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PASADO is amultidisciplinary Potrok Aike Sediment Archive Drilling prOject, whichwas conducted from 2008 to
2013, focusing on the sedimentary record of the volcanic cratermaar Laguna Potrok Aike (52°S, 70°W, 116m asl)
in southern Patagonia, Argentina. It represents one of the few non-glacial and extra-Andean sediment archives
studied so far on the continental landmass between subtropical South America and Antarctica that covers the
entire Holocene and the Late Glacial. In this study, a high-resolution diatom analysis of the Late Glacial time
interval situated between 15.60 and 10.51 ka cal. BP was performed on the PASADO sediment core. This period
is of particular interest as it encompasses the Antarctic Cold Reversal (ACR), as well as the Younger Dryas (YD)
chronozone. To better refine the variability of environmental and climatic conditions of this Late Glacial time in-
terval, we combined our data with those of a microsedimentological analysis conducted on the same sediments
and for the same period to infer changes in lake level and water column stratification. Our study revealed that
diatoms are an ideal proxy to complementmicrosedimentological analyses by providing important independent
information on the past limnological dynamics of Laguna Potrok Aike and the paleoclimatic conditions that
prevailed during the Late Glacial in the study area and allows a new way of explaining shifts in the position of
Southern HemisphereWesterly Winds (SWW) during the Late Glacial. Peaks of planktonic diatoms, particularly
Cyclostephanos patagonicus, correspond topreviously detected total organic carbon (TOC), Ca/Si, Ca andMnpeaks
and support the hypothesis that relatively high lake levels and weaker SWW have prevailed during the Late
Glacial. Moreover, a cyclic pattern, observed both in the biological and geochemical indicators, suggests at least
five shifts in the position of the SWW from the beginning of the ACR to the end of the YD. The periodicity of
these shifts seems to be related to Antarctic ice-sheet discharge (AID) events in the Scotia Sea that coincide
with enhanced iceberg flux from the Antarctic ice-sheet.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

The Late Glacial interval, corresponding to the last deglaciation
periods, contains several abrupt climate change events, such as the
Antarctic Cold Reversal (ACR) from 14.80 to 13.00 ka cal. BP as defined
by Pedro et al. (2011), and the Younger Dryas chronozone (YD), from
12.70 to 11.60 ka cal. BP as established by Lowe et al. (2008). Not only
the nature of climate dynamics throughout the ACR in Patagonia
(C. Zimmermann),
cen.ulaval.ca (R. Pienitz),
ail.com (N.I. Maidana).
remains still unclear, but also the signal for a YD event (glacier advance,
climate cooling) is less evident andmore contradictory in records at lat-
itudes south of 49°S in Patagonia (Sugden et al., 2005; Kaplan et al.,
2008). According to Blunier et al. (1997), the ACR precedes the YD
cold event by at least 1.80 ka, suggesting that the climates of the North-
ern and Southern Hemispheres were in anti-phase during the YD. Now-
adays, variations in the strength and the position of the Southern
HemisphereWesterlyWinds (SWW) are considered to be an important
feature of the global- and hemispheric-scale climate changes since the
Last Glacial Maximum (LGM) (Toggweiler et al., 2006; Anderson et al.,
2009; Denton et al., 2010; Moreno et al., 2010). Furthermore, changes
in the strength and/or position of the SWW modify the upwelling of
CO2-rich deep waters around Antarctica (Le Quéré et al., 2007; Sigman
et al., 2010). Southern South American lakes between latitudes 51 and
55°S, are situated between the southern limit of the SWW belt of the
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Last Glacial period (Ledru et al., 2005), and the current southern limit
of the SWW belt (Hodgson and Sime, 2010; Lamy et al., 2010;
McGlone et al., 2010). However, the comparison of records often reveals
inconsistencies or opposite conclusions, which appear to be related to a
weakness in the understanding of the proxy and/or unavailability of
modern calibration datasets (Kilian and Lamy, 2012). Yet, the compre-
hension of past and current variations of the SWWposition and intensi-
ty remains an open question (Kohfeld et al., 2013). Therefore,
reconstructing hydroclimatic conditions during the last deglaciation in
Southern Patagonia, and especially during sudden climate changes,
improves our understanding of the Southern Ocean's role as a source
or a sink of the atmospheric carbon dioxide.

This study is part of the international and multidisciplinary Potrok
Aike SedimentArchive Drilling prOject (PASADO)whichwas conducted
from 2008 to 2013, focusing on the sedimentary record of the volcanic
crater lake (maar) Laguna Potrok Aike (52°S, 70°W, 116 m asl)
(Zolitschka et al., 2013). The maar is situated in the Pali Aike Volcanic
Field in the Province of Santa Cruz, southern Patagonia, Argentina, and
represents one of the few non-glacial and extra-Andean sediment ar-
chives studied so far on the continental landmass between subtropical
South America and Antarctica that covers the entire Holocene and the
Late Glacial (Zolitschka et al., 2013).

Prior to PASADO, the first high-resolution multi-proxy
paleoenvironmental records from Laguna Potrok Aike have been inves-
tigated within the framework of the interdisciplinary SALSA (South
Argentinean Lake Sediment Archives and Modeling) project. During
field campaigns in 2002 and 2003, sediment cores were retrieved
from the maar and combined to an 18.92 m long composite profile cov-
ering the last 16 ka cal. BP (Haberzettl et al., 2007). Using these cores,
Massaferro et al. (2013) performed diatom and chironomid analyses
for the whole profile, reconstructing lake level fluctuations and climate
changes based on 174 samples with an average resolution of 8 to 16 cm
along the core. Haberzettl et al. (2005) retraced climatically induced
lake level changes for the last 2000 years using a multi-proxy approach
(pollen, diatom, geochemical, isotopic, geophysical and XRF-scanning
elemental analyses), while Haberzettl et al. (2006) reconstructed the
environmental change and fire history for the last five centuries
based on the same data. Wille et al. (2007) used pollen and diatom re-
cords of the composite profile to present a well-dated vegetation and
climate history for the southern South American mainland, and
Schäbitz et al. (2013) reconstructed paleoprecipitations from pollen
transfer functions.

The interdisciplinary PASADO project focused on a 106.09 m long
composite sediment profile with a basal age of 51.20 ka cal. BP (Kliem
et al., 2013). Recasens et al. (2012) developed a low resolution (core
catcher) multi-proxy record including geophysical, geochemical, CNS
elemental, isotopic, rock magnetism, diatom and pollen analyses that
provided new insights in paleoenvironmental changes in the lake and
its catchment area for the entire record. Recently, Recasens et al.
(2015) inferred the hydrological and climatic changes archived in the
PASADO composite sediment profile since the Late Pleistocene (the
last 50 ka cal. BP), based on diatom records at a spatial resolution of
32 cm and increasing to 16 cm in some sections with major changes
in the assemblages.

Diatoms (class Bacillariophyta) can be found with high abundance
and species diversity in mostly all aquatic habitats. Because of the ro-
bustness of their siliceous cell walls, diatoms are often well preserved
in fossil deposits and can in most cases be identified to species level
(Julius and Theriot, 2010). Taxa existing at the present day can be
found in fossil Quaternary records and, with the knowledge of their
modern ecological preferences, those microscopic algae are important
indicators for documenting and reconstructing past environmental con-
ditions and changes. Here, we present a more detailed diatom analysis
than Recasens et al. (2015), focusing on the LateGlacial time interval sit-
uated between 15.60 and 10.51 ka cal. BP using the PASADO core that
has a better resolution compared to the SALSA core. This time interval
is of particular interest as it encompasses the ACR, as well as the YD
chronozone.

To better refine the variability of environmental and climatic con-
ditions of this Late Glacial time interval, we combined our data with
those of a microsedimentological analysis that Jouve et al. (2013)
performed on the PASADO composite profile for the same period
(15.60–10.51 ka cal. BP). They have shown that microsedimentological
data can be biased by external inputs which, however, have no influ-
ence on diatoms. For example, micropumices (small volcanic debris of
highly microvesicular pyroclastic glass with very thin, translucent bub-
ble walls of extrusive igneous rock) have the potential to significantly
influence the chemical composition of sediments (e.g. iron (Fe), titani-
um (Ti), total organic carbon (TOC), water content (WC)) (Jouve et al.,
2013). The presence of micropumices could either be linked to the
1.5 m of remobilized tephra and/or the Reclus eruption around
16 ka cal. BP (Haberzettl et al., 2007; Jouve et al., 2013). Therefore, it
was impossible for Jouve et al. (2013) to relay to the TOC for any
paleoenvironmental reconstructions for the period from 15.58 to
13.64 ka cal. BP or to use Ti and Fe as paleohydrological and paleowind
intensity proxies for the time interval between 15.20 and 11.80 ka cal.
BP.

In this paper, we used diatoms as a proxy to complement these
microsedimentological analyseswith the aim of providing novel and in-
dependent information on the past limnological and ecological struc-
ture and dynamics of crater lakes like Laguna Potrok Aike. More
specifically, we inferred changes in the lake level and water column
stratification of Laguna Potrok Aike that relate to past wind conditions
in southern Patagonia.

2. Regional setting

Laguna Potrok Aike (51°57.337′ S, 70°22.688′W, 116m asl) is a vol-
canic maar lake located in the Pali Aike Volcanic Field in the Province of
Santa Cruz, southeastern part of Patagonia, Argentina (Zolitschka et al.,
2006, 2013) (Fig. 1). Climatically, it belongs to the semiarid Patagonian
Steppe with annual precipitation below 300 mm a−1 due to the rain
shadoweffect of the Andes (Mayr et al., 2009). Laguna Potrok Aike's cra-
ter formed after a phreatomagmatic eruption about 770 ka years ago
and filled with water (Zolitschka et al., 2006). Since its creation, the
maar acts as a sediment trap and is therefore one of the few permanent
lakes of the Patagonian Steppe potentially providing a continuous
sedimentary and climatic record over several glacial–interglacial cycles
(Zolitschka et al., 2006; Jouve et al., 2013).

The Pali Aike Volcanic Field is situatedwithin theMagellan sedimen-
tary basin, just beyond large Early and Middle Pleistocene moraines
(Coronato et al., 2013). It is composed of alkali-olivine basalts with an
age range of 3.8 Ma (Pliocene) in the western part and 0.01 Ma
(Holocene) towards the Atlantic Ocean (Zolitschka et al., 2006). Laguna
Potrok Aike is located in the older western section of the Volcanic Field,
at a distance of ca. 300 kmeast of the Andes, ca. 85 kmwest of the city of
Río Gallegos and ca. 80 km north of the Strait of Magellan (Zolitschka
et al., 2006) (Fig. 1).

The maar has a maximum diameter of 3470 m, a mean water depth
of about 44mand reaches amaximumwater depth of 100m in the cen-
ter of the basin. It contains a water volume of 0.41 km3 and covers a
catchment area of more than 200 km2 (Zolitschka et al., 2006). As the
lake has no outlet today and is mainly fed by groundwater and episodic
surface runoff (e.g. after snowmelt in spring) which reaches the basin
through deeply incised canyons, it is very sensitive to changes in the
water balance and effective moisture (Ohlendorf et al., 2013). Laguna
Potrok Aike displays a nearly circular trough-shaped bathymetry
with an almost flat lake floor, revealing an older lake level low stand
at −35 m water depth (Haberzettl et al., 2005; Zolitschka et al., 2006;
Anselmetti et al., 2009). The vertical distance between the lake surface
and the surrounding morainic plain is about 50 m (Coronato et al.,
2013).



Fig. 1. Location of Laguna Potrok Aike (LPA) in southern Patagonia. Aerial photograph of the immediate catchment area of Laguna Potrok Aike (kindly provided by Hugo Corbella, Buenos
Aires) and bathymetricmap of the lakewith the location of coring site 5022-2. Detailedmap (right) indicates the relative positions of piston cores (modified fromOhlendorf et al. (2011)).
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Physico-chemicalfield surveys completed between 2002 and 2005 re-
veal that Laguna Potrok Aike is a subsaline lake (salinity 2.2–2.5 g l−1)
with an oxygen-rich water column from top to bottom (Table 1). The
brackish water conditions could be a result of the long-lasting evapora-
tion (770 ka) in the closed lake basin, thus concentrating soluble
elements (Zolitschka et al., 2006). The ionic composition of the lake
water indicates particularly high concentrations of sodium (Na), chlo-
ride (Cl−), magnesium (Mg) and total phosphorus (TP) (Zolitschka
et al., 2006). Despite the high total phosphorus values (1300–
3600 μg l−1 TP) which would classify the lake as hypertrophic (OECD,



Table 1
pH, electric conductivity (EC), salinity (calculated from EC according to http://ioc.unesco.org), and water chemistry (anions, cations) of surface waters from Laguna Potrok Aike, field sur-
veys 2002–2005. aWater not filtered prior to analyses, resulting in overly high values for Fe, Mn, and Al related to suspended minerogenic matter (from Zolitschka et al. (2006)).

Year pH EC
(mS cm−1)

Salinity
(g l−1)

Cl−

(mg l−1)
NO3−

(mg l−1)
SO4

2−

(mg l−1)
TP
(mg l−1)

Fe
(mg l−1)

Na
(mg l−1)

Mg
(mg l−1)

Si
(mg l−1)

K
(mg l−1)

Ca
(mg l−1)

Mn
(mg l−1)

Al
(mg l−1)

2002 8.9 3110 2.53 586.0 N0.05 27.1 2247 142.0a 502.0 73.0 1.20 43 32.0 7.4a 50a

2003 8.7 2970 2.22 644.0 1.73 26.3 3609 10.9 476.0 72.0 0.69 31.8 34.2 2.5 N5
2004 8.8 2980 2.23 666.0 3.07 27.2 1297 21.8 528.0 59.0 0.78 57.0 27.8 2.3 16
2005 9.0 3020 2.26
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1982), plankton studies suggest mesotrophic to eutrophic conditions
(Zolitschka et al., 2006; Wille et al., 2007). These observations are also
supported by Secchi depths of 6.0 m (March 2003) and 6.9 m (March
2005). As phosphorus is not the limiting factor for lacustrine productiv-
ity in the maar, the lower as expected trophic state of Laguna Potrok
Aike could be explained by its high salinity, high water turbulence,
high concentration of chlorides inhibiting planktonic productivity, and
limited nitrogen supply for algal growth (Zolitschka et al., 2006; Mayr
et al., 2009). The observed nitrate (NO3−) concentrations vary consid-
erably (N0.05–3.07 mg l−1) and indicate a potential nitrate limitation
for primary production (Zolitschka et al., 2006).

Presently, strong westerly winds with annual wind speeds of ap-
proximately 7.4 m s−1 and monthly average speeds of up to 9 m s−1

at the beginning of summer are the main air masses that dominate
the climate of the region (Endlicher, 1993; Mayr et al., 2007, 2009).
The lake is fully exposed to these strong winds that cause mixing of
thewater column nearly throughout the entire year (theoretical mixing
depth: 52 m), leading to polymictic conditions and preventing a strati-
fication of the water body in summer as well as the development of
an ice cover in winter (Endlicher, 1993; Zolitschka et al., 2006;
Kastner et al., 2010). Thus, the water column of Laguna Potrok Aike
yields stable values for pH (8.7) and temperature (10.4 °C) throughout
the entire depth profile of 100 m. Surface water temperatures reached
between 10 and 12 °C during summer (Zolitschka et al., 2006). Total
organic carbon content (mean value: 1.8% TOC, n = 97) in the surface
sediments of the lake suggests low primary productivity, rapid decom-
position and recycling of organic compounds, and/or dilution by
inorganic particles (Zolitschka et al., 2006; Kastner et al., 2010).

To describe themodern algal and diatom flora of Laguna Potrok Aike,
water samples have been collected in the austral summers since 1996
near the western shore (Wille et al., 2007). The algal community varied
each year and several new diatom taxa with more or less well known
autecology have been identified (Maidana, 1999; Maidana and Round,
1999; Maidana et al., 2005). In 1996 and 1997, the assemblages were
dominated by Navicula gregaria, Fragilaria capucina var. vaucheriae,
Cocconeis placentula var. lineata, Thalassiosira patagonica and Corbellia
contorta (Maidana, 1999; Maidana and Round, 1999). Since 2002,
Cyclotella agassizensis has increased its relative abundance and has be-
come thedominant species in 2003 (Maidana et al., 2005), accompanied
by the desmid algae Closterium sp. In 2004, C. agassizensis was still the
most frequent diatom species but the community was dominated by
small coccoid cyanobacteria, Nostoc aggregates, coccoid chlorophytes
(Oocystis, Lobocystis and Dictyosphaerium spp.) and Euglena sp.
(Wille et al., 2007).

The Pali Aike Volcanic Field, including the catchment area of Laguna
Potrok Aike, is characterized by a dry (xeric) type of the Magellanic
steppe composed of Poaceae, herbs, occasional shrubs and Festuca
gracillima as dominant species being the result of overgrazing due to
sheep farming during the last 100 years (Oliva et al., 2001; Wille et al.,
2007; Mayr et al., 2009). Today, several concentric lake terraces sur-
rounding Laguna Potrok Aike, which indicate past lake level fluctua-
tions, are colonized by different plant communities. The immediate
zone above the water line is devoid of vegetation, followed by a belt of
almost pure stands of Acaena sp. This evergreen, herbaceous, perennial
plant is typical for sites with frequent disturbances (Wille et al., 2007).
As thewestern lake shore is lesswindexposed, 30 to 100 cmhigh stands
of the shrub Adesmia boronioides are able to grow, thus protecting the
surface of the slopes from wind and wave erosion (Wille et al., 2007).
On the northern, eastern and southern lake shores the terraces above
the Acaena belt are colonized by a plant community composed of
grasses (e.g. Festuca sp., Poa sp. and Stipa sp.), the herbaceous plant
Perezia recurvata, cushions of Colobanthus subulatus and Nardophyllum
bryoides, as well as few bushes of Berberis heterophylla (Wille et al.,
2007). Patches of Empetrum rubrum have been observed on the north-
western shore (Wille et al., 2007). Within the lake basin, the littoral
zone below the base of wind-induced waves is densely covered with
aquatic macrophytes (e.g., Potamogeton pectinatus, Myriophyllum cf.
quitense) from water depths of 1.5 to 15 m (Wille et al., 2007; Mayr
et al., 2009).
3. Materials and methods

From August to November 2008, PASADO drilled a total of seven
holes at two different sites (5022-1; 5022-2) in Laguna Potrok Aike,
using the Global Lake Drilling to 800 m (GLAD800) coring system. Cor-
ing was entirely conducted with a hydraulic piston corer (Ohlendorf
et al., 2011; Zolitschka et al., 2013). Average core recovery for the hole
of site 5022-1 was 92.1% and 98.8% for site 5022-2 (Ohlendorf et al.,
2011). A total of 533 m of sediment was recovered at the two sites.
Then, a sediment profile of 106.09 m composite depth (cd) was
compiled from the best core sections retrieved in three holes at site
5022-2 by correlating stratigraphic markers, facies and magnetic
susceptibility of each core (Kliem et al., 2013; Zolitschka et al., 2013).
Kliem et al. (2013) established a consistent age-depth model (version
3) for the composite profile using 58 radiocarbon dates, with a basal
age of 51.20 ka cal. BP.
3.1. Preparation and identification of fossil diatoms

For diatom analysis, 57 bulk samples were retrieved at every 2 cm
from the sedimentary composite profile, covering the interval from
16.31 to 14.08 m cd, corresponding to the time interval between 15.60
and 10.51 ka cal. BP. For reasons of methodological consistency within
the PASADO project, diatom slides were prepared at the University of
Buenos Aires, Argentina. For each sample, between 0.08 and 0.50 g of
dry sediment was tested with 10% HCl for carbonate content, digested
with hot 30% H2O2 and then washed repeatedly with distilled water to
adjust the siliceous solution to pH 7. The final siliceous solution was
calibrated to a volume of 10 ml and a known quantity of polystyrene
microspheres was added in order to estimate the diatom concentration
(Battarbee and Kneen, 1982). Then, 0.5 ml of the slurry was transferred
onto 22 × 22 mm square glass coverslips, air-dried for 24 h and
mounted onto microscope slides with Naphrax© resin (Refraction
Index (RI) = 1.74). In the Aquatic Palaeoecology Laboratory at
Université Laval (Québec, Canada), a minimum of 500 diatom valves
was counted in each sample using a Leica DM RX light microscope at
a magnification of 1000× under oil immersion. Taxonomic identifica-
tion is mainly based on the following literature: Krammer and
Lange-Bertalot (1986, 1988, 1991a,b); Rumrich et al. (2000); Díaz-P.
and Maidana (2005).

http://ioc.unesco.org
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3.2. Numerical analysis

The diatommodel was developed based on relative diatom abun-
dances, using the computer program C2 (Juggins, 2007). The diatom
concentration was calculated for one gram per dry weight (dgw)
sediment following the method of Battarbee and Kneen (1982). For
detectingmajor trends in the fossil diatom assemblages, principal com-
ponents analysis (PCA) with intersample distance scaling and covari-
ance matrix was carried out on species percentage data with the
computer program CANOCO 5 (ter Braak and Šmilauer, 2012). Further-
more, the diatom zones were established using a stratigraphically
constrained incremental sum of squares cluster analysis (CONISS)
with the software environment R for data analysis and graphics, version
2.15.3 (Venables et al., 2013).

4. Results

4.1. Diatom analysis

A total of 224 diatom taxa in 49 genera were encountered in the
57 samples selected for diatom analysis (Fig. 2). The fossil siliceous ma-
terial was in most cases heavily fragmented. Chrysophyte cysts were
completely absent or only present at trace level. The diatom concentra-
tion ranges between 25 million and 683 million valves per gram of dry
sediment with prominent peaks at 15.63 m cd (13.77 ka cal. BP),
15.27 m cd (12.86 ka cal. BP) and 14.31 m cd (10.91 ka cal. BP). The
diatom stratigraphy displays only taxa exceeding a total relative
abundance of all analyzed core levels of 0.75% and a relative abundance
of 2% in at least one core level. Based on a CONISS cluster analysis and
a PCA, four distinct diatom zones (DZ) with major changes in the
composition of the diatom assemblages could be distinguished.

4.1.1. Diatom Zone 1 (16.31–16.11 m cd, ca. 15.60–15.05 ka cal. BP, 6
samples)

The lowermost diatom zone is characterized by small alkaliphilic,
benthic, oligohalobus fragilarioids (e.g. Pseudostaurosira spp., Staurosira
cf. alpestris, Staurosira venter, Staurosirella pinnata) with combined rela-
tive abundances of those fragilarioids ranging from 45 to 62%. Opephora
taxa display abundances between 6 and 12%. The centric diatoms
are only represented with abundances ranging from 13 to 26% and
mainly composed of Aulacoseira granulata (2–14%) and Cyclostephanos
patagonicus (1–11%),whileDiscostella stelligera&D. glomerata never ex-
ceed 4%. The two periphytic alkaliphilic diatoms Cocconeis placentula
(3–8%) and Karayevia clevei (6–10%) (Hofmann et al., 2011) also appear
in Zone 1. In this zone, the benthic diatoms (58–76%) clearly dominate
over epiphytic (7–22%) and planktonic taxa (13–27%).

4.1.2. Diatom Zone 2 (16.11–15.25 m cd, ca. 15.05–12.81 ka cal. BP,
22 samples)

Diatom Zone 2 can be divided into the two Sub-zones 2a (16.11–
15.61 m cd, ca. 15.05–13.72 ka cal. BP) and 2b (15.61–15.25 m cd,
ca. 13.72–12.81 ka cal. BP). In general, Zone 2 is characterized by a de-
cline of A. granulata from 7 to b 1%. The centric plankter C. patagonicus
becomes the dominant taxon and displays cyclic abundance variations
(14–79%) with a peak in the middle of each sub-zone. The abundances
of D. stelligera & D. glomerata are increasing to 28%. Fragilarioids (e.g.
Pseudostaurosira spp., S. cf. alpestris, S. venter, S. pinnata) showvalues be-
tween 6 and 44%,withOpephora spp. (1–17%) and S. pinnata (1–11%) as
the most frequent fragilarioid taxa in the two sub-zones. D. stelligera &
D. glomerata and fragilarioids, particularly Opephora spp., display an in-
verse abundance pattern as compared to C. patagonicus. C. placentula
(2–12%) and K. clevei (1–6%) occurwith a constant abundance through-
out the entire zone. The abundance of epiphytic diatoms remains rela-
tively stable throughout Sub-zone 2a with a significant increase (38%)
towards the top of the zone. The planktonic taxa fluctuate between 27
and 69% with highest values in the center of this zone. The benthic
diatoms are represented with values between 14 and 51%. In Sub-
zone 2b, epiphytic and benthic diatoms show the highest abundances
at the lower (27 and 48%, respectively) and upper limit (24 and 44%,
respectively) of the zone. They decrease significantly in the center,
where the planktonic taxa reach a peak of 83%.

4.1.3. Diatom Zone 3 (15.25–14.57 m cd, ca. 12.81–11.31 ka cal. BP,
17 samples)

Diatom Zone 3 is also characterized by the cyclic pattern of the
dominant taxon C. patagonicus (9–73%) dividing it into the following
two Sub-zones: 3a (15.25–14.89 m cd, ca. 12.81–11.97 ka cal. BP) and
3b (14.98–14.57 m cd, ca. 11.97–11.31 ka cal. BP). D. stelligera &
D. glomerata increase in abundance (7–46%). Fragilarioids show similar
values (10–38%) as in Zone 2, yet with a slight shift in the dominant
fragilarioid taxa. S. pinnata decreases in abundance, while Opephora
spp. is still dominant in Sub-zone 3a (2–11%) accompanied by
S. venter (5–12%). The latter becomes the fragilarioid taxon with the
highest abundance (1–15%) in Sub-zone 3b. The most frequent
fragilarioid taxa of the two sub-zones show an inverse abundance pat-
tern as compared to C. patagonicus. C. placentula (4–13%) and K. clevei
(1–6%) still occur with constant abundances throughout diatom Zone
3. Nitzschia paleacea has an isolated peak (32%) at the base of Zone
3 at 15.23 m cd. In Sub-zone 3a, after a maximum of 52% at the base,
the epiphytic diatoms display relatively stable values between 16 and
23%. Planktonic taxa abundances vary between 25 and 62% with a
peak at 14.82 m cd. This peak is framed by a maximum abundance of
the benthic diatoms between 37 and 41%. Sub-zone 3b is characterized
by higher fluctuations of the three fractions, and a clear dominance of
planktonic taxa (43–82%).

4.1.4. Diatom Zone 4 (14.57–14.08 m cd, ca. 11.31–10.51 ka cal. BP,
12 samples)

In diatom Zone 4, the cyclic pattern of fragilarioids and centric
diatoms is no longer apparent. The abundance of C. patagonicus declines
to values between 8 and 14%, whileD. stelligera&D. glomerata (16–42%)
become the dominant taxa with a peak at 14.31 m cd. This peak corre-
lates with the highest diatom concentration (34.13 × 1010 g−1) of the
whole diagram. Non-planktonic taxa, such as fragilarioids (17–38%),
C. placentula (6–10%) and K. clevei (3–6%), display relative constant
percentages throughout the entire zone. Abundances of the epiphytic
diatoms increase in Zone 4 and range between 20 and 33%, while
those of planktonic taxa fluctuate between 30 and 50% with a single
peak of 60%. The benthic fraction shows values between 20 and 48%.

4.2. Combination of diatom record with microsedimentological data

For a more holistic interpretation of Late Glacial environmental and
climatic variability in southern Patagonia, we combined our diatom
record with data of a microsedimentological analysis performed by
Jouve et al. (2013) on the PASADO composite profile for the same peri-
od (15.60–10.51 ka cal. BP). Fig. 3 compiles diatom data with results of
X-Ray Fluorescence (XRF) analyses: Ca/Si ratio, Ca andMn expressed in
kilo count per second (kcps), total organic carbon (TOC) expressed in %
and micropumices in % of black pixel counts. Occurrence of the green
alga with calcite lorica, Phacotus lenticularis, between 15.35 and
14.34 m cd (ca. 13.51–10.95 ka cal. BP) is simply indicated by a gray
square for more clarity. The five gray zones (A, B, C, D, E) indicate
major peaks occurring simultaneously in the planktonic diatoms and
the TOC profile.

5. Discussion

5.1. Paleolimnological variations

As our diatom diagram (Fig. 2) displays the presence of A. granulata
from the bottom of Zone 1 and we did not find any traces of the



Fig. 2. Diatom valve concentration and relative abundances of dominant taxa for the PASADO sedimentary composite profile, covering the interval from 16.32 to 14.06 m cd (15.50–10.50 ka cal. BP). The diatom stratigraphy displays only taxa
exceeding a total relative abundance of all analyzed core levels of 0.75% and a relative abundance of 2% in at least one core level.
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Fig. 3. Relative diatom abundances and microsedimentological analyses from Jouve et al. (2013) for the PASADO sedimentary composite profile, covering the interval of 15.50 to 10.50 ka cal. BP (16.32–14.06 m cd). From left to right: YD (Younger
Dryas) as defined by Lowe et al. (2008); ACR (Arctic Cold Reversal) as defined by Pedro et al. (2011); composite depth scale; age scale from the PASADO agemodel version 3 (Kliem et al., 2013); Antarctic ice-sheet discharge (ADI) events (Weber et al.,
2014); diatom zones (DZ); relative abundances of periphytic (benthic+ epiphytic) and planktonic diatom taxa;Mn/kcps; Ca/kcps; Ca/Si ratio; Total organic carbon (TOC%);micropumice counts (% black pixels) and occurrence of Phacotus lenticularis
(Jouve et al., 2013). Environmental and/or climatic significance of each proxy is indicated at the bottom of each profile. Interpretations in the position of the SWW in relation with prevailing north-shifters (NS+) or prevailing south-shifters (SS+)
periods. (kcps = kilo count per second; SWW = Southern Hemisphere Westerly Winds; A, B, C, D, E = gray zones indicate major peaks occurring simultaneously in planktonic diatoms and TOC profile.)
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brackish-water diatom Thalassiosira patagonica in the whole record, the
analyzed sediment core section of our study should correspond to the
period of approximately 14.75 to 11.50 ka cal. BP (diatom Zone 1) of
the diatom diagram presented in Massaferro et al. (2013), and to the
interval between 14.50 and 12.25 ka cal. BP (part of pollen zone PTA 1
and PTA 2) of the diagram shown in Wille et al. (2007). Both diagrams
derive from the SALSA composite profile.When compared to the diatom
diagram presented by Recasens et al. (2015) for the PASADO composite
sediment profile, our diatom record corresponds to diatom Zone DZ-7
(16.60–10.50 ka cal. BP).

During the period between 15.60 and 15.05 ka cal. BP (diatom
Zone 1), water conditions in Laguna Potrok Aike seem to have been
alkaline and electrolyte-rich with increased lake primary produc-
tion, probably due to higher temperatures and nutrient inputs.
Wind conditions around the maar have probably been intensified.
The diatom assemblage of this zone is mainly dominated by small
alkaliphilic, benthic, oligohalobus fragilarioids (e.g., Fragilaria sensu
lato spp., Pseudostaurosira spp., S. cf. alpestris, S. venter, S. pinnata) and
Opephora taxa, which are often numerous in littoral habitats and indica-
tors of electrolyte-rich waters (Sabbe and Vyverman, 1995; Witkowski
et al., 2000). The presence of the two periphytic alkaliphilic diatoms
C. placentula and K. clevei also suggests alkaline water conditions
(Hofmann et al., 2011). The high abundance of benthic taxa could be
explained by high lacustrine productivity and an important influx of
allochthonous organic matter in Laguna Potrok Aike, following the
deglaciation in Patagonia, which started around 17 ka cal. BP (Hahn
et al., 2013; Zolitschka et al., 2013). Zhu et al. (2013) observed a signif-
icant shift in isotopic records of bulk organic matter for the period be-
tween 17.30 and 13.00 ka cal. BP, which also points to increased lake
primary productivity, and which Zhu et al. (2013) attribute to warmer
temperatures and increased nutrient input. Small benthic Fragilaria
sensu lato taxa have been described as pioneer species, since they are
often found with great abundance in the initial lake phases following
deglaciation (Pienitz et al., 1991; Saulnier-Talbot et al., 2003). They
are considered opportunists, as they quickly form blooms because of
their high turnover rates, and temporarily outcompete larger diatom
species with slower growth rates due to the very short growing season.
As they are well adapted to alkaline conditions, they easily take advan-
tage of high initial supplies of allochthonous nutriments (Laing et al.,
1999; Saulnier-Talbot et al., 2003; Köster and Pienitz, 2006). Hahn
et al. (2013) suggest a warm, humid and windy environment for the
Late Glacial to Early Holocene with vast littoral areas, favoring the
growth of aquatic mosses. The presence of A. granulata between 15.60
and 15.05 ka cal. BP also points to warming temperatures and/or
turbulent waters as this large and heavily silicified, thread-like colony
building centric diatom requests high water turbulence in order to
achieve buoyancy (Fernández et al., 2013; Recasens et al., 2015) and re-
main suspended in the photic zone of the lake (Bradbury and Dieterich-
Rurup, 1993). It could therefore be a proxy for high and/or increasing
wind speeds during this period. A. granulata is described as a taxon of eu-
trophic epilimnetic and low-light, turbid habitats which tolerates C defi-
ciency and is sensitive to Si depletion (Bradbury and Dieterich-Rurup,
1993; Gómez et al., 1995; Reynolds et al., 2002; Wille et al., 2007;
Massaferro et al., 2013). Wille et al. (2007) also suggest higher tempera-
tures in combination with increased wind speeds in the steppe
surrounding Laguna Potrok Aike starting around 14.60 ka cal. BP.

The time interval between 15.05 and 12.81 ka cal. BP (diatom Zone
2) is characterized by oscillations of the lakewater level and hence vary-
ing habitat availability, lake water conductivity and trophic conditions.
Higher lake levels associated with cool oligotrophic freshwater condi-
tions and higher wind activity are alternating with more nutrient-rich
water conditions and lower water levels, as well as lower wind speeds.
The cyclic pattern displayed by the relative abundances of the centric
taxa C. patagonicus on the one hand and D. stelligera & D. glomerata,
Fragilaria sensu lato spp., Opephora spp. and S. venter on the other
hand in diatom Zone 2 is likely related to variations in the interactions
between wind activity, precipitation, temperature and/or hydrological
changes (e.g. groundwater input, surface water inflow due to perma-
frost). These parameters influence directly the lake water balance and
hence varying habitat availability, lake water conductivity, trophic
conditions and the stratification of the water column. Both diatoms
C. patagonicus and D. stelligera have been found in oligotrophic
mountain lakes of western Patagonia, Argentina, with bicarbonate and
calcium as predominant ions, water temperatures between 7 and
21 °C, circumneutral to slightly alkaline pH (6.9–7.4), low conductivity
(20–60 μS cm−1) and reactive silica concentrations of 7 to 30 mg l−1

(Guerrero and Echenique, 2002, 2006). As D. stelligera is described as a
cosmopolitan and ubiquitous diatom that tolerates a wide range of
water bodies and water quality conditions, it can probably better
tolerate more extreme water conditions than C. patagonicus, a taxon
that is currently known only from a few oligotrophic freshwater ecosys-
tems in southern Patagonia (Guerrero and Echenique, 2002, 2006;
Recasens et al., 2012, 2015; Massaferro et al., 2013). In diatom Zone 2,
higher lake levels associated with cool and more transparent oligotro-
phic freshwater conditions are indicated by the dominance of
C. patagonicus, whereas more nutrient-rich waters, lower water levels
and a stratified water column are marked by increases in D. stelligera
& D. glomerata and small benthic taxa (e.g. Fragilaria sensu lato spp.,
Opephora spp., S. venter) (Guerrero and Echenique, 2002, 2006; Wille
et al., 2007; Recasens et al., 2012, 2015; Massaferro et al., 2013). High
abundances of benthic taxa (e.g. Fragilaria sensu lato spp., Opephora
spp., S. venter), indicate greater availability of shallower water habitats
and substrates in the littoral zone of lakes (Moser et al., 2000). Further-
more, these associations are supported by the fact that larger and more
heavily silicified planktonic diatoms (e.g. C. patagonicuswith a diameter
of 19–30 μm, compared to the significantly smaller D. stelligera & D.
glomerata with diameters of 5–10 μm) are generally favored by more
extensive open water (pelagic) zones. They normally need a deeper
water column with higher turbulence due to higher wind speeds and/
or colder and denser water to stay suspended in the photic zone
(Recasens et al., 2012).

During the period from12.81 to 11.31 ka cal. BP (diatomZone 3), the
water level of Laguna Potrok Aike is still oscillating, however, water
temperature as well as nutrient and electrolyte contents seem to have
increased. The diatom assemblage of this zone mirrors the same cyclic
pattern already observed in Zone 2, except that the abundance of D.
stelligera & D. glomerata increases significantly, probably indicating
higher water conductivity and trophic conditions. This observation cor-
roborates the results of Zolitschka et al. (2013), suggesting high lake-
levels for the onset of the deglaciation at 17.00 ka cal. BP with a slightly
but constant lake-level lowering till 11.60 ka cal. BP. Between 13.60 and
11.10 ka cal. BP (15.34–14.44 m cd), Jouve et al. (2013) observed peaks
of Ca/Si, Ca and Mn as well as the presence of the green alga
P. lenticularis, which has been associated with variations in the ventila-
tion of thewater column (Fig. 3). The Ca/Si and Ca peaks in diatom Zone
3 are indeed related to the calcite lorica of P. lenticularis (Haberzettl
et al., 2007; Jouve et al., 2013). Mild climatic conditions with only
relatively weak SWW would have favored the thermal stratification of
the waterbody with higher water temperatures in the epilimnion, as
P. lenticularis only occurs at water temperatures N15.8 °C and prefers
alkaline conditions (pH between 8.3 and 9.6). In case of a stratified
water column, Mn peaks are suggested to be related to the preservation
of diagenetic Mn-oxides due to oxygen depletion in the deep basin
(Jouve et al., 2013). Haberzettl et al. (2007) also noted a drier andwarm-
er climate for the zone corresponding to the period between 12.80 and
11.40 ka cal. BP in the pollen diagram ofWille et al. (2007). As no brack-
ish or saline diatoms were encountered in the diatom diagram, the lake
level variations during Zones 2 and 3 can be considered as moderate.

Between 11.31 and 10.51 ka cal. BP (diatom Zone 4), the lake level of
Laguna Potrok Aike seems to decrease progressively, increasing the
availability of littoral habitats as well as the trophic water conditions.
In this zone, the proportion of epiphytic diatoms increases at the
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expense of planktonic taxa while the benthic fraction remains stable.
Epiphytic diatoms are associated with littoral lake habitats that support
prolific macrophyte growth (Fernández et al., 2013). Enhanced condi-
tions for macrophyte growth may be due to better availability of nutri-
ents and/or light penetration in the water column, as well as expansion
of the littoral habitat (Fey et al., 2009). Epiphytic taxa are often the
major primary producers and provide an important supply of autoch-
thonous carbon and energy to higher trophic lake levels. Their quantity
and productivity are mainly affected by light, temperature, nutrients,
wave action, water-level fluctuations and plant architecture. A higher
proportion of epiphytic diatoms in the sediment samples could be
explained with stronger wind-induced lateral water movements and
stronger wave action which favors the transport of macrophytes and
epiphytic diatoms from the littoral habitat towards the lake center
and coring position, where epiphytic diatoms deposit together with
planktonic taxa in the sediment (Bradbury and Dieterich-Rurup, 1993;
Fey et al., 2009; Kastner et al., 2010). Furthermore, the abundance
of D. stelligera & D. glomerata steadily increases at the expense of
C. patagonicus, probably also indicating higher water conductivity and
trophic conditions. Even if Zolitschka et al. (2013) assume a stepwise
lake-level increase for the time between 11.50 and 10.50 ka cal. BP, di-
atom assemblages rather point to a continuing lake level lowering
with higher availability of littoral habitats and higher trophicwater con-
ditions. Our findings corroborate with the observations of Massaferro
et al. (2013) for the same period, who also stated a gradual change
from high water level and oligotrophic conditions towards more nutri-
ent rich waters and decreasing water levels at the transition between
DZ1 and DZ2 of their diatom diagram.

Another important observation is, that for the entire time span from
15.60 to 10.51 ka cal. BP the TOC profile positively mirrors the fluctua-
tions in abundance of planktonic diatoms, particularly C. patagonicus,
which is the species driving the changes in our diatom diagram, where-
as there is a negative correlation between the TOC percentage and peri-
phytic (benthic + epiphytic) diatom abundances (Fig. 3). The gray
zones (A, B, C, D, E) are indicatingmajor peaks occurring simultaneously
in planktonic diatoms and the TOC profile. Furthermore, zones A, B, C
and D in our figure correspond to zones P, a, b and c of Ca/Si, Ca and
Mn peaks in Jouve et al. (2013). The increase in mineral and geochemi-
cal parameters reflects the presence of turbid conditions due to higher
wind activity and less water column stratification (Bradbury and
Dieterich-Rurup, 1993). Hausmann et al. (2011) showed that diatom
community composition changes in response to mixing of the water
column and they argue that diatom-inferred lake circulation reflects
wind rather than thermal conditions. As demonstrated in Jouve et al.
(2013), the TOC profile between 13.64 and 11.64 ka cal. BP can be
used as an indicator of organic matter (OM) preserved in sediments as
it is correlated to Mn peaks. Indeed, the hypothesis of oxygen depletion
at the water-sediment interface explains the preservation of Mn-oxides
and OM in sediments and was favored by Jouve et al. (2013) and
Zolitschka et al. (2013). In this context, relatively weak SWW resulted
in a stratifiedwater columnand subsequent changes inwater columndy-
namics. Though the presence of micropumices is anticipated to subdue
the TOC signal between 15.59 and 13.64 ka cal. BP (Jouve et al., 2013),
the positive correlation between the TOC values and the abundance of
planktonic diatoms, independent of the micropumice presence, suggests
that TOC peaks also infer past changes in water column stratifications.

5.2. Implications for the position of the SWW since the Last Glacial

The current position of the SWW belt is located south of Laguna
Potrok Aike (Hodgson and Sime, 2010; Lamy et al., 2010; McGlone
et al., 2010), while its LGM position (Ledru et al., 2005) was located
north of Laguna Potrok Aike (Fig. 4). Throughout the Late Glacial, Laguna
Potrok Aike was therefore under the influence of the shifting SWWbelt,
and its sediment archive is likely to have recorded these changes (Fig. 3).
The cyclic pattern in the diatom signal is interpreted accordingly,
concomitant with Ca/Si, Ca, Mn and TOC peaks (Jouve et al., 2013),
thus proposing a new way of explaining shifts in SWW position during
the Late Glacial. For instance, as the position of the SWW influences
the water balance at Laguna Potrok Aike (Garreaud, 2007; Mayr et al.,
2007), and because high lake levels are associated with wetter climate
conditions (more easterly winds) and low lake levels with dryer periods
(more westerly winds) (Haberzettl et al., 2005), our study depicts at
least five rapid SWW oscillations (gray zones A, B, C, D, E in Fig. 3) at
latitude 52°S between the Last Glacial and Early Holocene periods.

Along the deglaciation, several global, hemispherical and regional
climatic conditions likely had opposite effects/influences on the posi-
tion of the SWW. Indeed, increased post-LGM globalmean temperature
and decreased post-LGM global ice-sheet growth acted as “south-
shifters” (Williams and Bryan, 2006; Toggweiler, 2009; Cartwright
et al., 2011; Fletcher and Moreno, 2012; Razik et al., 2013), while
increased sea-ice cover around Antarctica during the ACR and
global cooling during the YD acted as “north-shifters” (Hudson and
Hewitson, 2001; Williams and Bryan, 2006). In this context, peaks of
planktonic diatoms, in particular those C. patagonicus, reveal a higher
lake level due to prevailing north-shifters (NS+)whereas those of peri-
phytic (benthic+epiphytic) taxa infer a lower lake level due to prevail-
ing south-shifters (SS+) (Fig. 3), from the beginning of the ACR to the
end of the YD. Therefore, transition between the LGM-northward- and
the Early Holocene-southward-position of the SWW was interrupted
several times by “north-shifters” actors. The post-glacial establishment
in a southward position of the SWW seems to have occurred just at the
end of the YD chronozone (Fig. 3).

In our diatom diagram, most of the diatom zones (DZ) appear to
have a fairly similar duration (DZ1: 600 yr, DZ2a: 1330 yr, DZ2b:
900 yr, DZ3a: 800 yr, DZ3b: 700 yr; DZ4: 800 yr). As the lower limit of
DZ1 and the upper limit of DZ4 are not determined by major changes
in the diatom assemblages, yet are truncated by the selected sediment
section, we have to focus on DZ2 and DZ3. A well-constrained solar
cycle of about 900 years (i.e. Sonett, 1984; Stuiver and Braziunas,
1989) could be the origin of such environmental changes. In fact, chang-
es in the position of the SWW are known to be related to sea-ice extent
around Antarctica (Hudson and Hewitson, 2001), which in turn is relat-
ed to temperature conditions in Antarctica. In this case, the ~900 year
solar cycle may have induced changes in the position of the SWW
belt. Weber et al. (2014) have provided evidence for millennial-scale
variability in Antarctic ice-sheet discharge (AID) during the last deglaci-
ation. In particular in Scotia Sea and Antarctica sediment cores, they
have recognized five phases of Antarctic ice-sheet discharges. The fol-
lowing AID events are corresponding to our time interval (15.5–
10.5 ka cal. BP): AID 6 (14.86–13.94 ka), AID 5 (13.65–13.28 ka), AID 4
(13.04–12.71 ka), AID 3 (12.03–11.78 ka) and AID 2 (11.46–11.00 ka)
(Fig. 3). These intervals correlate with ice-rafted debris events in the
Scotia Sea that coincide with enhanced iceberg flux from the Antarctic
ice-sheet. Because increased sea-ice extent around Antarctica results
in a northward movement of the SWW position, we can hence relate
AID events to increased precipitation at Laguna Potrok Aike. Indeed, if
Laguna Potrok Aike is not influenced by the Westerlies during these
events, then the Easterlies transport more humidity and bring more
precipitation to the region and the lake. Our planktonic diatom taxa,
particularly C. patagonicus, are interpreted in terms of higher lake levels
and more oligotrophic conditions, which is in agreement with the re-
sults presented byWeber et al. (2014). Future scientific research efforts
in this region, and around Antarctica, should therefore focus on achiev-
ing additional high-resolution analyses on oceanic and atmospheric
paleo-circulations, in order to refine the position of the SWW during
past interglacials and sudden climate changes.

6. Conclusions

Detailed diatom analyses of the Late Glacial time interval between
15.60 and 10.51 ka cal. BP allowed to distinguish four different diatom



Fig. 4. SeaWiFS (Sea-viewingWide Field-of-view Sensor) image of ocean color during austral summerwith the position of Laguna Potrok Aike; northern and southern limit of the current
strongest annualmeanwinds at 10m above the surface for the period 1979 to 1999 (modified fromHodgson and Sime (2010); Lamy et al. (2010);McGlone et al. (2010)) (gray lines); the
5–9°migration northwards of the southwesterlywinds during the LGM according to Ledru et al. (2005) (black lines); currentWinter Sea Ice Cover (WSIC) around Antarctica (white line),
according to the NASA Goddard Space Flight Center; the fluctuation zone of the SWW position during the deglaciation (area between gray and black arrows).
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zones that correspond to variations in the lake water level of Laguna
Potrok Aike, providing evidence for a high lake level stand during
most of the Late Glacial period. In this paper, we demonstrated that
diatoms are an ideal proxy to complement microsedimentological
analyses by providing important independent information on the past
limnological dynamics of Laguna Potrok Aike and the paleoclimatic
conditions that prevailed in the study area during the Late Glacial. The
presence of micropumices has previously been suggested to subdue
the TOC signal for the oldest Late Glacial period, i.e. from 15.59 to
13.64 ka cal. BP in Jouve et al. (2013). We now get a better understand-
ing of the variations in the water column ventilation for the entire Late
Glacial interval from the positive correlation between TOC values and
the abundance of planktonic diatoms. However, as we are not yet able
to quantify the impact of diatoms on the TOC signal, this aspect should
be investigated in more detail in future studies. Furthermore, the
high-resolution study of the PASADO core that combines detailed
microsedimentological data with new high-resolution diatom analyses,
reinforced the assumption expressed by Jouve et al. (2013) and
Zolitschka et al. (2013) that the Late Glacial interval was character-
ized by relatively high lake levels and weaker SWW, thereby favor-
ing anoxia in the bottom waters of Laguna Potrok Aike. It also
revealed a recurrent shifting pattern of the SWW position in south-
ern Patagonia that appears to be related to changes in sea-ice extent
and ice-sheet discharge events in Antarctica from the beginning of
the ACR to the end of the YD.
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