tation rates around the boundary between units B and C (Fig. 4). After-
wards decreasing Mn/Ti points to steady-state diagenetic conditions
again with a redox boundary at the sediment/water interface or in the
water column and thus indicates a further rise of the lake level. A peak
in S/Ti together with elevated Fe/Ti around 2950 cal BP reflects the
presence of Fe sulfides. This suggests the occurrence of bottom water
anoxia at least for short time intervals whichmay be related to reduced
lakemixing in response to a higher lake level, lesswind and/or extended
ice coverage.

The disappearance of ooids and the decrease of fine sand percent-
ages to very low levels also suggest a substantial rise of the lake level
after 3200 cal BP. In the upper part of unit B the starting increase of
first silt and then clay percentages (Fig. 6) as also reflected by increasing
Zr/Ti and K/Ti (Fig. 8) most likely reflect increased fluvial minerogenic
input and are interpreted as a further lake-level rise(Fig. 10). At the
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same time, the appearance of the ostracod Limnocythere patagonica in-
dicates a gradual decrease in salinity (meso-oligohaline) also related
to an increase in the lakewater level probably driven bymoister climate
conditions. Evaporative conditions gradually decrease, and the lake
water probably became Na–Ca–Mg dominated. During this period, the
presence of the diatoms Thalassiosira patagonica (planktonic) and
Cocconeis placentula var. euglypta (epiphytic) also indicates a less saline
environment with abundant shallow-water macrophytes. TOC/TN
values start to decrease synchronically with the abrupt appearance of
diatoms indicating autochthonous sources of organicmatter. A trend to-
wards higher Si/Ti ratios and higher BSi percentages starts slightly later
(3050 cal BP), which is related to a better preservation of diatoms due to
pH reduction and freshening of the lake water. The increase of algal
activity i. e. enhanced photosynthesis may have promoted a shift
towards more alkaline conditions. Between 2200 and 1630 cal BP, the
appearance and dominance of Hyalodiscus sp. and the decrease of
C. placentula var. euglypta and T. patagonica indicate even lower salinity
than during the initial phase of unit B suggesting a further increase of
the lake level. The high abundances of the ostracod L. patagonica by
that time support this interpretation. In addition, a trend towards
more positive δ13Corg-values in conjunction with no marked change in
the TOC/TN ratios either indicates increasing lake-internal primary
production in the upper part of unit B or increased proportions of
cyanobacterial OM (after 2200 cal BP). The latter is supported by
lower δ15N values (Mayr et al., 2009). No chironomids were found in
unit B, which may be related to food availability for profundal commu-
nities, due to the rise of the lake level and hypolimnetic anoxic condi-
tions (Verbruggen et al., 2011).

Instead of ooids, sigmoidal and star shaped carbonate crystals ap-
pear scattered in unit B. Hence, the Ca/Ti profile mainly reflects the
scattered occurrence of these syn- or post-depositional carbonate crys-
tals in the sediments (Fig. 8). Therefore, we refrain from a detailed
paleoenvironmental interpretation of the Ca/Ti profile in units B and
A. Star-like crystal shapes argue for pseudomorphs of calcite after ikaite
(Fig. 3) and indicate a formation at water temperatures below 7 °C
(Oehlerich et al., 2013). Such morphologies were interpreted as
synsedimentary ikaites precipitated on the sediment surface in Oligo-
cene lacustrine travertine (Larsen, 1994). The pseudomorphs after
ikaite that occur in the upper part of the sediment profile (unit A and
top of unit B) more and more have the shape of rice grains and star-
shaped aggregates disappear. Such pseudomorph shapes were attribut-
ed to formation near the sediment–water interface in Oligocene tuffa-
ceous lake beds (Larsen, 1994). However, at Laguna Potrok Aike
(230 km to the south, Fig. 1a) ikaite crystals were growing attached to
aquatic macrophytes as well as on abiotic surfaces (e.g., the mooring
rope) in the water column (Oehlerich et al., 2013).

At the transition of unit B to unit A, around 1720 cal BP, high TOC and
BSi values together with more positive δ13Corg-values indicate a high
primary productivity. Together with a lake-level rise, this may have
led to bottom water anoxia with Fe sulfide deposition, as supported
by increased S percentages, high S/Ti and Fe/Ti in the lower part of
unit A (Fig. 8).

5.3.4. Unit A (−50–1720 cal BP)
The disappearance of star-shaped carbonate crystals in unit A sug-

gests that conditions in the topmost 9 cm of the sediment largely did
not support ikaite formation. This might be attributed to unsuitable
pore/lake water chemistry or rapid decay of ikaite crystals after their
formation as observed presently at Laguna Potrok Aike (Oehlerich
et al., 2013). Increasing sediment densities (Fig. 6), the occurrence of
fine sand (Fig. 6), as well as higher Ti/coh, Zr/Ti, K/Ti and coh/inc values
(Fig. 8) reflect an increase ofminerogenic input from the catchment rel-
ative to biogenic and carbonate sediment components for this period of
low sedimentation rates (Fig. 4). The interval with black laminations in
the middle part of unit A is considered to represent conditions with the
most pronounced lake bottom water anoxia. Very low TIC percentages,
lowest TOC/TN ratios and low total accumulation rates point to low-
salinity conditions. At the same time, the increase of fine sand percent-
ages (Fig. 3) and relatively high magnetic susceptibility (Fig. 6) may
reflect an increased amount of particles originating from the basaltic
catchment and reaching the coring position e.g. by fluvial or eolian
input directly into the water body of the lake or indirectly onto a
persisting ice cover. Thus the lake level during this interval probably
was at its maximum of approximately 10 m above the AD 2004 level
as deduced from exposed lacustrine sediments and carbonate precipi-
tates on the basaltic rocks. Moreover, elevated S percentages and S/Ti
values coinciding with negative Fe to Ti correlation and slight maxima
in Fe/Ti values (Fig. 8) suggest Fe sulfide formation which would indi-
cate a more frequent occurrence of bottom water anoxia. This is sup-
ported by a strong depletion of Mn (low Mn/Ti values, Figs. 8, 10),
which indicates that Mn was not fixed in the sediment by oxidation.
We hypothesize that during this interval phases of inhibited lakemixing
i.e., reduced water circulation due to a deeper lake, less wind, lake
stratification or elongated periods of ice cover occurred.

This interval started around 1720 cal BP and culminated with the
lowest Mn/Ti values of the record at 730 cal BP (AD 1220), i.e. during
Late Medieval times. Two peaks towards high Mn/Ti values at 270 cal
BP (AD 1680) and 440 cal BP (AD 1510), hence during the Little Ice
Age (Fig. 10) may represent phases with lake circulation when the bot-
tom sediments were oxygenated for a short period of time and became
anoxic shortly afterwards again probably due to a long period of ice
cover. Strongly increasingMn/Ti values after 100 cal BP (AD 1850) indi-
cate an oxygenation of the bottom sediment with increasing preserva-
tion of Mn as oxides. This reflects the present position of the redox
boundary probably associated to a recent decrease of the lake level in
combination with bottom water oxygenation due to more frequent
lake circulation as it is observed today (Fig. 2c). However, the three
most recent Fe/Ti maxima occur during a long interval of very low
Mn/Ti values, indicating that bottom water redox conditions in the in-
tervals in between the Fe/Timaximadid not recover but still were anox-
ic. Because the highest Si/Ti values are concomitant with high K/Ti and
Zr/Ti between 0 and 400 cal BP (Fig. 10) while BSi values and diatom
concentrations are rather low, Si/Ti in this interval probably reflects
both, an increased minerogenic input of silt and clay and an increased
primary production.

Bioproxies support the above interpretations because at the begin-
ning of Zone A, Limnocythere rionegroensis disappears and is completely
replaced by Kapcypridopsis megapodus and Limnocythere patagonica.
The latter is a stenohaline freshwater taxon, typical for alkaline (bicar-
bonate dominated)waterswith low (HCO3

−+CO3
2−)/Ca2+ ratios, salin-

ities generally below 500 mg l−1 TDS (median TDS≈ 200 mg l−1), and
significant carbonate enrichment (Ramón Mercau et al., 2012). This re-
placement in the ostracod assemblage points to amajor shift in the lake
hydrochemistry towards HCO3

−, Ca–Na–Mg dominated waters and sa-
linity an order of magnitude lower than in previous zones. The diatom
Hyalodiscus sp. is replaced by Cyclostephanos salsae. At the same time,
Thalassiosira patagonica and Cocconeis placentula var. euglypta decrease.
The presence of the littoral and semi-terrestrial chironomids Smittia and
Parasmittia, littoral Cricotopus and more profundal Phaenopsectra, to-
gether with the presence of subaereal diatoms suggests the expansion
of littoral habitats following a lake level rise and increased turbulence
and sediment transport to the center of the lake. The high turbulence
and lake internal transport may be related to wind intensity and in-
creased precipitation. This period is characterized by a high biodiversity
and autochthonous origin of the OM as deduced from relatively lower
TOC/TN ratios.

In summary, we hypothesize a development as visualized in the
lake-level curve (Fig. 10). Prior to 4040 cal BP, Laguna Cháltel was an
ephemeral, saline lake surrounded by mudflats. Re-flooding of the
lake occurred after 4040 cal BP followed by a period with a shallow
(max. 10 m), but permanent, mesohaline lake until 3200 cal BP.
Thereafter, a further lake-level rise and freshening occurred that was
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fast in the initial stage until 2800 cal BP and slowed down until 1720 cal
BP. This period was followed by a faster lake-level rise until ca. 1200 cal
BP and a stagnating lake level with bottom water anoxia until ca.
500 cal BP. The highest lake level probably was reached around
60 cal BP followed by a decrease to present day lake levels.

5.4. Lake-level development of Laguna Cháltel compared to other archives

The inferred lake-level variations at LagunaCháltel are an expression
of changes in the hydrological balance of the lake whichmainly reflects
the evaporation-to-inflow ratio. This in turn is controlled by amultitude
of meteorological and catchment factors like e.g. precipitation, wind
speed, relative humidity, ground-water supply, catchment size, lake
ice coverage and others (Ohlendorf et al., 2013). Because of to the
remoteness of Laguna Cháltel, most of these factors are unknown and
the direct inference of past meteorological conditions from changes in
the hydrological balance is not advisable. However, Ohlendorf et al.
(2013) have shown that, on short time scales, lake-level fluctuations
at Laguna Potrok Aike (Fig. 1a) are mainly driven by changes in relative
humidity, precipitation, temperature, wind strength andwind direction
which in turn are controlled by variations in the strength of the SWW.
With this assumption we compare our lake-level reconstruction for
Laguna Cháltel to other paleohydrological evidences from the south-
eastern Patagonian dry steppe (Fig. 10). For instance, increasing precip-
itation was reconstructed for 4400, 2900, 1300 and 570 cal BP (Moreno
et al., 2009) at Lago Guanaco using the Nothofagus/Poaceae ratio as an
indicator of precipitation related to the SWW-intensity (Moreno et al.,
2010). Lago Guanaco is located further to the west (Fig. 1a) at the
modern forest-steppe ecotone and reflects strengthened SWWs as
periods with increased precipitation. This is in contrast to sites located
further to the east which record increased SWW-intensity as decreases
in precipitation (Garreaud et al., 2013). E.g. in Laguna Potrok Aike, the
time interval 4000–4700 cal BP corresponds to a period, when a pro-
nounced regressional phase was inferred from high TIC concentrations
(Fig. 10) and from regressive shorelines visible on seismic profiles
(Anselmetti et al., 2009; Haberzettl et al., 2009). This is corroborated
by diatom and chironomid data (Massaferro et al., 2013a) and pollen-
based reconstruction of paleo-precipitation (Schäbitz et al., 2013) and
was also ascribed to strengthened SWW,which at this site in the eastern
steppe is associated to a reduction in precipitation and/or an increase in
evaporation (Mayr et al., 2007). The suggested desiccation of a pre-
existing ephemeral playa lake of Laguna Cháltel, around 4040 cal BP
(Fig. 10) would fit with these regional reconstructions. However, lake-
level reconstructions of Lago Cardiel indicate that after an early
Holocene high stand of+55m the lake level never dropped significant-
ly below the modern level (Gilli et al., 2005a), although between 3000
and 5000 cal BP lake-level data is not available. At Laguna Potrok Aike,
the dry period around 4000 cal BP is only a dry episode in a general
trend towards a less negative water balance that started around
7300 cal BP. Actually, much drier conditions were observed before
with the most severe dry period occurring between 7300 and 8700 cal
BP (Haberzettl et al., 2007) coinciding with strongest Holocene SWW
influence (Mayr et al., 2007). Hence, assuming a similar development
for Laguna Cháltel would imply that the threshold for lake-desiccation
was reached for the last time around 4040 cal BP. Longer and more se-
vere desiccation phases probably occurred prior to this date. After this
marked dry event the sedimentological, geochemical and biological
evidences of the Laguna Cháltel record suggest that re-flooding of the
lake took place and the subsequent lake-level increase was persistent
andnot interrupted by desiccation events until present day. This is in ac-
cordance with other reconstructions from this area (Cross et al., 2000;
Haberzettl et al., 2007) where the change towards moister conditions
is ascribed to a northward shift of the SWW. For Laguna Cháltel, a north-
erly shift of the SWW most likely would imply a higher probability for
air masses of Atlantic origin to reach the lake (Mayr et al., 2007). In
addition reduced SWW intensity at Laguna Cháltel also would lead to
less evaporation and presumably extend the period of ice coverage.
Both factors would contribute to a positive hydrological balance of the
lake and thus result in a lake-level increase.

Given the age uncertainty of ±200 years for the 4040 cal BP date
(Fig. 4, Table 1), we hypothesize that the observed desiccation event
followed by a re-floodingof the lakemaybe linked to the global environ-
mental changes that are associated to the 4.2 ka event. The occurrence
of a climatic event around 4200 cal BP has been discussed by several au-
thors (Cullen et al., 2000; Roberts et al., 2011; Ülgen et al., 2012). Name-
ly, the collapse of the Old World urban civilizations in the Middle East
was ascribed to a marked increase in aridity and severe drought around
4200 cal BP (Arz et al., 2006). Although the detection of a climate signal
at 4200 cal BP in Europe, parts of Africa, Asia, North America and South
America points to its global significance (Marchant and Hooghiemstra,
2004; Booth et al., 2005), origin and regional impacts of this event are
still debated (Roland et al., 2014). Since the Laguna Cháltel record
below the desiccation event at 4040 cal BP reaches back in time for
only 700 more years with a playa lake facies, a link to the 4.2 ka event
is not unequivocal. Although the lake bathymetry (steep walls, flat bot-
tom) and the deeply incised canyons in the catchment point to a consid-
erable age of the lake, it cannot be completely ruled out that the playa
lake phase represents the start of lacustrine sedimentation during an
initial lake phase.

Also the increase of the Laguna Cháltel lake level in several steps,
around 3200 and 1600 cal BP is broadly synchronous to the record
e.g. of Lago Guanaco (Fig. 10; Moreno et al., 2009). For instance, the
time when highest sedimentation rates are observed at Laguna Cháltel
(2800–3200 cal BP) corresponds to a cold phase with significantly
lower precipitation in a speleothem record on the western side of the
Andes (Schimpf et al., 2011). A global cooling around 2800 cal BP due
to reduced solar irradiance was proposed by van Geel et al. (2000)
which presumably would have led to a northward movement of the
SWW. For the latitude of Laguna Cháltel thiswould imply a SWWweak-
ening with the consequences of a) less evaporation due to lower wind
speeds and lower air temperatures (prolonged lake ice coverage) and/
or b) more precipitation due to increased easterly flow. Both factors
could explain the observed increase in sedimentation rates probably
due to enhanced clastic input. The greatest water depth at Laguna
Cháltel supposedly occurred during the LIA (60–200 cal BP) as was
also observed for Laguna Potrok Aike (Haberzettl et al., 2005). However,
stagnating lake levels in Laguna Cháltel during later parts of the Medie-
val Period (500–1000 cal BP) rather resemble the pattern observed at
Lago Guanaco (Moreno et al., 2009). The trends observed in the Laguna
Cháltel record might be comparable to observations from Laguna Las
Vizcachas, a cirque lake ca. 80 km to the SSW of Laguna Cháltel (Fey
et al., 2009). This record indicates increased precipitation during Late
Medieval times, which was ascribed to higher SWW-intensity whereas
lower SWW-intensity during the LIA led to less precipitation. The posi-
tive hydrologic balance in Laguna Potrok Aike and Lago Guanaco was
likely associated with increased rainfall from easterly directions that
can reach these lowland sites during phases of weaker SWW like in
the LIA. In contrast, Fey et al. (2009) suggested that precipitation associ-
ated to easterly airflow cannot reach the high-altitude site of Laguna Las
Vizcachas as frequently as the lowland sites. Hence, the hydrologic bal-
ance at this high-altitude site might reflect to a certain extent that of
southwestern Patagonia, where strong SWWare associatedwith higher
precipitation and not with higher evaporation caused by a strong
“foehn”-like effect (Ohlendorf et al., 2013). Due to its slightly more
westerly location and its higher altitudinal position on the Pampa Alta
plateau, Laguna Cháltel might represent a site where, apart from
SWW forcing, local climate fluctuations are more important (Garreaud
et al., 2013). Considering the outlined hydrological development in
the southeastern Patagonian realm and conceding imprecisions for the
chronologies of all discussed records, as well as respecting differences
in the altitudes of the different sites, reveals the SWW as the dominant
hydrological control mechanism.
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6. Conclusions

Our interdisciplinary study carried out at Laguna Cháltel revealed
several remarkable features of this remote lake. Today, the lake can be
classified as an oligotrophic system with low primary production in
spite of high lake water phosphorus concentration as it has been ob-
served in previous studies from Patagonia (e.g. Zolitschka et al.,
2006b; Diaz et al., 2007). The lake water is characterized by super-
saturation with respect to calcium carbonate, although no carbonates
are encountered in the basaltic catchment. While TIC percentages are
low in the surface sediments, pseudomorphs of calcite after ikaite devel-
oped as star-shaped and rice-grain-shaped crystals presumably on the
sediment surface and possibly also in the sediment aswell as on former-
ly water covered basaltic boulders up to 10 m above the present day
lake level. A better understanding of the carbonate system in Laguna
Cháltel thus seems to be one of the key issues for a consolidated
interpretation of its sediment record. The occurrence of a glauberite-
bearing carbonate crust around 4040 cal BP is interpreted as a lake-
desiccation event. Admitting chronological uncertainties, we suggest
that this event may be contemporaneous to the globally recognized
4.2 ka event (Booth et al., 2005) that had a severe impact on ancient civ-
ilizations elsewhere. In the Laguna Cháltel record, this event is reflected
by a lake desiccation that was followed by a shift towards a positive
water balance. This initially led to an 800-year long period with a shal-
low lake and culminated in a lake-level high-stand at the end of the LIA.
The former was reconstructed based on the occurrence of ooids in the
sediments immediately above the desiccation horizon and is supported
by bioproxies and geochemical evidence. This is one of the rare cases
where ooids are encountered in a lacustrine environment. We thus
conclude that the occurrence of different carbonate phases and
morphologies is a unique feature of the Laguna Cháltel record.

The reconstructed mid- to Late Holocene lake-level evolution of
Laguna Cháltel is in general agreement with other records from south-
eastern Patagonia and thus underlines the important role of SWW-
variations for the regional hydrological balance of the southeastern
steppe (Mayr et al., 2013; Zolitschka et al., 2013). However, inconsis-
tencies of the lake-level reconstruction with the conceptual model of
SWW control on local hydrology point to a more complex relationship.
The elevated location could entail mesoscale meteorological processes
that may influence the local hydrological balance namely the amount
of precipitation at the lake. Moreover, the occurrence of lake ice cover
during 2 to 3 month each year is suggested by surface water tempera-
ture monitoring of Laguna Cháltel and certainly also has an impact on
lake evaporation rates.

Finally, the questionwhether the carbonate crust close to thebottom
of the core represents a single desiccation event around 4040 cal BP or is
only the last of more severe desiccations that occurred before this date,
cannot be determined based on the existing short core that reaches back
to 4700 cal BP. A longer core penetrating into strata covering the entire
Holocene would shed more light on the singularity of the observed
desiccation event.
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