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a b s t r a c t

A 106-m long sediment sequence from the maar lake Laguna Potrok Aike in southern Patagonia was
recovered in the framework of the International Continental Scientific Drilling Program (ICDP) Potrok
Aike maar lake Sediment Archive Drilling prOject (PASADO). About half of the sedimentary sequence is
composed of mass movement deposits (MMDs) and the event-corrected record reaches back to
51,200 cal BP. Here we present a high-resolution rock-magnetic study revealing two sedimentary facies
associated with MMDs and characterized by two different types of spurious gyroremanent magnetiza-
tion (GRM) acquired during static alternating field demagnetization. The first rock-magnetic signature is
detected in MMDs composed of reworked sand and tephra material. The signature consists of GRM
acquired during demagnetization of the natural remanent magnetization (NRM) and other rock-
magnetic properties typical of iron sulfides such as greigite. We interpret these intervals as authigenic
formation of iron sulfides in suboxic conditions within the MMD. The second rock-magnetic signature
consists of a series of 10 short intervals located on the top of MMDs characterized by GRM acquisition
during demagnetization of the isothermal remanent magnetization (IRM). Based on geological, limno-
logical, stratigraphic and climatic evidence these layers are interpreted as reflecting pedogenic hematite
and/or goethite brought to the lake by runoff events related to precipitation and permafrost melt. The
pedogenic iron minerals mobilized from the catchment most likely settled out of suspension on top of
MMDs after a rapid remobilization event. The series of runoff events corresponds to periods of increased
lacustrine productivity in Laguna Potrok Aike and are coeval within the limit of the chronology to warm
periods of the Last Glacial as recorded in Antarctica, the deglaciation in the mid-latitudes of the Southern
Hemisphere and enhanced precipitation during the Early Holocene in southeastern Patagonia.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Millennial-scale climate change recorded in Antarctica ice cores
during the Last Glacial period led changes in Greenland (e.g., EPICA
community members, 2006) and the last climatic transition was
probably triggered in the Southern Hemisphere by the action of
alian Archeomagnetism Lab-
ralia. Tel.: þ61 03 9479 1392;

.au, agathe_lp@hotmail.com
changing westerly winds (Anderson et al., 2009) or sea-ice cover
(Knorr and Lohmann, 2003) on ocean circulation. Despite its
importance in the global climate system, the pre-Holocene Ant-
arctic millennial-scale climate variability remains less documented
than its Greenland counterpart (e.g., Dansgaard/Oeschger events).
This limitation is partly due to the scarcity of pre-Holocene high-
resolution records in the Southern Hemisphere largely dominated
by the open ocean. Nevertheless, in recent years a growing number
of high-resolution paleoclimate records from the Southern Hemi-
sphere emerged and revealed in-phase climate patterns with
Antarctica, including marine sediment cores from offshore
Australia and New Zealand (e.g., Pahnke, 2003; Barrows et al.,
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Fig. 1. A) Aerial photograph and bathymetry of Laguna Potrok Aike in southern South
America. The PASADO coring sites 1 and 2 as well as other coring sites discussed in the
text are indicated. B) Main and minor wind directions as well as annual precipitation in
southern South America (modified from Sch€abitz et al., 2013).
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2007), southern South America (e.g. Kaiser et al., 2007; Caniup�an
et al., 2011; Weber et al., 2012) and in the path of the Antarctic
circum-polar current (Mazaud et al., 2007; Pugh et al., 2009).
Continental records from Australia (Williams et al., 2009), southern
Africa (Gasse et al., 2008) and southern South America (Kilian and
Lamy, 2012) also document Antarctic-like climate changes during
the Last Glacial, however generally at low temporal resolution and
often discontinuously.

The Potrok Aike maar lake Sediment Archive Drilling prOject
(PASADO) in the framework of the International Continental Sci-
entific Drilling Program (ICDP) recovered a high-resolution sedi-
mentary archive reaching back to the Last Glacial in southern South
America (Zolitschka et al., 2009, 2013 and papers therein). Previous
records from this region are mostly limited to the Holocene and the
Lateglacial (cf. Kilian and Lamy, 2012). Located in a region identified
as the source area for Glacial dust deposited in Antarctica during
the Last Glacial periods (Basile et al., 1997), the new continental
record from Laguna Potrok Aike provides a unique opportunity to
document past climate changes in south-eastern Patagonia since
the Last Glacial period for comparison with the Antarctic climate
record.

Careful macroscopic sedimentological study of the long PASADO
sedimentary sequence revealed that mass movement deposits
(MMD) including ball and pillow structures, normally graded beds,
structureless sands and fine gravel layers constitute about half of
the record (Kliem et al., 2013a,b). Recent geochemical, mineralog-
ical and elemental studies indicate rare diagenetic remobilization
linked to oxic conditions and only sparse organic and carbonate
inputs (Hahn et al., submitted for publication; Nuttin et al., 2013).
Despite a relatively homogeneous clastic composition throughout
the sedimentary sequence, Jouve et al. (submitted for publication)
documented identical geochemical signatures for different types
of microfacies and as a result, Jouve et al. (2013; submitted for
publication) and Hahn et al. (submitted for publication) raised
caution against the use of some elemental ratios (e.g., Fe/Mn, Fe/Ti,
Mn/Ti) to infer paleoclimatic changes on the complete sequence. In
addition, the presence of micropumice (Jouve et al., 2013) and fine
sands to coarse silt layers disseminated throughout the record
(Kliem et al., 2013a,b) highlight the difficulty for readily identifying
some MMD and for interpreting paleoclimatic signals.

Magnetic properties of the sediment appear especially suited to
overcome these difficulties and build continuous paleoclimate
proxies from the sediments of Laguna Potrok Aike. Magnetic
properties have the advantage of targeting only magnetic mineral
(primarily iron oxides, oxyhydroxides and sulfides) and they are not
necessarily biased by dilution effects such as the presence of
rhyolitic micropumice in Laguna Potrok Aike (Jouve et al., 2013;
Wastegård et al., 2013). Mineralogy and grain size-dependent
magnetic properties are not influenced by concentration changes,
and concentration-dependent parameters can be normalized to
avoid such influences (Verosub and Roberts, 1995; Dekkers, 1997;
Maher and Thompson, 1999; Evans and Heller, 2003). Previous
rock-magnetic measurements from the sediments of Laguna Potrok
Aike indicate a magnetic assemblage dominated by magnetite
(Gogorza et al., 2011, 2012; Recasens et al., 2012; Lis�e-Pronovost
et al., 2013; submitted for publication). But evidence for other
iron oxides such as maghemite and/or hematite (Gogorza et al.,
2012), as well as iron sulfides (Jouve et al., 2013; Vuillemin et al.,
2013) were reported. The low-resolution analyses of the PASADO
core-catcher samples recently uncovered the potential to use rock-
magnetism to identify MMD (Recasens et al., 2012). Here we pre-
sent a high-resolution rock-magnetic study of the complete sedi-
mentary sequence from Laguna Potrok Aike in order to investigate
changes in the magnetic assemblage associated with MMDs and
discuss their paleoclimatic implications.
2. Geological setting

Laguna Potrok Aike (51�580S, 70�230W; 113 m a.s.l.) is the only
maar lake in the Pali Aike volcanic field in southern Argentina
(Fig. 1A), with a maximum diameter of 3.5 km and water depth of
100 m. Located on the lee-side of the Andean cordillera in south-
eastern Patagonia, the region is today influenced by the strong,
dry and persistent Southern Hemisphere Westerly Winds (SWW)
(e.g., Garreaud et al., 2013). As a result, the annual precipitation is
low (ca 200 mm/yr; Mayr et al., 2007; Ohlendorf et al., 2013), the
climate is semi-arid and aridisols are capable of holding only sparse
Patagonian steppe vegetation (Wille et al., 2007; Sch€abitz et al.,
2013). Winds rarely originate from other directions but easterly
winds from the humid Atlantic air masses can be accompanied by
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extreme precipitation events (Ohlendorf et al., 2013; Sch€abitz et al.,
2013) (Fig. 1B). The lake is polymictic; there is currently no strati-
fication of the water column (Zolitschka et al., 2006) and recent
high-resolution geochemical study revealed that such oxic condi-
tions have predominated since 51,200 cal yr BP (Hahn et al.,
submitted for publication). Both aerial and submerged lake level
terraces indicate significant lake level changes have occurred since
the Last Glacial period (Haberzettl et al., 2005, 2008; Kliem et al.,
2013a,b; Zolitschka et al., 2013). At present there is no inflow or
outflow and the clastic lacustrine sediment is primarily deposited
after eolian transport, and subordinated by remobilization of sed-
iments during lake level changes and episodic runoff event.

The regional surface geology consists of semi-consolidated
sedimentary rocks of the Miocene Santa Cruz Formation, Mio-
Pliocene basalts, pyroclastic and phreatomagmatic sediments, and
unconsolidated Quaternary deposits including tills, glaciofluvial,
fluvial, lacustrine and aeolian sediments (D'Orazio et al., 2000;
Zolitschka et al., 2006; Ross et al., 2011; Coronato et al., 2013).
The unconsolidated deposits provide abundant silt to sand size
detrital magnetite (Coronato et al., 2013; Lis�e-Pronovost et al.,
2013; submitted for publication).

3. Methods

3.1. Field work

A total of 533 m of sediment were retrieved in 2008 at two sites
in the deep basin of Lake Laguna Potrok Aike (position on Fig. 1) in
the framework of the ICDP. Coreswere collected using the GLAD800
drilling platform operated by the consortium for Drilling, Obser-
vation and Sampling of the Earth's Continental Crust (DOSECC). Site
2 was selected for multi-proxy high-resolution analyses by the
PASADO science team because of higher core recovery (98.8%) and
lower apparent sand content (Zolitschka et al., 2009). The sedi-
mentary sequence at site 2 was built from 3 holes (Fig. 1; Kliem
et al., 2013a,b) and has a composite length of 106.09 m.

3.2. Discrete samples

A series of 59 pilot cube samples (2 � 2 � 2 cm) were recovered
from parallel cores (holes A, B and C at site 2; Fig. 1) at depths
readily correlated to the composite profile using high-resolution
core images. The cube samples were first used to measure the
frequency dependence of magnetic susceptibility at room-
temperature using Bartington dual frequency (0.46 and 4.6 kHz)
MS2B meter. Difference in the susceptibility measured at low and
high frequency is diagnostic of ultrafine (<0.03 mm) super-
paramagnetic and ferrimagnetic particles (Dearing, 1999). After-
ward the anisotropy of magnetic susceptibility (AMS) was
measured using the magnetic anisotropy susceptibility bridge
“Roly-Poly” at the Institute for Rock Magnetism (IRM) of the Uni-
versity of Minnesota in Minneapolis. The best-fit AMS tensor was
obtained by least-squares and the degree of AMS was calculated by
dividing the maximum by minimum susceptibility.

The composite profile at site 2 was sampled at ca 40 cm intervals
(total of 243 samples) for the measurement of hysteresis loops and
derived properties including saturation remanence (Mr), saturation
magnetization (Ms), bulk coercive force (Hc) as well as remanent
coercive force (Hcr) using a Princeton Corp. alternating gradient
force magnetometer (model MicroMag 2900 AGM). The magnetic
properties Mr, Ms, Hc and Hcr depend on coercivity and domain
state of the magnetic assemblage, and the ratios Mr/Ms and Hcr/Hc
are commonly used as a magnetic grain size indicator (Day et al.,
1977; Dunlop, 2002; Tauxe, 2010). The high-field magnetic sus-
ceptibility (kHF) is the high-field slope of magnetization on the
hysteresis curve. It reflects the contribution of non-ferrimagnetic
material (diamagnetic and paramagnetic minerals), unsaturated
antiferromagnetic minerals and unsaturated ultrafine super-
paramagnetic particles (e.g., Brachfeld, 2006). The proportion of
high-field susceptibility for each sample was calculated by
normalizing the hysteresis curve slope correction in a field of 0.3 T
(kHF) with Ms. As low coercivity minerals (magnetite and maghe-
mite) are saturated in fields <0.3 T and higher coercivity minerals
such as hematite and goethite are not (Dunlop and €Ozdemir, 2007),
the proportion of high-field susceptibility reflect the hardness of
the sediment in the absence of dia-, para- and superparamagnetic
change. In order to further investigate the grain size distribution, 36
samples were selected for first-order reversal curve (FORC; Roberts
et al., 2000) analyses in a saturating field of 1.2 T using the same
instrument. Five of the discrete samples are associated to rock-
magnetic facies 1 and were used for additional analysis. Unfortu-
nately, no samples from facies 2 were left available. Magnetic ex-
tracts (using a neodymium hand-magnet) from rock-magnetic
facies 1-B, D, E, C and G were analyzed using JEOL 6460LV scanning
electron microscope equipped with an Energy Dispersive X-ray
Spectrometer (SEM-EDS) in order to identify the iron minerals.

3.3. Continuous u-channel samples

The continuous u-channel samples from the composite sedi-
ment sequence at site 2 (99 sections; 106.09 m) were measured at
1-cm resolution. The natural, anhysteretic and isothermal rema-
nent magnetizations (NRM, ARM, IRM) were measured using a
minimum of 8 alternating field (AF) demagnetization steps (0, 10,
20, 30, 40, 50, 60 and 70 mT) using a 2G cryogenic magnetometer
for u-channels. ARM was imparted with a peak AF of 0.1 T and a
direct current (DC) bias field of 0.05 T. Susceptibility of anhysteretic
remanent magnetization (kARM) was obtained by normalizing
ARM by the DC field applied. Two IRMs at 0.3 T and 0.95 T were
successively induced using a 2G pulse magnetizer and stepwise AF
demagnetized. The low field magnetic susceptibility (kLF) using a
point sensor and the diffuse spectral reflectance (L*, a*, b* color
space) using a Minolta in-line spectrophotometer were measured
on a GEOTEK Multi-Sensor Core Logger (MSCL) at 1 cm intervals at
ISMER.

We use a set of rock-magnetic ratios and indicators to effectively
discriminate between different magnetic minerals and magnetic
grain sizes (e.g., Maher et al., 1999; Stoner and St-Onge, 2007). This
approach is particularly useful when working with large datasets
such as high-resolution measurements on continuous u-channel
samples of long sediment cores. The median destructive field
(MDF) is the field required to remove half of the initial remanence,
whether natural or induced. It is influenced by magnetic grain size
and mineralogy; hence MDF is a measure of the coercivity of a
magnetic recording assemblage. Similarly, the remanence ratios
permit isolation of a coercivity population between two demag-
netization steps of a natural, anhysteretic or isothermal remanent
magnetization (NRM, ARM or IRM). The ratio of ARM (or kARM)
normalized by IRM is often referred to as the ARM ratio (e.g., Egli,
2004a; Lascu and Plank, 2013). It is commonly used as a magnetic
grain size indicator for a magnetic assemblage dominated by
magnetite because small single domain (SD) grains display
disproportionately high ARM values (Maher and Taylor, 1988). As a
result, the ARM ratio responds to small SD biogenic magnetite
(Moskowitz et al., 1993; Snowball et al., 2002; Egli, 2004a) as well
as to ultrafine magnetite near the superparamagnetic (SP)/stable
singe domain (SSD) boundary, to SD extracellular or pedogenic
magnetite particles (€Ozdemir and Banerjee, 1982; Maher and
Taylor, 1988; Moskowitz et al., 1993; Frankel and Bazylinski,
2003; Maher et al., 2003; Egli, 2004a). The ratio of anhysteretic or
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saturation isothermal remanent magnetization (ARM or SIRM) to
magnetic susceptibility (kLF) are also magnetic grain size indicators
for a mineralogy dominated by magnetite (King et al., 1982;
Thompson and Oldfield, 1986). SIRM/kLF can be influenced by
paramagnetic and superparamagnetic contributions (e.g.,
Thompson and Oldfield, 1986; Stoner et al., 1996) and for a mag-
netic mineralogy containing iron sulfides (greigite and pyrrhotite),
high values of SIRM/kLF are caused by typically low kLF (Snowball
and Thompson, 1990; Roberts, 1995; Fu et al., 2008). Higher
values of SIRM/kLF are associatedwith high coercivity minerals such
as hematite and goethite because their strong resistance to
magnetization results in relatively low IRM acquired in a given field
than other magnetic minerals and exceptionally low kLF, which is
measured in a weak applied field (Maher, 2011). Finally, the ratio
IRM/SIRM is useful to infer the degree of magnetic “hardness” i.e.,
the proportion of high coercivity minerals relative to low coercivity
minerals (e.g., Stoner and St-Onge, 2007; Maher, 2011).

The sediment from Laguna Potrok Aike overall displays very
high values of IRM in direct current (DC) fields of 0.3 T and 0.95 T
(average value of all data >6 Am�1; Table 1) and the intensity of
IRM00.95 T is sometimes lower than IRM00.3 T. This is due to the
inability of the cryogenic magnetometer system to accurately
detect magnetization >ca 1 Am�1 in samples with high concen-
tration of magnetic mineral (Roberts, 2006) such as the sediment
from Laguna Potrok Aike (2e9 wt % of Fe2O3; Hahn et al., submitted
for publication). This instrumental limitation obviously prevents us
from using the IRM/SIRM ratio to track the relative contribution of
high coercivity minerals in a continuous way; however the arith-
metic average values for the different sediment types are included
in Table 1. In this study, we use the remanence ratios, kARM/
IRM00.3 T (herein referred to the ARM ratio), IRM00.95 T/kLF (herein
referred to SIRM/kLF) and IRM00.3 T/IRM00.95 T (herein referred to
IRM/SIRM) from continuous u-channel samples data to identify
rock-magnetic facies.

3.4. Lithology and chronology

Kliem et al. (2013a,b) described five lithological units for the
composite sediment sequence from Laguna Potrok Aike based on
the type of pelagic sediment and the frequency of MMDs. The
simplified lithostratigraphic log as well as the radiocarbon-based
chronology is presented in Fig. 2. The three lowermost units
(10,609e8153 cm, 8153e4023 cm and 4023e1872 cm) correspond
to the Last Glacial period and are characterized by progressive
decrease in the percentage, frequency and thickness of MMD. From
1872 to 882 cm (Early Holocene, Lateglacial and ending Last Glacial)
there is a dominance of pelagic laminated silts intercalated with
thin fine sand and coarse silt layers, high content of plant macro
remains and gastropods, few carbonate crystals and the occurrence
of normally graded beds and pillow structures. The uppermost
sediment type (882e0 cm) corresponds to the Holocene and con-
sists of pelagic laminated silts with relatively high amounts of
Table 1
Average values of selected parameters for rock-magnetic facies 1 and 2 compared to
all data from Laguna Potrok Aike. Bold indicates notable data. The high values of
SIRM/kLF (IRM00.95 T/kLF) in facies 1 is linked to low kLF values. High values of ARM
ratio (kARM/IRM0.3T) in facies 2 is linked to low IRM0.3T values.

kLF
(10-5SI)

NRM0

(Am�1)
ARM0

(Am�1)
IRM0

0.3 T
(Am�1)

IRM0

0.9 T
(Am�1)

IRM/
SIRM

ARM
ratio
(mmA�1)

SIRM/kLF
(kAm�1)

All data 137 0.033 0.18 6.5 6.2 1.08 0.78 7.4
Facies 1 86 0.027 0.14 6.3 5.9 1.07 0.65 23.1
Facies 2 117 0.025 0.17 1.3 1.5 0.88 4.10 2.6
carbonates, in agreement with Nuttin et al. (2013). The chronology
of the event-corrected composite depth (cd-ec) of the pelagic
sediment sequence (4580 cm cd-ec) is based on a mixed-effect
regression model of 58 radiocarbon dates and supported by 6
known tephra layers as well as by a global-scale magneto-
stratigraphy using relative paleointensity (Kliem et al., 2013a; Lis�e-
Pronovost et al., 2013). Lithological and tephra correlation with
previously studied cores from Laguna Potrok Aike further supports
the radiocarbon-based chronology, including a core located nearby
in the lake center covering the last 16,000 cal BP (PTA03/12-13;
location on Fig. 1; Haberzettl et al., 2007) and a low-resolution core
from a lake level terrace covering a similar time span (PTA03/5-6;
location on Fig. 1; Haberzettl et al., 2009).
4. Results

4.1. Magnetic assemblage

4.1.1. Discrete samples
The rock-magnetic analysis of cube samples reveals that 1) the

degree of anisotropy is weak (less than 1.15), which indicates that
the magnetic assemblage is not dominated by minerals with strong
magnetocrystalline or shape anisotropy, and 2) the frequency-
dependant magnetic susceptibility is generally lower than 2%,
which indicates that there is no detectable superparamagnetic (SP)
contribution (Dearing, 1999) in the general magnetic assemblage.
Similar frequency-dependant results were obtained for the sedi-
ments of Laguna Potrok Aike for the last 16,000 cal BP (Gogorza
et al., 2011, 2012), however we note that SP in low abundances
are difficult to detect in the absence of low temperature measure-
ments. The typical hysteresis curve for the pelagic sediment has a
narrow loop and the shape is typical of pseudo single domain (PSD)
magnetite (Fig. 4A) (Tauxe et al., 1996). The associated first-order
reversal curve (FORC) diagram also indicates PSD magnetite with
closed peak structures and coercivity spectra centered at ca 20 mT
(Fig. 4A). The enlargement of the contours near the applied field axe
(Hu) additionally indicates a possible contribution of MD or SP
magnetite (Muxworthy and Roberts, 2007). The typical FORC dia-
gram of tephra material displays a “kidney” shape towards higher
coercivities (Fig. 4B). This shape is reported for iron sulfides greigite
and pyrrhotite (Wehland et al., 2005; Roberts et al., 2006, 2011;
Larrasoa~na et al., 2007). The “kidney” shape is frequent in FORC
diagrams of tephra material, in agreement with previous observa-
tion of iron sulfide framboids in the micropumice vesicles of
reworked tephra from Laguna Potrok Aike (Jouve et al., 2013;
Vuillemin et al., 2013). The “kidney” shape is also observed in
different degrees in pelagic and MMD samples throughout the re-
cord, suggesting small contribution of iron sulfides in addition to
magnetite. Together, cube and discrete sample analyses further
support PSD magnetite as the dominant magnetic mineral in the
sediment of Laguna Potrok Aike since 51,200 cal BP (Gogorza et al.,
2011, 2012; Recasens et al., 2012; Lis�e-Pronovost et al., 2013;
submitted for publication).
4.1.2. Continuous u-channel samples
Fig. 4 presents a set of u-channel-based high-resolution mag-

netic properties for the PASADO sedimentary sequence (106.06 m).
The average values of selected parameters are listed in Table 1.
There is an overall low amplitude variability within the rock-
magnetic parameters that is interrupted by peaks in the ARM ra-
tio, SIRM/kLF, Mr/Ms and kHF/Ms. The peaks fall within or over MMD
and represent two particular rock-magnetic signatures associated
with two distinct types of gyroremanence best represented by
remanence ratios NRM70/NRM0 (features A to R) and IRM400.3 T/



Fig. 2. Acquisition of gyroremanent magnetization (GRM) during static alternating field (AF) demagnetization of the sediment of Laguna Potrok Aike is observed within and over
mass movement deposits (MMD; in light gray, those with GRM in dark gray). Rock-magnetic ratios IRM400.3 T/IRM00.3 T and NRM70/NRM0 indicate GRM acquired during AF
demagnetization of isothermal and natural remanent magnetization, respectively. The lowercase and capital lettered features indicate the position of rock-magnetic facies 1 (from A
to R) and rock-magnetic facies 2 (from a to j) discussed in the text. The radiocarbon-based chronology, lithological units and description from Kliem et al. (2013a,b) are presented on
the right.
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IRM00.3 T (features a to j) associated to MMD (Fig. 2). These in-
tervals are discussed in more detail.

4.2. Rock-magnetic facies

4.2.1. Facies 1
Rock -magnetic facies 1 represents 4.60 m or 4.3% of the total

sediment record and is characterized by gyroremanence acquisition
during AF demagnetization of the NRM, as indicated by high values
of the remanence ratio NRM70/NRM0 (features A to R; Figs. 2 and 4).
The spurious remanence is acquired perpendicular to the AF di-
rection (Fig. 5) from 20 to 55 mT in sandy sediment and from 30 to
45 mT in tephra material. The example shown in Fig. 5 (facies 1E at
3316 cm) is composed of tephra material. Facies 1 is generally
characterized by low and unstable NRM, low kLF values, and peak
values of SIRM/kLF (Table 1; Fig. 2). The discrete sample at 1732 cm
depth is part of a reworked tephra displaying the facies 1 rock-
magnetic properties (feature B; Fig. 2). Its FORC diagram displays



Fig. 3. First-order reversal curve (FORC) diagrams and hysteresis curves depicting the
coercivity distribution of a typical pelagic sediment (A) and a tephra layer sample (B)
from Laguna Potrok Aike, compared with samples from facies 1-B and 2-e (C and D).
The raw (gray) and high-field slope corrected (black) magnetization are illustrated. The
“kidney” shape indicated by a broken line on tephra's is reported for iron sulfides
(Wehland et al., 2005; Roberts et al., 2011).

A. Lis�e-Pronovost et al. / Quaternary Science Reviews 98 (2014) 110e125 115
coercivity spectra centered at ca 20 mT and a “kidney” shape. The
paleomagnetic directions display large amplitude changes in rock-
magnetic facies 1, and in particular the paleomagnetic inclination
sharply departs from the theoretical geocentric axial dipole (GAD)
value for the site latitude (Fig. 6). Together the shape of the FORC
diagram, gyroremanence during AF demagnetization of the NRM
and peak values of SIRM/kLF are diagnostic of iron sulfides such as
greigite and pyrrhotite in facies 1 (Snowball, 1991; Roberts, 1995;
Maher et al., 1999; Sagnotti and Winkler, 1999; Roberts et al.,
2011). This is further supported by SEM-EDS identification of
framboidal iron sulfides (Fe and S) in the facies 1 sample (Fig. 7). In
addition, there are abundant iron oxide (Fe and O) coatings on all
grain types (Fig. 7), as also observed in SEM-EDS analysis of thin
slices (Jouve et al., submitted for publication).

4.2.2. Facies 2
Rock-magnetic facies 2 represents 0.99 m or 0.93% of the total

sediment record and is characterized by maximum peak values of
the ARM ratio (>2.5 mmA�1), relatively lower IRM00.3 T values
(Table 1; Fig. 4) and acquisition of gyroremanence during AF
demagnetization of IRM. The latter is best represented by the
remanence ratio IRM400.3 T/IRM00.3 T (Fig. 4). Acquisition of the
spurious remanence between perpendicular and antiparallel to the
alternating field begins between 5 and 15 mT and continues up to
15e35 mT, and then the sample is progressively demagnetized
(Fig. 5). Paleomagnetic directions are stable and consistent with the
GAD inclination for the coring site (Fig. 6) and there are sometimes
single domain-like (SD) magnetic properties, as indicated by a
higher Mr/Ms ratios (features a, e, h, j; Fig. 4) as well as MDFARM/
MDFIRM values greater than 1 (a, c, e, f; not shown). The occasional
SD-like properties and high values of the ARM ratio (average of
4.1 mmA�1; Table 1) point to finer magnetic particles such as
magnetosomes, authigenic magnetite and/or pedogenic magnetite
(e.g., Moskowitz et al., 1993; Egli, 2004a). For magnetite, the high
ARM ratio is attributed to the SD particle size, giving rise to un-
usually strong ARMs (Maher, 1988). However, in the sediment of
Laguna Potrok Aike, peak values of the ARM ratio are not related to
an ARM maximum, but to an IRM minimum (Table 1; Fig. 4).
Therefore, and because not all intervals of facies type 2 display SD-
like properties, finer magnetite particles alone cannot account for
the magnetic signature and other magnetic minerals must be
present.

The average IRM/SIRM values for facies 2 is lower than the
average for the complete dataset and for the facies 1 (Table 1)
pointing to a contribution of higher coercivity minerals. This is
supported by a systematically lower proportion of saturation ac-
quired in forward fields of 0.3 T and 0.95 T (Table 1; Fig. 4), and by
higher values of high-field susceptibility (Fig. 4). For instance, the
sample at 2537 cm cd (corresponding to feature e of facies 2) has a
steeper high field slope in the raw hysteresis loop (Fig. 3, light gray
curve) relative to the typical pelagic, fine sediment, and tephra
material. Because there is no significant dilution of the
concentration-dependant rock-magnetic properties in facies 2
(Fig. 4) as would be expected for an increase in para- or diamagnetic
contributions, the steep slopes are attributed to unsaturated mag-
netic minerals in a 0.3 T field, and could additionally reflect a
contribution of ultrafine superparamagnetic particles. Finally, the
more open hysteresis loop and a FORC diagram covering a slightly
larger range of coercivities than the typical pelagic sediment (Fig. 3)
is also consistent with a contribution of high coercivity minerals
such as hematite and goethite to facies 2.

4.2.3. Stratigraphy of the rock-magnetic facies
Rock-magnetic results reveal that the higher proportion of

magnetic minerals besides magnetite is found in relation to MMDs
in the sediment of Laguna Potrok Aike. Iron sulfides (facies 1) are
found within MMDs composed of sands and tephra (Fig. 6), and
high coercivity minerals (facies 2) are found in sediment deposited
immediately above MMDs (for example the features i and j; Fig. 6).
Weaker rock-magnetic signatures in facies 2 occur within MMDs,
but with lower intensity (e.g., ARM ratio < 2.5 mmA�1). We now
focus on the 10 strongest signatures denoted as a to j (Figs. 2 and 4).



Fig. 4. Rock-magnetic properties of the composite sedimentary sequence at site 2 from Laguna Potrok Aike. From left to right: low field magnetic susceptibility (kLF), natural (NRM0),
anhysteretic (ARM0) and isothermal (IRM00.3 T) remanent magnetizations before alternating field (AF) demagnetization, and the proportion of high-field susceptibility normalized
by saturation magnetization (kHF/Ms) are presented on a log scale. The grain size indicators Mr/Ms and the ARM ratio (kARM/IRM00.3 T) are presented. Selected samples for FORC
analyses are shown with larger symbols on kHF/Ms and Mr/Ms curves. High values of the remanence ratio IRM400.3 T/IRM00.3 T that indicate the acquisition of gyroremanence
during AF demagnetization of IRM within rock-magnetic facies 2 is labeled from a to j. High values of the remanence ratio NRM70/NRM0 that indicate gyroremanence acquisition
during AF demagnetization of NRM within rock-magnetic facies 1 is labeled from A to R. Symbols (open or closed) represent the associated sediment type (tephra or sand,
respectively) of type 1 intervals. Peak values of SIRM/kLF (IRM00.95 T/kLF) are indicative of iron sulfides (Maher et al., 1999). The position of tephra layers and lithological units from
Kliem et al. (2013a,b) are presented on the right panel.
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The L* values is a useful indicator of (white-colored) tephra layers,
which are sometimes associatedwith iron sulfides at Laguna Potrok
Aike (e.g., features O and P; Fig. 6). While not all sand- and tephra-
bearing MMD have rock-magnetic signatures of facies 1, iron sul-
fides (facies 1) are most frequently located directly at the base of
MMD horizons, and a series of facies 1 features are sometimes
observed within a MMD (for example features N, O and P in
MMD52; Fig. 6). Four MMDs are associated with both facies (1 and
2). However, most of the time the facies occur independently of
each other, suggesting there is no link between their formations.
Visual description of the rock-magnetic facies 2 sediment and
associated MMDs are presented in Table 2. There is often plant
macro remains of aquatic mosses visible in the sediment and the
MMDs are either capped with sands, reworked tephra material
(feature b is located above a tephra from Reclus volcano; Wastegård
et al., 2013) or a gray mud layer. Feature a is the only one displaying
yellow coloration. Interestingly, three gray mud layers (associated
to features c, h and j) visibly overlay sediment containing clay ag-
gregates (Fig. 8) recently interpreted as indicators of permafrost
melt (Jouve et al., submitted for publication). In summary, facies 1 is
characterized by iron sulfides inside MMDs composed of sand and
tephramaterial, whereas facies 2 is characterized by high coercivity
minerals deposited on the top of MMDs of various compositions.

5. Discussion

5.1. Gyroremanent magnetization (GRM) and magnetic
mineralogies

While the GRM acquisition during AF demagnetization of the
NRM (such as in facies 1) is frequently used as diagnostic of iron
sulfides in sediments (Snowball, 1997; Hu et al., 1998, 2002;
Stephenson and Snowball, 2001; Roberts et al., 2011), to our
knowledge the acquisition of GRM during AF demagnetization of
the IRM (such as facies 2) was not previously reported.We interpret
the acquisition of GRM in the facies 2 as indicative of field-
dependant anisotropy in hematite and/or goethite particles. From
Stephenson (1980), it is well known that the anisotropy of a sample
is responsible for the GRM acquisition during AF demagnetization.
Consequently, only a magnetic mineral becoming magnetically
anisotropic when subjected to an IRM can account for the acqui-
sition of GRM uniquely during AF demagnetization of the IRM (and
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Fig. 5. Demagnetization plots and orthogonal projection diagrams illustrating the
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indicate the spurious gyroremanent magnetization (GRM) acquired during AF
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not during AF demagnetization of the NRM and ARM; Fig. 5).
Moreover, the fact that intervals displaying GRM during AF
demagnetization of IRM also display contrasting rock-magnetic
signature (facies 2) reveals that technical malfunction such as
transient deformation of the AF waveform (Roperch and Taylor,
1986) is rather unlikely as this particular magnetic behavior is not
seen elsewhere in the record.
Both hematite and goethite minerals have crystal asymmetry
due to structural defects and/or substitutions and as a result,
display variable rock-magnetic properties (Dekkers, 1989; Rochette
et al., 2005; Liu et al., 2010). The acquisition of GRM in facies 2 could
be linked to a metastable domain state of pedogenic hematite as
was hypothesized by Tauxe et al. (1990). This interpretation is
supported by a simple model of realistic acicular SD particles by
Potter and Stephenson (2006) revealing that hematite particles can
display a range of variable stable orientations resulting in large
field-impressed anisotropy and GRM acquisition during alternating
field demagnetization. The distinctive contribution of high coer-
civity minerals in rock-magnetic facies 2 (and the absence of iron
sulfides such as greigite and pyrrhotite) hence suggests that
pedogenic hematite and/or goethite could account for the observed
GRM acquisition. In addition, a near anti-parallel orientation of the
GRM in some of the facies 2might also indicate grains prone to self-
reversal as reported for oxidized iron oxides such as maghemite
and ilmeno-hematite (Channell and Xuan, 2009; Roperch et al.,
2012). If this is the case, the GRM acquired during AF demagneti-
zation of the NRM and ARM must have been swamped by the
strong normal component held by detrital magnetite and only
detectable during AF demagnetization of the IRM because of field-
impressed anisotropy.

5.2. Origin of magnetic minerals

5.2.1. Authigenic formation of iron sulfides in facies 1
The production of magnetic iron sulfides such as greigite and

pyrrhotite in sediments requires sulfate-reducing conditions
(Konhauser, 1998; Sagnotti, 2007). Early diagenetic pyrrhotite is
unlikely to form at temperatures <180 �C (Horng and Roberts,
2006), however greigite is commonly preserved in marine or
lacustrine sediment when the pyritization process is interrupted
(e.g., Fu et al., 2008; Blanchet et al., 2009; Brachfeld et al., 2009) by
decomposable organic matter, dissolved sulfate and/or reactive
iron limitation (Berner, 1984).While there are abundant iron oxides
in Laguna Potrok Aike (Gogorza et al., 2012; Lis�e-Pronovost et al.,
2013; submitted for publication), the very low organic matter
content in the sediment (average of 0.55% and 0.98% during the Last
Glacial period and since 17,300 cal BP, respectively; Hahn et al.,
2013) and the variable amount of dissolved sulfate (from 0 to
1500 ppm; Vuillemin et al., 2013) most likely limited pyritization.
The low kLF values of facies 1 (Table 1), the weak and unstable NRM
as well as the sharp inclination change (Fig. 6) altogether point to
dissolution of detrital magnetite, which in turn would have pro-
vided the required reactive Fe2þ for iron sulfides formation.

We infer that while diffusing upward, the Fe2þ reacted with
available organic matter and dissolved sulfate in the pore water to
form greigite. It is unclear whether organic matter or sulfates
limited pyritization in tephra layers. Nevertheless, precipitation of
iron oxide coatings on minerogenic grains indicate excess Fe2þ

reaching the oxic/anoxic boundary (Stumm and Morgan, 1996;
Gobeil et al., 1997). The situation is different in sand layers, where
abundant pore water sulfate suggests that organic matter most
likely limited the process of pyritization. A low-resolution study of
site 1 (position on Fig. 1) (Vuillemin et al., 2013) identified three
intervals of significantly higher pore water sulfate interpreted as
major mafic inputs to the lake. The depth correlation between sites
1 and 2 (Gehbardt, pers. comm.) indicates that these mafic inputs
correspond to the cluster of facies 1 features -I to -M, and features
1-H and -F in reworked sand layers at site 2 (Fig. 4). Hence, pres-
ervation of greigite in these mafic sand layers was most likely
promoted by higher sulfate availability and limited by low organic
matter content. The high-resolution rock-magnetic identification of
greigite in facies 1 provides support to the interpretation of



Fig. 6. Stratigraphy of facies 1 and 2 with mass movement deposits (MMDs) in the interval 73e78 m blf. From left to right: core photograph, and simplified lithostratigraphic log, L*,
ARM ratio (ARM/IRM00.3 T), remanence ratios IRM400.3 T/IRM00.3 T and NRM70/NRM0, SIRM/kLF and paleomagnetic inclination. The vertical line on the inclination plot indicates the
theoretical value for a geocentric axial dipole (GAD) at the latitude of the coring site. The MMDs are underlined in gray and the features N, O, P (facies 1) as well as i, j (facies 2) are
indicated.

Fig. 7. Scanning electron microscopic (SEM) images and X-ray identification of framboidal iron sulfides and iron oxide coatings in facies 1. Red circles indicate spots for X-ray
element analyses and white arrows indicate iron oxide coatings precipitated on detrital grains. A) General view of iron oxide coatings on various types of detrital grains in facies1-G,
B) aggregates of framboidal iron sulfides and iron coating in facies 1-B and C) in facies 1-D, close-up of D) iron oxide coating on a detrital grains in facies 1-E and E) on micropumice
in facies 1-G. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 2
Description of the sediment and mass movement deposits (MMDs) associated with
the 10 labeled rock-magnetic facies 2.

Rock-magnetic
facies 2

Deptha

(cm cd)
Agea (cal BP) Mass movement deposit

Name Sediment
description

Thickness
(cm)

Sediment
description

a Yellow color;
vegetal debris

1184 9260 ± 715 22 Sands

b Layer of
vegetal debris

1648 16030 ± 560 174 Reworked tephra
material including
mud laminations

c Gray mud
overlaying clay
balls in the
MMD

1875 17320 ± 543 141 Mud

d Layer of
vegetal debris

2143 20250 ± 672 34 Sand at base,
fining upward
with plant
debris on top

e Gray mud 2533 24280 ± 1140 158 Mud
f Mud 3678 30640 ± 1313 126 Mud and sands
g Mud 4708 37290 ± 1316 12 Sand layers with

mud clasts
h Gray mud

overlaying clay
balls in the
MMD

5753 46000 ± 4484 82 Sand at base,
fining upward

i Laminated mud 7403 49320 ± 7790 20 Sand and mud
j Gray mud

overlaying clay
balls in the
MMD

7600 49580 ± 8077 202 Mud, sand and
tephra material,
folded structure

a Depth and age as on the top of the MMD.
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Vuillemin et al. (2013) and additionally reveals 3 previously un-
detected sand layers with the same rock-magnetic signature (facies
1 features -A, C, and R). Despite minimal diagenetic processes in the
sediment of Laguna Potrok Aike (Nuttin et al., 2013; Vuillemin et al.,
2013; Hahn et al., submitted for publication), our results reveal that
adequate conditions for the authigenic formation of greigite were
reached in some MMDs.
5.2.2. Input of pedogenic particles for facies 2
Rock-magnetic data reveal a series of 10 short intervals (facies 2)

with a magnetically significant proportion of high coercivity min-
erals (hematite and/or goethite). We interpret these intervals as
containing pedogenic particles transferred to the lake by extreme
runoff events based on geological, limnological, stratigraphic and
climatic evidences.
Fig. 8. Core photograph showing clay aggregates (some are pointed using white ar-
rows) and mass movement deposits (MMDs) associated to facies 2 features c, h and j.
First, we consider the possible sources of high coercivity
authigenic or detrital minerals in lake sediments. There is no
paleolimnological evidence (since 51,200 cal BP; Zolitschka et al.,
2013, 2009) that Laguna Potrok Aike met the hypersaline and
acidic lake conditions required for precipitation of authigenic he-
matite concretions, as documented for Lake Brown (Australia) and
possibly also for planet Mars (Bowen et al., 2008), or for the pre-
cipitation of authigenic goethite as reported in acidic mining lakes
(Blodau and Gatzek, 2006). Additionally, the slow process of in-situ
iron oxide oxidation at the sediment/water interface (e.g.,
Robinson, 2000) is unlikely for Laguna Potrok Aike because of high
sedimentation rates (average of 90 cm/ka; Kliem et al., 2013a,b).
Stable magnetic grain size and concentration-dependant parame-
ters (e.g., MDFNRM, ARM) as well as the maintained stability of the
NRM in facies 2 argue against diagenetic alteration of magnetic
minerals. Therefore, the high coercivity minerals in facies 2 are
interpreted as a detrital addition to the magnetic assemblage.
Moreover, as there are no hematite or goethite-bearing rocks in the
Pali Aike volcanic field (Ross et al., 2011; Coronato et al., 2013), the
most likely source is through oxidation of the abundant detrital
magnetite in the lake catchment. The iron oxides maghemite, he-
matite and goethite are typically associatedwith soils and paleosols
(Dunlop and €Ozdemir, 2007;Maher, 2011). Maghemite (gFe2O3) is a
cation-deficient spinel formed during pedogenesis, and is difficult
to distinguish from magnetite based solely on room-temperature
rock-magnetic properties. Further oxidation leads to hematite and
goethite, which are “hard” antiferromagnetic minerals (e.g., Maher
et al., 1999). Soil formation in arid to semi-arid climates strongly
depends on precipitations. In particular, when the mean annual
precipitation is lower than ca 200 mm/yr, bacterial activity (which
releases the Fe2þ for pedogenic magnetite precipitation) becomes
limited, and as a result hematite and goethite accumulate (Maher,
2011). We note that goethite is more ubiquitous in soils than he-
matite, which is typically associated to tropical and sub-tropical
climate (e.g., Maher, 2011). However, well-drained soils in a
cooler climate can result in preferential accumulation of hematite
when short periods of wetness alternate with long warm and dry
periods (Schwertmann et al., 1982; Maher, 1998) and hematite was
reported for Argentinean loess using rock magnetic, M€ossbauer
spectroscopy, and bulk geochemical measurements (Carter-Stiglitz
et al., 2006). Regardless of the precise magnetic mineralogy, the
high coercivity contribution in the PASADO record is interpreted as
resulting from oxidation of detrital magnetite and the occasional
SD-like properties of facies 2 possibly indicate a variable proportion
of SP/SD magnetite and maghemite precipitated during wetter
periods. In a biplot of MDFARM vs ARM ratio designed to identify the
provenance of magnetite particles (Egli, 2004a), rock-magnetic
facies 2 clusters in a region between pedogenic/extracellular and
biogenic magnetite (Supplementary data). This further supports
the presence of pedogenic particles in facies 2 and reveals a
possible contribution of biogenic magnetite.

Second, we discuss the possible transport processes of pedo-
genic particles to the lake. Extreme precipitation events, snowfall
and permafrost melt could generate runoff capable of carving
gullies and canyons such as those visible around the lake (Fig. 1).
Sudden water input can generate instabilities on the steep lake
slopes and trigger a MMD above which the very fine pedogenic
particles would settle. Today, extreme precipitation events are
documented uniquely at times of weak SWW, when easterly and
northern winds reach the region (Ohlendorf et al., 2013; Sch€abitz
et al., 2013) (Fig. 1B). Fig. 9 suggests that this relationship was
probably maintained in the past for times of weaker winds (Lis�e-
Pronovost et al., submitted for publication) associated with higher
MMD frequency in Laguna Potrok Aike since 51,200 cal BP (Kliem
et al., 2013a,b). This interpretation builds on the idea of “event



10

20

30

40

500

2

4

6

8

10
0 10000 20000 30000 40000 50000

N
um

be
r o

f M
M

D

Age (cal BP)

M
D

F IR
M
 (m

T)

+ 
W

in
d 

in
te

ns
ity

 -

Age (cal BP)
0 10000 20000 30000 40000 50000

Fig. 9. Comparison of the frequency of mass movement deposits (MMDs) per 2000
years intervals and wind intensity proxy from Laguna Potrok Aike (MDFIRM; Lis�e-
Pronovost et al., submitted for publication).

A. Lis�e-Pronovost et al. / Quaternary Science Reviews 98 (2014) 110e125120
resistance” where in the presence of consistently strong winds
from the same direction (e.g., the SWW during the Holocene), all
the sediment able to be moved is moved after a certain period of
time. As a result the number of MMD horizons decreases or cease,
and there is a need for wind direction change and/or more extreme
events to trigger the next MMD (Eden and Page, 1998). This is
illustrated by absence of facies 2 in the PASADO record since the
onset of strong SWW (Zolitschka et al., 2013; Lis�e-Pronovost et al.,
submitted for publication). In contrast, without persistent SWW
over Laguna Potrok Aike during the Last Glacial period (Zolitschka
et al., 2013; Hahn et al., submitted for publication; Lis�e-Pronovost
et al., submitted for publication), frequently changing wind di-
rections and intensities (increased gustiness) could account for
more frequent MMDs. This mechanism explains facies 2 and its
relation to MMDs in the PASADO record. In addition, the presence
of more humid air masses from the Atlantic could have favored soil
formation through more frequent precipitation and contribute to
higher lake levels during the Last Glacial (Zolitschka et al., 2013).
Interestingly, periods of simultaneous slides in Laguna Potrok Aike
at 7800 cal BP and 4900 cal BP were identified using seismic sur-
veys (Anselmetti et al., 2009) and correspond to the two latest
periods of increased MMD frequency and relatively lower wind
intensities (Fig. 9). Our results thus hint at greater gustiness as
probable cause for these events, in addition to seismic shaking as
hypothesized by Anselmetti et al. (2009). Finally, the timing of rock-
magnetic facies 2 further supports the proposed transport mech-
anism because all pedogenic runoff events occur during times of
higher MMD frequency and gustiness (gray highlight on Fig. 10).

5.3. Paleoclimatic implications

The formation of authigenic iron sulfides in the PASADO record
indicate reducing conditions inside some MMD horizons. The
reworked mafic sands of facies 1 were likely supplied from mafic
rocks located on the south-west lake shore and could indicate
increased erosion in this area by wave action and/or the temporary
activation of a paleochannel visible on Fig. 1 during a runoff event.
Facies 1 features in reworked tephra material has no clear paleo-
climatic implications. In contrast, in facies 2 the transport and
deposition of pedogenic particles via runoff is necessarily climate-
driven.

Events g and h (Table 2) correspond (within limits) to the two
warmer periods of the Last Glacial as recorded in Antarctica (A1 and
A2, Blunier and Brook, 2001; AIM8 and AIM12, EPICA community
members, 2006). These Antarctic warm periods also associated to
higher atmospheric CO2 concentrations and lower dust fluxes to
Antarctica (EPICA community members, 2006) are characterized
elsewhere in the Southern Hemisphere by increased sea-surface
temperature (Barrows et al., 2007; Caniup�an et al., 2011) and
increased wind-driven upwelling in the Southern Ocean (Anderson
et al., 2009), suggesting significant large-scale reorganization of the
atmosphere-ocean system. In Laguna Potrok Aike, these periods
correspond to increased productivity (Hahn et al., 2013) and to finer
magnetite grains, as indicated by rock-magnetic properties which
are sensitive to smaller grains (MDFARM and Mr/Ms) (Fig. 10). Finer
magnetite grains during warmer and more productive periods
could indicate bacterial magnetite (Egli, 2004b). Interestingly, the
degree of anisotropy of the magnetic susceptibility (although at
only very low resolution) appears to follow changes in lake pro-
ductivity and hence supports the presence of anisotropic biogenic
magnetosomes typically occurring in chains (Moskowitz et al.,
1993; Snowball et al., 2002). Event h likely associated with A2 (at
46,000 cal BP; Table 2) is one of the three runoff events that cor-
responds to clay aggregates in the sediment (Fig. 8). Building on the
recent micro-sedimentological study of Jouve et al. (submitted for
publication), we interpret clay aggregates as direct evidence of
melting permafrost bringing pedogenic iron minerals locked or
formed within permafrost (e.g., Vogt and Larqu�e, 2002) to the lake.
Relict sand wedges attest to the presence of permafrost near
Laguna Potrok Aike in the past (Bockheim et al., 2009) and Kliem
et al. (2013b) recently dated a sand wedge from the Last Glacial
period near Laguna Potrok Aike using optically stimulated lumi-
nescence (OSL) dating.

The two other periods of higher lacustrine productivity in
Laguna Potrok Aike are at ca 50,000 cal BP and from the deglacia-
tion to the Early Holocene (Hahn et al., 2013). Both are associated
with input of pedogenic minerals (facies 2). The event j corresponds
to clay aggregates in the sediment (Fig. 8) interpreted as permafrost
melt. The closely following event i most likely results from a pre-
cipitation event because it is not associated with clay aggregates
and overlays a MMD of muddy sands with plant macro remains of
aquatic mosses suggesting erosive action at lower depths. The age
uncertainty of the radiocarbon-based chronology is large in the
older part of the record, but the events i, j and the coeval maximum
productivity could correspond to the warming at ca 54,000 cal BP
recorded in Antarctica (EPICA community members, 2006)
(Table 2; Fig. 10). Alternatively, the lake productivity could have
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been triggered by the input of nutrients by runoff and sediment
remobilization as also hypothesized by Hahn et al. (2013). Events b
and c correspond to the onset of deglaciation in themid-latitudes of
the Southern Hemisphere (17.3 ka cal BP; Schaefer, 2006) and to
two sudden rise in temperature in southern South America
(McCulloch et al., 2000). Event c at 17,320 cal BP corresponds
(within the limit of the chronology) to the end of a major glacier
advance of the southern Patagonian Ice Sheet (PIS) in the Magel-
lanes Strait (Sugden et al., 2009) and to the retreat of the Seno
Skyring Glacier (Kilian et al., 2007) only ca 100 km south-west of
Laguna Potrok Aike. It is also the youngest event characterized by
clay aggregates (Fig. 8) and interpreted as the result of permafrost
melt. The following event b at 16,030 cal BP is interpreted as linked
to extreme precipitation event(s) because it overlays a thick MMD
(174 cm) composed of tephra material including mud laminations
and layers of plant macro remains. Finally, the more recent event (a
at 9260 cal BP; Table 2) is also associated with high lacustrine
productivity and fine magnetite grains (Fig. 10) and the yellow
coloration (Table 2) of the sediment supports the presence of
goethite for this interval (Schwertmann, 2008). Runoff event a is
interpreted as triggered by an intense precipitation event at
9230 cal BP, which is consistent with a period of weakwesterly flow
in the southern Hemisphere (11,000e8000 cal BP; Fletcher and
Moreno, 2012) as well as pollen-based paleoprecipitation proxy
from Laguna Potrok Aike (Sch€abitz et al., 2013) and the Magellan
Strait region (McCulloch et al., 2000).

Three pedogenic layers, d, e, and f, were not deposited during
the periods of higher lacustrine productivity. Yet, high values of the
degree of anisotropy as well as local intermediate values of pro-
ductivity are associated with pedogenic events e and f (Fig. 10). This
coincidence suggests that the crystalline or shape anisotropy of
hematite/goethite particles might as well contribute to anisotropy
together with biogenic magnetite.

Events d and e (Table 2) follow twomajor glacial advances of the
PIS in the Magellanes Strait at 23,100e25,600 cal BP and
20,400e21,700 (Sugden et al., 2009).While the runoff event d is the
only pedogenic layer that is not associated with a previously
documented warm period, the event e and f at 24,280 and
30,640 cal BP, respectively, are coeval with the warm period AIM2
and AIM4 in Dronning Maud Land, Antarctica (Fig. 8; EPICA
community members, 2006). Interestingly, a continental record
from New Zealand similarly points to warmer temperatures during
AIM2 as indicated by greater tree abundance (Callard et al., 2013).
6. Conclusions

The high-resolution rock-magnetic study of the sediments
deposited in Laguna Potrok Aike since 51,200 cal BP indicates the
presence of PSD magnetite with isolated intervals of iron sulfides
(facies 1) and oxidized pedogenic particles (facies 2) representing a
total of ca 5% of the sedimentary sequence. The two distinct types of
magnetic signatures are associated with MMDs in Laguna Potrok
Aike and display contrasting rock-magnetic signatures compared to
the rest of the record dominated by PSD magnetite (Gogorza et al.,
2011, 2012; Recasens et al., 2012; Lis�e-Pronovost et al., 2013).
Fig. 10. Comparison of the paleotemperature proxy (d18O) from Antarctica (EPICA commun
et al., 2013) and rock-magnetic properties including the degree of anisotropy of magnetic
(MDFARM), and the ratio Mr/Ms. MDFARM and Mr/Ms indicate changes in the smaller magnet
and €Ozdemir, 2007). Thick black curves represent the millennial-scale variability and gray c
generally lower wind intensity and increased gustiness (cf. Fig. 8.). Red vertical lines indicate
from a to j) and pink lines represent the age uncertainty of the radiocarbon-based chronolog
2006) and Antarctic warm events A1 and A2 (Blunier and Brook, 2001) are indicated. (For in
web version of this article.)
This study reveals that changes in the magnetic mineralogy are
useful for identifying MMD in hydrologically closed lake basins
with a uniform sediment source such as in the case of Laguna
Potrok Aike. In particular, we used spurious laboratory magneti-
zations as a useful means of identifying the sedimentary magnetic
mineralogy. While GRM is well-documented for iron sulfides (as in
facies 1), we have provided evidence of GRM acquisition during AF
demagnetization of IRM most likely attributed to pedogenic he-
matite (facies 2). In the rock-magnetic facies 1, iron sulfides are
authigenically formed by sulfate reduction within MMD composed
of mafic sand or tephra material. Facies 2 contains oxidized pedo-
genic iron minerals (such as hematite and goethite) formed in the
lake catchment and transported to the lake by runoff events.
Interestingly, a similar series of events characterized by high
coercivityminerals and possibly attributed to pedogenizedmaterial
during the Last Glacial period was reported in the sediment
sequence of the oligotrophic maar lake Massoko in Tasmania
(Williamson et al., 1999), hinting at a possibly common formation
and deposition process in volcanic field settings. In Laguna Potrok
Aike, the pedogenic particles were deposited on top of a MMD
horizons at times of increased lacustrine productivity, higher MMD
frequency, and increased gustiness, which are nowadays climatic
conditions associated to the enhanced influence of humid air
masses from the Atlantic Ocean (Ohlendorf et al., 2013; Sch€abitz
et al., 2013). Such paleoclimatic conditions during the Last Glacial
period support the importance of gustiness (McGee et al., 2010).
The coincidence of these major precipitation/melt events with the
warm periods AIM-2, -4, -8 and -12 recorded in Antarctica (EPICA
community members, 2006) reveals an Antarctic-like climate in
south-eastern Argentina. The rock-magnetic results also provide
evidence for permafrost melt at ca 50,000, 46,000 and 17,300 cal BP
in the lake catchment of Laguna Potrok Aike. This work documents
abrupt climate changes of regional and hemispheric significance.
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