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a b s t r a c t
The sedimentary archive from Laguna Potrok Aike is the only continuous record reaching back to the last
Glacial period in continental southeastern Patagonia. Located in the path of the Southern Hemisphere
westerly winds and in the source region of dust deposited in Antarctica during Glacial periods, southern
Patagonia is a vantage point to reconstruct past changes in aeolian activity. Here we use high-resolution
rock-magnetic and physical grain size data from site 2 of the International Continental scientiﬁc Drilling
Program (ICDP) Potrok Aike maar lake Sediment Archive Drilling prOject (PASADO) in order to develop
magnetic proxies of dust and wind intensity at 52◦ S since 51,200 cal BP. Rock-magnetic analysis indicates
the magnetic mineral assemblage is dominated by detrital magnetite. Based on the estimated ﬂux of
magnetite to the lake and comparison with distal dust records from the Southern Ocean and Antarctica,
kLF is interpreted as a dust indicator in the dust source of southern Patagonia at the millennial time
scale, when ferrimagnetic grain size and coercivity inﬂuence are minimal. Comparison to physical grainsize data indicates that the median destructive ﬁeld of isothermal remanent magnetization (MDFIRM )
mostly reﬂects medium to coarse magnetite bearing silts typically transported by winds for short-term
suspension. Comparison with wind-intensity proxies from the Southern Hemisphere during the last
Glacial period and with regional records from Patagonia since the last deglaciation including marine,
lacustrine and peat bog sediments as well as speleothems reveals similar variability with MDFIRM up
to the centennial time scale. MDFIRM is interpreted as a wind-intensity proxy independent of moisture
changes for southeastern Patagonia, with stronger winds capable of transporting coarser magnetite
bearing silts to the lake.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The Southern Hemisphere westerly winds (SWW) play an important role in ocean circulation and the global climate system
(e.g., Anderson et al., 2009; Sijp and England, 2008; Toggweiler et
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al., 2006). Yet the latitudinal position and intensity of the SWW
in the past remain an open question (Kohfeld et al., 2013). Patagonia is one of the ﬁve major dust producing regions of the globe
(Roberts et al., 2011) and is of particular interest because it is the
main source area for dust deposited in Antarctica during glacial cycles (Basile et al., 1997; Delmonte et al., 2010, 2004; Gaiero, 2007;
Petit et al., 1999; Sugden et al., 2009). Dust emission is believed
to be related to changes in environmental conditions and possibly wind intensity (e.g., Muhs, 2013; Basile et al., 1997; Sugden
et al., 2009). Sugden et al. (2009) argued that Patagonian glacier
discharge into outwash plains or proglacial lakes acted like an
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on/off switch for dust deposition in Antarctica, hence providing evidence for environmental control on dust emission during the last
glaciation. In contrast, there is to date no record of paleo-wind intensities extending beyond the Late Glacial in southern Patagonia,
where the available records mainly reach back to the Holocene and
deglacial periods (e.g., Villa-Martinez and Moreno, 2007; Björck et
al., 2012; Lamy et al., 2010; Mayr et al., 2007a, 2013; Moreno et al.,
2012, 2009; Waldmann et al., 2010). In order to fully address dust
emission in southern Patagonia during the last Glacial and better
constrain past changes in the SWW, paleo-wind intensity records
from the source region of dust deposited in Antarctica are needed.
Paleo-wind indicators in southern Patagonia are commonly
moisture proxies (e.g., pollen, paleo-ﬁre history, lake level, and
mineralogical data) assuming a major control of wind intensity on
rainfall (Kilian and Lamy, 2012; Kohfeld et al., 2013). However on
the eastern side of the Andes, precipitation is only weakly correlated to westerly wind strength because the very low precipitation
mostly comes from the east and south–west (Garreaud et al., 2013)
and evaporation strongly inﬂuences available moisture (Lamy et
al., 2010; Moy et al., 2008; Ohlendorf et al., 2013). As a result,
numerous moisture-related wind intensity proxies are diﬃcult to
interpret (Fletcher and Moreno, 2012; Moreno et al., 2009) and
there is a need for different types of proxies.
The long sedimentary archive from Laguna Potrok Aike is
the only continuous paleoenvironmental archive from this region
reaching back to the last Glacial period (Kilian and Lamy, 2012;
Zolitschka et al., 2013). Haberzettl et al. (2009) revealed that
the millenial-scale variability of magnetic susceptibility measured
on an independently dated short sediment core collected from
low water depth corresponds to the non-sea-salt calcium (a dust
proxy) from the Antarctic ice core EDC (Röthlisberger, 2002). Such
comparison of magnetic susceptibility signal to dust record were
also reported in sediments from the Southern Ocean and used
to constrain chronologies (Pugh et al., 2009; Weber et al., 2012).
Magnetic susceptibility documents how “magnetisable” the sediment is and while it often primarily reﬂects changes in the concentration of ferrimagnetic minerals, it can also be signiﬁcantly
inﬂuenced by dia-, antiferro-, para-, and superparamagnetic material when the concentration of ferrimagnetic mineral is low, as
well as by changes in magnetic grain size (e.g., Dearing, 1999;
Liu et al., 2012). Interpreting magnetic susceptibility records is
therefore not straightforward and detailed rock-magnetic studies
from Laguna Potrok Aike are necessary to investigate its environmental signiﬁcance (Haberzettl et al., 2009; Maher, 2011). Here
we use high-resolution rock-magnetic data from the sediment deposited in the deepest part of Laguna Potrok Aike in order to
investigate what controls the magnetic susceptibility signal and
develop a new proxy of wind intensity in southeastern Patagonia
since 51,200 cal BP.
2. Geological setting
Laguna Potrok Aike (51◦ 58 S, 70◦ 23 W; 113 m a.s.l.) is a maar
lake in the Pali Aike volcanic ﬁeld of southern Argentina (Fig. 1A)
containing a series of mass movement deposits associated with
hydrological changes, major volcanic eruptions and possibly earthquakes (Anselmetti et al., 2009; Kliem et al., 2013a, 2013b). The
maximum water depth is 100 m and the maximum diameter
is 3.5 km (Haberzettl et al., 2005; Zolitschka et al., 2006). The
lake is located in the mid-latitudes of the Southern Hemisphere,
presently at the southern limit of the strong SWW belt, where
winds can reach a monthly average speed of about 10 m/s at
the beginning of the summer (Schäbitz et al., 2013). The lake is
polymictic; there is currently no stratiﬁcation and the water column is well oxygenated from top to bottom (Zolitschka et al.,
2006). A recent high-resolution geochemical study revealed that
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such oxic conditions have predominated since 51,200 cal BP (Hahn
et al., 2014). In addition, low primary productivity and low organic carbon ﬂuxes likely prevented the development of strong redox gradients at the water-sediment interface (Nuttin et al., 2013),
as also suggested by the infrequent authigenic mineral formation
only associated to reworked sedimentation events (Vuillemin et al.,
2013; Lisé-Pronovost et al., 2014). On the lee-side of the Andean
Cordillera, the annual precipitation is low (ca. 200 mm/yr; Mayr et
al., 2007b; Ohlendorf et al., 2013), the climate is semi-arid and the
vegetation is characterized by a dry steppe (Schäbitz et al., 2013;
Wille et al., 2007). Precipitation in this area mostly originates from
moist Atlantic air masses at times of weaker SWW (Mayr et al.,
2007b; Ohlendorf et al., 2013). There is currently no permanent
surface inﬂow from the catchment area (200 km2 in size) and no
outﬂow (Haberzettl et al., 2005; Zolitschka et al., 2009). This geographical, climatic and geomorphological setting results in frequent
sediment remobilization events in the lake (Kliem et al., 2013a)
and suggests that detrital sediments are brought to the lake primarily by wind and subordinated by episodic runoff.
The surface geology of the region (Fig. 1B) is dominated by
semi-consolidated sedimentary rocks of the Miocene Santa Cruz
Formation (sandstone and siltstone) that are 660 m thick and extensively crop out around Laguna Potrok Aike (Coronato et al.,
2013). Also present are Mio-Pliocene basalts and pyroclastic sediments, and unconsolidated Quaternary deposits including tills,
glacioﬂuvial, ﬂuvial, lacustrine and aeolian sediments (Coronato et
al., 2013; D’Orazio et al., 2000; Ross et al., 2011; Zolitschka et al.,
2006). Only minor modiﬁcation to the overall landscape occurred
since the phreatomagmatic formation of the maar in the Middle
Pleistocene (Coronato et al., 2013; Zolitschka et al., 2013).
3. Methods
3.1. Coring and sampling
The international science team of the Potrok Aike maar lake
Sediment Archive Drilling prOject (PASADO) cored the sediments
of Laguna Potrok Aike in the framework of the International Continental scientiﬁc Drilling Program (ICDP) during austral spring
2008. The sedimentary inﬁll of the maar was sampled up to a
depth of ca. 100 m at two sites in the central basin using a hydraulic piston corer on the GLAD800 platform operated by DOSECC
Inc.
Site 2 (Fig. 1A) was selected as the principal record for
the multi-proxy PASADO paleoenvironmental studies because of
higher core recovery and lower apparent sand content than site 1
(Zolitschka et al., 2009). The composite sedimentary sequence was
established from three holes at site 2 and is 106.09 m long (Kliem
et al., 2013a). It was continuously sampled for paleomagnetic and
rock-magnetic analyses using u-channels (2 × 2 cm section plastic
liner) and a series of discrete samples (2–3 g at ca. 40 cm intervals) at the University of Bremen in June 2009.
3.2. Rock-magnetic measurements
Rock-magnetic measurements on u-channel samples were performed at 1-cm intervals at the Institut des sciences de la mer de Rimouski (ISMER). Volumetric low ﬁeld magnetic susceptibility (kLF )
was measured using a Bartington point sensor MS2E (high sensitivity surface measurement over 0.38 cm; Dearing, 1999) mounted
on a GEOTEK Multi Sensor Core Logger (St-Onge et al., 2007). The
anhysteretic remanent magnetization (ARM) was induced in a peak
alternating ﬁeld of 100 mT in the presence of a weak direct current (DC) biasing ﬁeld of 0.05 mT using a 2G Enterprises ARM
module. Isothermal remanent magnetization (IRM) was imparted
using a 2G Enterprises pulse magnetizer in DC ﬁelds of 300 mT
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Fig. 1. A) Aerial photography and bathymetry from Laguna Potrok Aike in Southern Argentina. Position of the PASADO coring sites as well as cores from previous studies are
indicated. B) Geological and geomorphological map of regional surface deposits in the Pali Aike Volcanic Field (modiﬁed from Ross et al., 2011).

and 950 mT. Each remanent magnetization was step-wise demagnetized and measured with a minimum of 8 steps (0, 10, 20, 30,
40, 50, 60, 70 mT) using a 2G Enterprises SRM-755 u-channel cryogenic magnetometer. The remanence measurement integrates over
a distance of ca. 7–8 cm, as determined by the half-peak width of
the magnetometer pick-up coils’ response function. For comparison
purposes between magnetic susceptibility and remanence data, as
well as with other data from the PASADO site 2 sediment core,
each dataset was interpolated at 10 years interval (initial average
resolution of 11.34 years; Kliem et al., 2013a) and smoothed over
50 data points to obtain the millennial timescale variability. Both
the raw data and the millennial time scale variability (gray and
black curves, respectively) are represented in Figs. 3, 6 and 8.
ARM and IRM are primarily related to the concentration of
ferrimagnetic grains and both also depend on the magnetic do-

main state, however in a different manner. Single domain (SD)
grains more easily acquire an ARM than multi domain (MD) grains
(Maher, 1988; Dunlop and Özdemir, 2007; Evans and Heller, 2003;
King et al., 1982) and as a result, the smaller grains (<1 μm) will
acquire more eﬃciently an ARM and the coarser grains (>10 μm
and up to a few tens of μm) will acquire more eﬃciently an IRM
(Stoner et al., 1996; Peters and Dekkers, 2003). The susceptibility
of anhysteretic remanent magnetization (kARM) is calculated by
dividing the ARM with the DC biasing ﬁeld. kARM is a measure
of the magnetic concentration and domain state and is commonly
used as a magnetic grain size indicator when divided by magnetic susceptibility or IRM (e.g., kARM/k, kARM/IRM) (Egli, 2004;
Maher, 1988; Evans and Heller, 2003; Stoner and St-Onge, 2007;
Banerjee et al., 1981; King et al., 1982). The median destructive
ﬁeld (MDF) is the required ﬁeld to demagnetize half of the initial
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Fig. 2. Radiocarbon-based age model for site 2 of the PASADO sediment record (modiﬁed from Kliem et al., 2013a). Radiocarbon dates and tephra correlation are presented
along the event-corrected composite depth (cd-ec) after removal of mass movement deposits. The red line is the estimated age after two iterations of mixed-effect regressions
using the constant-variance function (for more details, see Kliem et al., 2013a). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

remanent magnetization of a sample and it represents the coercivity of the magnetic assemblage. Within uniform mineralogy MDF
can reﬂect grain size, with coarser grains easier to demagnetize
and thus displaying lower MDF values and vice-versa (Dankers,
1981; Dunlop and Özdemir, 1997). The ratio of the MDF of the
ARM normalized by the MDF of the IRM (MDFARM /MDFIRM ) is notably used in the Lowrie–Fuller test (Lowrie and Fuller, 1971) to inform on the coercivity distribution and indirectly on the magnetic
domain state and grain size of a sample (Xu and Dunlop, 1995;
Dunlop and Özdemir, 1997).
Rock-magnetic measurements on 103 discrete samples from
the pelagic sediment sequence were performed using a Princeton
Measurement Corporation alternating gradient force magnetometer (model MicroMag 2900 AGM) in maximum ﬁeld of 300 mT in
order to obtain the bulk coercive force (Hc), the remanent coercive
force (Hcr), the saturation magnetization (Ms) and the saturation
remanence (Mr). The ratios Hcr/Hc and Mr/Ms are commonly used
in a Day plot (Day et al., 1977; Dunlop, 2002) to estimate the domain state of the magnetic assemblage.
Estimation of the magnetite ﬂux (Fmag) to the coring site is calculated (see below) in order to evaluate if concentration changes
primarily control the kLF record. If this is the case, one would expect Fmag to mimic kLF variability. This simple test is adequate
for the sediments of Laguna Potrok Aike because the magnetic
assemblage in the pelagic sediments is dominated by magnetite
(Section 4.1; Gogorza et al., 2012, 2011; Lisé-Pronovost et al., 2013,
2014; Recasens et al., 2012). Following the method previously used
by Mazaud et al. (2010, 2007), Fmag is calculated with Eq. (1)
using the volumetric low ﬁeld magnetic susceptibility (kLF ), the
sedimentation rate derived from the radiocarbon-based chronology (sedrate; Kliem et al., 2013a) and a theoretical mass speciﬁc
magnetic susceptibility value of 5.96 × 10−3 m3 kg−1 for magnetite
(Kmag) (Dearing, 1999).

demineralized water until a pH of 7–8 was reached, and charged
with a (calgon) solution of 35 g Hexametaphosphate and 7 g Nacarbonate in 1 liter of demineralized water some 24 h before measurements were carried out in order to prevent ﬂocculation of particles. Grain-size analyses were performed using a laser diffraction
particle size analyzer (LS 200, Beckman Coulter) equipped with a
variable-speed ﬂuid module which measures particles from 0.4 to
2000 μm. At least 5 measurements were taken per sample, and
the arithmetic average of all stable runs was used for further calculation. The Fraunhofer optical model was applied to calculate the
grain size distribution.

Fmag = (kLF /Kmag) × sedrate

3.5. Chronology

(1)

3.3. Physical grain size measurement
Physical grain size measurements were conducted at ca. 8-cm
intervals at the University of Bremen. Freeze-dried and homogenized samples were pre-treated with 5% NaClO over 4 days to
remove organic material. The sediment was then washed with

3.4. Lithology
Five lithological units were described for the composite sediment record (106.09 m cd) of Laguna Potrok Aike reaching back to
51,200 cal BP (Kliem et al., 2013a). The units are based on the type
of pelagic sediment and the frequency of mass movement deposits
(MMD) and include: (A) pelagic laminated silts, (B) pelagic laminated silts intercalated with thin ﬁne sand and coarse silt layers,
(C) alternation of A and B with an increase in the frequency and
thickness of MMD from C-1 to C-3 (see stratigraphy and lithology
in Fig. 4). MMD are expressed as ball and pillow structures, normally graded beds, structureless sand and ﬁne gravel layers, matrix
supported layers and one folded sediment structure (Kliem et al.,
2013a). Here we present results from the event-corrected composite depth (45.8 m cd-ec), comprising pelagic sediment only, deposited at an average rate of 80 cm ka−1 (207 cm ka−1 with MMDs
included; Kliem et al., 2013a). The MMDs are therefore excluded
from the stratigraphic record presented in this paper and are discussed elsewhere (Kliem et al., 2013a, 2013b; Lisé-Pronovost et al.,
2014).

The chronology of the PASADO site 2 pelagic sediment sequence is based on 58 radiocarbon dates and the age model
was built using a mixed-effect regression procedure (Kliem et
al., 2013a) (Fig. 2). The age model is supported by lithological
and tephra correlation with previously studied cores from Laguna Potrok Aike, including a core located nearby in the lake

76

A. Lisé-Pronovost et al. / Earth and Planetary Science Letters 411 (2015) 72–86

Fig. 3. A) Low ﬁeld volumetric magnetic susceptibility record (kLF ) from Laguna Potrok Aike compared with B) infrared inferred total organic carbon (IR inferred TOC; Hahn
et al., 2013), C) calculated ﬂux of magnetite to the lake ﬂoor (Fmag) and sedimentation rates (Kliem et al., 2013a), D) kARM/IRM0 mT ratio, E) median destructive ﬁeld of
isothermal remanent magnetization (MDFIRM ) and F) lake-level reconstruction (Zolitschka et al., 2013). Each rock-magnetic parameter was interpolated to 10 years interval
(initial average resolution of 11.34 years; Kliem et al., 2013a) and smoothed over 50 data points in order to obtain the millennial time scale variability. For each parameter
the linear correlation coeﬃcient (r for n = 5066) with kLF is indicated. Climatic periods inferred from rock-magnetic parameters and previous sedimentological studies from
Laguna Potrok Aike (Hahn et al., 2013; Kliem et al., 2013a) as well as marine isotopic stages (MIS) according to Lisiecki and Raymo (2005) are indicated.

center and covering the last 16,000 cal BP (PTA03/12+13; location in Fig. 1A; Haberzettl et al., 2007) and a low-resolution core
from a submerged lake level terrace reaching back to the last
Glacial period (PTA03/5+6; location in Fig. 1A; Haberzettl et al.,
2009). The age uncertainty is larger at the base of the record

because of the increased occurrence of MMD and because the
age approaches the limit of radiocarbon dating. Nonetheless, magnetostratigraphy using the relative paleointensity record supports
the chronology in this problematic interval (Kliem et al., 2013a;
Lisé-Pronovost et al., 2013).
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Fig. 4. A) Day plot diagram (Day et al., 1977) with mixing reference lines from Dunlop (2002) for pelagic sediment samples from Laguna Potrok Aike. B) Biplot of low
ﬁeld volumetric magnetic susceptibility (kLF ) with the median destructive ﬁeld of isothermal remanent magnetization (MDFIRM ). The white arrow indicates the chronological
change since 51,200 cal BP. Volumetric concentration of ferrimagnetic material is estimated from the kLF values (Thompson, 1986) and indicated as vertical lines. Data from
different climatic periods are color-coded. Marine isotopic stages (MIS) according to Lisiecki and Raymo (2005) and the simpliﬁed lithostratigraphic log from Kliem et al.
(2013a) are also shown.

4. Results
4.1. Magnetic mineralogy
The ﬁrst rock-magnetic and paleomagnetic-dedicated studies
from Laguna Potrok Aike were published as part of the South Argentinean Lake Sediment Archives (SALSA) project (past 16,000
cal BP; Gogorza et al., 2011; 2012; Irurzun et al., 2014) and the
ICDP–PASADO project (past 51,200 cal BP; Recasens et al., 2012;
Lisé-Pronovost et al., 2013, 2014). Altogether these studies clearly
identiﬁed magnetite as the dominant magnetic carrier as indicated by temperature-dependent magnetic susceptibility, thermal
demagnetization after induction of a saturating ﬁeld, step-wise acquisition of IRM in ﬁeld up to 2.5 T, s-ratio (IRM300 mT /IRM1200 mT ),
soft-IRM (IRM−40 mT /IRM1200 mT ), the shape of the hysteresis loop,
the remanent coercive ﬁeld (Bcr) and X-ray diffraction analyses of
magnetic extracts. Other magnetic minerals than magnetite were
only identiﬁed in speciﬁc intervals, and include greigite (Vuillemin
et al., 2013; Jouve et al., 2013; Lisé-Pronovost et al., 2014; Irurzun

et al., 2014), hematite and/or goethite (Lisé-Pronovost et al., 2014),
and possibly maghemite (Gogorza et al., 2012; Lisé-Pronovost
et al., 2014). These intervals represent a total of ca. 5% of the
PASADO composite sediment sequence at site 2 and occur in association with mass movement deposits (Lisé-Pronovost et al.,
2014), which were removed from the event-corrected pelagic sediment sequence (Kliem et al., 2013a) presented in this paper.
While magnetite clearly predominates in the pelagic sediment
and held genuine paleomagnetic records (Gogorza et al., 2012;
Lisé-Pronovost et al., 2013), minor contribution of other ferrimagnetic minerals such as titanomagnetite and/or maghemite is suggested by subtle change in the magnetic susceptibility slope of
some of the heating curves at 200–350 ◦ C (Recasens et al., 2012;
Gogorza et al., 2012; Lisé-Pronovost et al., 2013), as well as data
slightly shifted to the right of the theoretical mixing line for magnetite in a Day plot (Fig. 4A; Recasens et al., 2012; Lisé-Pronovost
et al., 2013). However, the latter could also be attributed to a
superparamagnetic contribution. The magnetic mineralogy of the
pelagic sediment possibly includes small quantities of oxidized
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and/or ti-substituted magnetite and/or superparamagnetic grains
together with the dominant mineral magnetite.
4.2. Rock-magnetic stratigraphy
Based on rock magnetic variability as deﬁned by kLF , MDFIRM
and kARM/IRM, four main units stand out (Fig. 3). When placed
on time these units are: from the base of the record (51,200 cal
BP) to 31,500 cal BP, 31,500–17,300 cal BP, 17,300–8100 cal BP and
8100–0 cal BP. These rock-magnetic units are in general agreement
with the lithostratigraphic units described by Kliem et al. (2013a)
(see logs Fig. 4) and interpreted as the Glacial period (C-3/2),
the Last Glacial Maximum (LGM; C-1), the Late Glacial to early
Holocene (B) and the mid to late Holocene (A) (Hahn et al., 2013;
Kliem et al., 2013a).
The units forming the base of the record (51,200 cal BP) to
17,300 cal BP correspond to the Last Glacial period. They are
characterized by ﬁner magnetic grains than the other units, as
indicated by the kARM/IRM ratio and MDFIRM (Fig. 3D–E). The
LGM is delimited by a sharp change to higher values of kLF at
31,500 cal BP and a sharp decrease at 17,300 cal BP (Fig. 3A),
also present in other bulk ferrimagnetic concentration parameters (ARM and IRM, cf. Lisé-Pronovost et al., 2013) but absent in
magnetic grain size indicators (kARM/IRM and MDFIRM ; Fig. 3D–E).
The late Glacial to early Holocene period (17,300–8100 cal BP)
presents intermediate values of magnetic grain size and concentration proxies, with relatively high amplitude of change (Figs. 3
and 4). The organic content in the sediments of Laguna Potrok
Aike abruptly increases (Fig. 3B; Hahn et al., 2013) at the onset
of deglaciation in the mid-latitudes of the Southern Hemisphere
(17,300 cal BP; Schaefer et al., 2006). This dilutes the detrital input with less magnetic grains. Thus, the concentration-dependent
parameters such as kLF and the calculated Fmag decrease concomitantly (Fig. 3A and C). Finally, the Mid- to Late Holocene
unit (since 8100 cal BP) is characterized by distinctively lower
MDFIRM values (Figs. 3E and 4B). This sharp change in coercivity could possibly reﬂect a shift in ferrimagnetic mineralogy (degree of oxidation and/or ti-substitution of magnetite; Dunlop and
Özdemir, 2007), strongly interacting single domain (SD) particles
(Cisowski, 1981; Dunlop and Özdemir, 1997), and/or a shift towards distinctively coarser magnetite grains acquiring the IRM.
The former is unlikely considering the magnetic mineralogy is virtually uniform in the pelagic sediments of the PASADO record,
without any sharp change (Lisé-Pronovost et al., 2013, 2014). In
addition, analysis of the IRM acquisition curve (Supplementary material 1; Kruiver et al., 2001) for representative samples shown
in Fig. 5 clearly indicates one Gaussian coercivity distribution and
further points to an essentially monomineralic magnetic mineralogy dominated by magnetite. Magnetic interaction of SD particles
could inﬂuence MDF values. However the domain states of Laguna Potrok Aike sediments are in the PSD-MD range (and not
in the SD range; Fig. 4A), as also indicated by narrow hysteresis curves, ﬁrst-order reversal curve diagram (Lisé-Pronovost et al.,
2013, 2014), steep IRM acquisition and demagnetization curves
at low ﬁeld values (Fig. 5), and median MDFARM /MDFIRM value
of 0.83 (values <1 indicate MD-type magnetite; Xu and Dunlop, 1995), altogether indicating no magnetic interaction. Moreover,
unchanged average domain state for the total magnetic assemblage since 51,200 cal BP (Fig. 4A) indicates that the sharp coercivity change at 8100 cal BP does not affect the entire grain
size range of pseudo-single domain state (typically 0.1–20 μm;
Moskowitz, 1991; Dunlop and Özdemir, 1997), but is speciﬁc
to the fraction more eﬃciently acquiring IRM (mostly >10 μm;
Fig. 4B).

Fig. 5. Isothermal remanent magnetization (IRM) acquisition up to 300 mT and
alternating ﬁeld (AF) demagnetization after induction of IRM950 mT (same as for
IRM300 mT ) for A) representative sediment for the period since 8100 cal BP (48 cm
cd; 560 cal BP) and B) representative sediment for the last glacial period (3252 cm
cd; 27,720 cal BP). IRM acquisition was conducted on discrete samples and AF
demagnetization was conducted on u-channel samples. MDFIRM value (50% of AF
demagnetization) lower than B1/2 value (50% of IRM acquisition) is typical of magnetite (Dankers, 1981) and steep exponential-like curves at low ﬁelds are typical of
multi domain (MD) particles and indicate no magnetic interaction (Cisowski, 1981;
Dunlop and Ozdemir, 1997). The lower cross-over point during the period since
8100 cal BP suggests an increased contribution of MD magnetite during that period.
C) Frequency histogram for MDFIRM .

4.3. Control on magnetic susceptibility
As stated earlier, the magnetic susceptibility of sediments is
primarily inﬂuenced by the concentration of ferrimagnetic minerals, and also related to sediment composition, magnetic mineral-
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ogy and grain size (Dearing, 1999). The magnetic assemblage of
the pelagic sediment is dominated by the ferrimagnetic mineral
magnetite (Gogorza et al., 2011, 2012; Recasens et al., 2012; LiséPronovost et al., 2013, 2014; Irurzun et al., 2014) which is up to
two order of magnitude more magnetic than iron sulﬁdes and up
to four orders of magnitude more magnetic than antiferromagnetic
minerals (such as hematite and goethite), or paramagnetic compounds such as clays (Dearing, 1999; Maher and Thompson, 1999).
Therefore it is reasonably assumed that kLF record from Laguna
Potrok Aike reﬂects changes in 1) concentration and 2) grain size
of magnetite, rather than mineralogical changes.
4.3.1. Concentration of magnetite
The change in concentration of magnetic minerals is estimated
with the ﬂux of magnetite (Fmag) to the lake (Fig. 3C). Fig. 3A and
C reveal that the sedimentation rate and Fmag on log scales follow the multi-millennial time scale trends of kLF (r = 0.67). The
similar variability of sedimentation rate and kLF using log scales
points to aeolian transport of detrital magnetite to Laguna Potrok
Aike because the transport of particles by wind is an exponential
function of wind velocity (e.g., Pye, 1995; Maher et al., 2010). This
observation also reveals that change in ﬂux of magnetite drives the
multi-millennial time scale variability in kLF . However, high amplitude changes in kLF at the millennial- to centennial time scale are
not reproduced in Fmag, notably during the last Glacial period (before 17,300 cal BP; Fig. 3). This is likely the result of chronological
smoothing (sedrate in Eq. (1)) and might also point to an inﬂuence
of magnetic grain size on kLF at the millennial to centennial time
scale.
4.3.2. Grain size of magnetite
Previous studies investigating the inﬂuence of the physical grain
size of magnetite on magnetic susceptibility overall suggest that
there is no predicable relationship between these two parameters
for the grain size range 0.09–6000 μm (Brachfeld, 1999 and references therein; Dearing, 1999; Tauxe, 2010; Dunlop and Özdemir,
2007; Heider et al., 1996). At Laguna Potrok Aike, the magnetic
grain size indicator kARM/IRM and coercivity indicator MDFIRM reveal that ﬁner magnetic grain sizes moderately and strongly correlate (r = 0.59 and 0.68; Fig. 3D and E) with higher magnetic
susceptibilities (cf., Lisé-Pronovost et al., 2013). The fact that neither MDFNRM nor MDFARM correlate with kLF (r = 0.05 and 0.03,
respectively) indicates that only the grain size fraction > ca. 10 μm
(those predominantly acquiring IRM; e.g., Stoner et al., 1996) correlate with kLF . MDFIRM displays the strongest correlation to kLF
and its millennial to centennial time scale amplitude variability
resembles that of kLF (Fig. 3A and E). This is supported by a coherence analysis using the Analyseries software (Paillard et al., 1996)
between the two rock-magnetic parameters indicating that MDFIRM
and kLF are coherent at the millennial to centennial time scale (periods less than 135 yr and periods centered at ca. 170, 195, 250
and 500; Supplementary material 2).
A closer look at the correlation between magnetic susceptibility and the coercivity indicator MDFIRM with physical grain size
reveals that the coarse to medium silt fractions hold most of the
rock-magnetic information (Table 1). This sediment fraction is typical of loess deposits and more speciﬁcally of short-term aeolian
transport in near-surface to low suspension clouds (Vandenberghe,
2013 and references therein). Coarse to medium silt-sized grains
are also slightly ﬁner than the ﬁrst siliciclastic fraction moved
by winds (Hjulström, 1935; Tucker, 2001), probably as a result
of magnetite having higher density (5.1 g/cm3 ) than the average siliciclastic sediments (e.g., quartz is 2.7 g/cm3 ) from which
the Hjulström curve is derived. The presence of magnetite inclusions within coarse to medium silt-sized siliciclastic host grains
is also likely, as quartz and feldspar were present in magnetic
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Table 1
Linear correlation coeﬃcient (r) of the physical grain size classes with the median
destructive ﬁeld of isothermal remanent magnetization (MDFIRM ) and magnetic susceptibility (kLF ). Data were interpolated in 10 years intervals and smoothed over 50
points in order to obtain the millennial time scale variability and to calculate r on
a common scale (n = 5066). Both rock-magnetic parameters are best correlated to
the coarse to medium silt fraction.
Physical grain sizea
Class

(μm)

Total sediment
Fine sand
Very ﬁne sand
Very coarse silt
Coarse silt
Medium silt
Fine silt
Very ﬁne silt
Clay

125–250
63–125
31–63
16–31
8–16
4–8
2–4
<2

a

MDFIRM

kLF

0.26
0.11
0.40
0.039
−0.66
−0.53
−0.27
−0.05
0.21

0.36
0.25
0.45
0.14
−0.59
−0.56
−0.37
−0.18
0.06

The grain size intervals are from Udden (1914) and Wentworth (1922).

extracts and identiﬁed using X-ray diffraction together with magnetite (Lisé-Pronovost et al., 2013). Altogether, the rock-magnetic
and physical grain size data from the sediment of Laguna Potrok
Aike reveal a similar variability of kLF and MDFIRM at the millennial
to centennial time scale attributable to silt-sized (ca. 10–30 μm;
Table 1) ferrimagnetic grains and/or inclusions within host grains
transported to the lake by short-term suspension. The data presented in this paper is publicly accessible from the PANGAEA depository (http://doi.pangaea.de/10.1594/PANGAEA.837595).
5. Discussion
5.1. Interpretation of magnetic susceptibility
Higher amount of magnetite grains brought to the lake during
the Last Glacial can possibly be attributed to the activation of a
source richer in detrital magnetite and/or a larger surface of erodible land such as outwash plains (Sugden et al., 2009), increased
runoff due to permafrost (Kliem et al., 2013b), and/or enhanced
gustiness of winds (McGee et al., 2010) capable of transporting
more detrital magnetite to the lake. However, interpretation of the
magnetic susceptibility signal is complicated by its correlation to
ferrimagnetic grain size and coercivity (Fig. 3A, D and E), indicating that kLF does not only reﬂect the amount of magnetite brought
to the lake. As kLF is largely independent of magnetite grain
size except for ultraﬁne superparamagnetic particles (SP magnetite
<0.03 μm; Dunlop and Özdemir, 1997), the results hint to possible SP contribution (undetectable at room-temperature; Gogorza et
al., 2012; Lisé-Pronovost et al., 2014) occurring along with and/or
as inclusion within silts, the physical grain size displaying correlation with kLF and MDFIRM . In addition, although believed to
be small based on previous magnetic mineral studies at Laguna
Potrok Aike (see Section 4.1), increased Ti substitution and/or oxidation from magnetite to maghemite by weathering could also
inﬂuence kLF and coercivity values (Dunlop and Özdemir, 1997).
Hence interpreting the kLF signal from Laguna Potrok Aike is not
straightforward because of the complex control of ferrimagnetic
grain concentration, size and coercivity.
Nevertheless, comparison of the high-resolution kLF record from
Laguna Potrok Aike with the ﬂux of dust to the Dome C ice
core, Antarctica (Lambert et al., 2012) (Fig. 6A and C) reveals
a similar multi-millennial variability during the last Glacial period, as was ﬁrst pointed out by Haberzettl et al. (2009) using a
low resolution record from a submerged lake level terrace (core
PTA-03\5-6; location in Fig. 1). Fig. 6B also presents the magnetic
susceptibility of a marine core in the Scotia Sea interpreted as a
distal dust record from southern Patagonia (Weber et al., 2012).
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Fig. 6. Comparison of Southern Hemisphere dust, wind and temperature proxies since 52,000 cal BP (Table 2). From top to bottom: A) dust ﬂux to EPICA Dome C (EDC)
ice core in Antarctica (Lambert et al., 2012), B) magnetic susceptibility from the Scotia Sea (Weber et al., 2012), C) magnetic susceptibility from Laguna Potrok Aike (this
study), D) median destructive ﬁeld of isothermal remanent magnetization (MDFIRM ) from Laguna Potrok Aike (this study), E) δ 18 O record from a speleothem in New Zealand
(Whittaker et al., 2011), F) upwelling intensity off-shore Namibia from the coarse fraction mode of marine sediments (Pichevin et al., 2005), G) wind-driven upwelling
intensity from opal ﬂux in the Southern Ocean (Anderson et al., 2009) and H) paleo-temperature proxy δ 18 O from EPICA Dronning Maud Land (EDML) ice core in Antarctica
(EPICA Community Members, 2006). All records are presented on their own chronology. Thick lines represent the millennial-scale variability of high-resolution records A, B,
C, D, E and H. Lowercase letters indicate dust maxima in A, B and C. Climatic periods from the PASADO record (Figs. 3 and 4; Kliem et al., 2013a; Hahn et al., 2013) and
marine isotopic stages (MIS) according to Lisiecki and Raymo (2005) are indicated.

All records are smoothed to common millennial-scale variability for comparison purposes (thick lines, Fig. 6). The ﬂuctuations
from 51,200 to 17,300 cal BP can be correlated among the three
records within the limit of their individual chronologies and common peak values are indicated with lowercase letters in Fig. 6A, B
and C. In particular, all records display large amplitude changes
at 31,500 cal BP (before feature d) and at 17,300 cal BP (after
feature a) also observed in the estimated ﬂux of magnetite to
Laguna Potrok Aike (Fmag; Fig. 3C), thus hinting at a common

environmental control on dust emission. However, at higher resolution (the millennial to centennial time scale variability) the distal records from Scotia Sea and Antarctica (Lambert et al., 2012;
Weber et al., 2012) are not consistent with kLF from Laguna
Potrok Aike. Rock-magnetic and physical grain size results reveal that this difference is likely due to the inﬂuence of ferrimagnetic grain size and coercivity on kLF at Laguna Potrok Aike.
While proximal lacustro-aeolian records such as Laguna Potrok
Aike accumulate grains transported by saltation and short-term
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Fig. 7. Scheme of wind-induced transport processes for different grain sizes (modiﬁed from Pye, 1995) illustrating that while distal dust records (e.g., Southern Ocean
and Antarctica) only contain ﬁne particles, proximal records such as Laguna Potrok
Aike are inﬂuenced by grain size changes. Medium to ﬁne sands are transported by
saltation (cm to m distance) and the impact of saltating grains on the ground results
in short-term suspension of coarse to medium silts (traveling tens to hundreds of
km distance) and long-term suspension of ﬁne silt and clay (thousands of km distance). The thick arrow represents the transport process and the physical grain size
best correlated to MDFIRM .

suspension (Vandenberghe, 2013), distal dust records do not reﬂect
grain-size changes because the size distribution of aerosols (grain
sizes generally <10 μm traveling long distances; Muhs, 2013;
Maher et al., 2010) is independent of wind intensity (Kok, 2011)
(Fig. 7). Consequently, the magnetic susceptibility signal from Laguna Potrok Aike is interpreted as a dust indicator from southern
Patagonia uniquely at multi-millennial resolution, where the ferrimagnetic grain size and coercivity inﬂuence is minimal.
5.2. Rock-magnetic proxy of wind intensity
5.2.1. Physical processes
The coercivity of magnetic grains acquiring an IRM (MDFIRM ) is
best correlated (R = −0.66 and R = −0.53) to coarse and medium
silt fractions (31–16 μm and 16–8 μm, respectively; Table 1)
corresponding to the grain-size fraction lifted by winds but unlikely to travel long distances (Muhs, 2013; Vandenberghe, 2013;
Maher et al., 2010 and references therein) (Fig. 7). Coronato et al.
(2013) reported that silty sands deposited by winds cover the Pali
Aike volcanic ﬁeld region. The sources of silt-sized particles are
numerous in the area and include the release of particles from
siltstones of the Santa Cruz Formation, aeolian abrasion of volcanic
rocks under the semi-arid climate and deﬂation of glacial deposits
accumulated in outwash plains and fans all available for wind erosion due to the scarcity of vegetation. The coarse to medium silts
are typically emitted for short-term suspension transported by the
impact of sand in the saltation layer (Fig. 7). They are generally deposited within ca. 30 km from the source (Muhs, 2013) but can be
transported over maximum distances of tens to hundreds of km
under windstorm conditions (Pye, 1995). Therefore, the MDFIRM
signal from the sediments of Laguna Potrok Aike primarily reﬂects grain-size changes of magnetite bearing silts brought to the
lake by short-term suspension. This physical process implies that
MDFIRM likely indicates wind-intensity changes in the dust sourcearea of southern Argentina, with stronger winds capable of carrying coarser magnetite-bearing silts to the lake. Stronger winds are
also capable of moving coarser grains by creep and saltation. These
coarser grains are unlikely to reach the central lake basin; however, they can settle closer to the lake shore. This interpretation is
supported by coarser grain-sizes deposited on a lake level terrace
during the last glacial period (mean of 51 μm; Haberzettl et al.,
2008) than at PASADO site 2 in the lake center (mean of 36 μm),
as well as scanning electron microscope and energy dispersive Xray spectroscopy (SEM–EDS) identiﬁcation of iron-rich angular to
sub-rounded grains typical for aeolian transport to the lake shore
and sediment sequence (Supplementary material 3; Jouve et al.,
2013).
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5.2.2. Possible environmental inﬂuence on MDFIRM
Other control than wind strength on magnetite bearing silts
deposition would impact MDFIRM values and limits its use as a
wind-intensity proxy from the sedimentary sequence of Laguna
Potrok Aike. Here we discuss the possible inﬂuences, including the
distance from the source, presence of permafrost and vegetation,
snow and ice cover, changes in lake level and sediment remobilization events.
The grain size of aeolian deposits varies inversely to the distance from the source (Fig. 7) (Pye, 1995; Muhs, 2013). For example, Sayago et al. (2001) reported a coarsening of Argentinean loess
deposits from 26◦ S to 39◦ S (over 1000 km distance) inversely proportional to the distance from the Andean piedmont source area
where ﬁne clastic sediment accumulated during previous glaciations. In contrast, Laguna Potrok Aike is located only at ca. 100 km
east of the Andean cordillera, within the distance range for coarse
to medium silt (the fraction best correlated to MDFIRM ; Table 1)
transport by short-term suspension (from ca. 30 km to hundreds
of km; Pye, 1995; Muhs, 2013). Because of this proximity of the
lake to the source, and because MDFIRM values do not differ for
periods of outwash plain or proglacial lakes in the region during
the last glacial period and deglaciation (Sugden et al., 2009), the
MDFIRM record from Laguna Potrok Aike is considered mostly independent of the distance from the source.
Permafrost, snow and ice cover, as well as vegetation changes
in the vicinity of the lake could potentially inﬂuence the availability of grains for aeolian transport. As MDFIRM is independent
of concentration change and strictly reﬂects the coercivity of ferrimagnetic grains, only persistent permafrost and/or snow cover
blanketing the ground for extended periods of time would inﬂuence the MDFIRM values by inhibiting aeolian transport to the
lake and modifying the ferrimagnetic assemblage. Similarly, sustained ice cover on the lake would stop detrital input of magnetite.
There is evidence of permafrost during the last Glacial period
(Jouve et al., submitted for publication; Lisé-Pronovost et al., 2014;
Kliem et al., 2013b) which probably contributed via increased
runoff to higher lake levels (Fig. 3F). However greater values of the
concentration-dependent magnetic parameters kLF (Figs. 3A and
4B), ARM and IRM (Lisé-Pronovost et al., 2013) as well as similar
values of Fmag (Fig. 3C) during the last Glacial period compared
to the Holocene suggest that grain transport to the lake was not
inhibited, but rather enhanced. This greater magnetite grain availability during the last Glacial period do not support any sustained
periods of permafrost, snow cover and/or ice cover that would
have impacted MDFIRM at the millennial to centennial time scale;
however, they may have acted discontinuously, on an annual basis or over short periods of time, possibly contributing to the high
amplitude of changes in rock-magnetic properties.
One could argue that if the lake level is lowered, the distance
from the shore to the coring site is reduced and coarser grains
can possibly reach the coring site (Kasper et al., 2012). However,
the steep slopes (up to 20◦ ; Anselmetti et al., 2009) to the deep
basin of Laguna Potrok Aike limit signiﬁcant surface area changes
from lake level ﬂuctuations. In addition, there is currently no evidence that lake levels at Laguna Potrok Aike have substantially
ﬂuctuated during the last Glacial period (51,200–17,300 cal BP)
(Fig. 3F). Therefore, the lake-level inﬂuence on the silt grain-size
deposited in the lake center is believed to be small. During the Mid
to Late Holocene, the strong SWW are persistent over the region
(Zolitschka et al., 2013 and references therein), accordingly bringing distinctively coarser magnetite grains to Laguna Potrok Aike
(lower values of MDFIRM ; Figs. 3E and 4B). Finally, the absence of
MDFIRM change concomitant to the ca. 35 m Late Holocene lakelevel transgression (Fig. 3F) further supports the independence of
MDFIRM on lake-level changes.
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Finally, another possible inﬂuence on the MDFIRM signal is the
input of silt-sized magnetite by runoff events such as after extreme
precipitation (Ohlendorf et al., 2013), permafrost and snow melt,
or remobilization of previously deposited coarser mud induced by
lake-level changes. However, such events were recognized and removed from the event-corrected PASADO composite sediment sequence (Kliem et al., 2013a) used for this study, and, hence, do
not impact the MDFIRM data presented here. Altogether, the discussed possible environmental inﬂuence on grain-size deposition
is unlikely to impact MDFIRM at the millennial to centennial time
scale.
5.2.3. Comparison of MDFIRM with wind intensity records
The ﬁnal step for testing the reliability of MDFIRM as a wind
intensity proxy is through comparison with other wind-intensity
records from the Southern Hemisphere. During the last Glacial
period (51,200–17,300 cal BP), the MDFIRM signal from Laguna
Potrok Aike indicates generally lower winds with large amplitude
changes. Lower wind intensities during the last Glacial period relative to the present are in agreement with an equatorward displacement of the polar front (Iriondo, 1999; Moreno et al., 1999;
Pollock and Bush, 2013; Toggweiler et al., 2006) or a weakening
of the Southern Hemisphere westerly winds (Kohfeld et al., 2013),
and weaker winds are also documented in the Australasian region
(Shulmeister et al., 2004; Hesse and McTainsh, 1999). This pattern
is interrupted by two periods of lower MDFIRM (enhanced wind
strength) at Laguna Potrok Aike and reduced amplitudes centered
at ca. 44,000 and ca. 39,000 cal BP (Fig. 6D). These two inferred
relatively stronger wind periods are coeval (within limits of respective chronologies) to enhanced wind-driven upwelling in the Paciﬁc, Indian and Atlantic sectors of the Southern Ocean (Anderson
et al., 2009; Fig. 6G) as well as to stronger winds in the midlatitudes of the Southern Hemisphere in New Zealand (Whittaker
et al., 2011; Fig. 6E) and further north offshore Namibia (Pichevin
et al., 2005; Fig. 6F).
During the Late Glacial warming recorded from ca. 17,000 to
11,000 cal BP in Antarctica (EPICA Community Members, 2006)
(Fig. 6H), MDFIRM from Laguna Potrok Aike and paleowind records
from the mid-latitudes of the Southern Hemisphere indicate increased intensities (Fig. 6D, E and G) (Anderson et al., 2009;
Whittaker et al., 2011) while no change is observed further north
offshore Namibia (Pichevin et al., 2005; Fig. 6F), in agreement with
a poleward shift of the SWW at the last Glacial termination. The
early Holocene period (ca. 11,000 to 8100 cal BP) is characterized
by high amplitude changes and generally weaker winds at Laguna
Potrok Aike (Fig. 8). This period corresponds to the cessation of
wind-driven upwelling in the sub-polar Southern Ocean (Anderson
et al., 2009; Fig. 6G) and to reduced ﬂow across the entire zone of
westerly inﬂuence from ca. 11,000 to 8000 cal BP (shaded area in
Fig. 8) as reported by Fletcher and Moreno (2012 and references
therein) reviewing continuous paleoenvironmental records in the
mid-latitudes of the Southern Hemisphere.
Fig. 8A, C and D presents a regional comparison (within
500 km; Table 2) of MDFIRM from Laguna Potrok Aike with wind
intensity records in southeastern Patagonia since 14,000 cal BP
(Table 2). The annual precipitation of westerly origin inferred from
palynological data from Lago Argentino on the Andean piedmont
(Tonello et al., 2009; Fig. 8C), as well as the sand inﬂux to a
peat bog on Terra del Fuego (Björck et al., 2012; Fig. 8D), display a similar series of maximum wind intensities (labeled from 1
to 7), providing regional support for MDFIRM as a wind intensity
proxy.
The mid to late Holocene period (since 8100 cal BP) is characterized by distinctively stronger wind intensities and low amplitude variability consistent with the present-day strong and
persistent SWW over the region (Ohlendorf et al., 2013). The

Fig. 8. Regional comparison of wind-intensity proxies for southern South America
since 14,000 cal BP (Table 2). A) Median destructive ﬁeld of isothermal remanent
magnetization (MDFIRM ) from the sediment of Laguna Potrok Aike (this study),
B) δ 18 O from the stalagmite MA1 in Southern Chile (Schimpf et al., 2011), C) annual precipitation reconstruction from pollen data of Lago Argentino in southern
Argentina (Tonello et al., 2009) and D) sand (125–350 μm) inﬂux to a peat bog on
Terra del Fuego (Björck et al., 2012). All records are presented on their own chronology. The thick lines represent millennial time scale variability for high-resolution
records A and B. Numbers (1 to 7) indicate a series of relative maxima in wind intensity for all records. Climatic periods of the PASADO record are indicated and the
shaded area indicates a period of weak westerly ﬂow in the mid-latitudes of the
Southern Hemisphere according to Fletcher and Moreno (2012).

sharp shift to stronger winds at 8100 cal BP inferred from
MDFIRM (Figs. 7 and 8) likely marks the onset of the SWW inﬂuence over 52◦ S in southeastern Patagonia, in agreement with
the zonally symmetric increase in westerly ﬂow at ca. 8000 cal
BP reported by Fletcher and Moreno (2012). This period corresponds to major environmental changes in Laguna Potrok Aike
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Table 2
Dust and wind intensity proxies from the Southern Hemisphere discussed in the text.
Proxy

Dust
Magnetic susceptibility (k) of
marine sediments
Flux of dust to ice core
Wind intensity
δ 18 O from stalagmite (MA1)
Annual precipitation
reconstructed from pollen data
Eolian sand inﬂux in peat bog
Opal ﬂux to marine sediment
cores TN057-13
“TN057-14”
Coarse grain size fraction
mode of marine sediment
δ 18 O from stalagmite (HW3)

Site position

Age (cal BP)
Distance from LPA
(km)

Latitude

Longitude

Scotia Sea

1780

58◦ S

42◦ W

0

92,500

Weber et al., 2012

EPICA Dome C,
Antarctica

5870

75◦ 06 S

123◦ 24 E

0

62,000

Lambert et al., 2012

220

52◦ 41 S

73◦ 23 W

0

4500

Schimpf et al., 2011

240

50◦ 24 S

72◦ 42 W

0

12,400

Tonello et al., 2009

500

54◦ 45 S

64◦ 30 W

0

14,000

Björck et al., 2012

4940

52◦ 06 S

5◦ 06 E

0

27,000

Anderson et al., 2009

4910
7450

51◦ 59 S
25◦ 06 S

4◦ 31 E
13◦ 38 E

22,000
0

82,000
190,000

Anderson et al., 2009
Pichevin et al., 2005

8020

41◦ 57 S

171◦ 28 E

11,000

73,000

Whittaker et al., 2011

Bahia Arevalo,
southern Chile
Lago Argentino,
southern Argentina
Isla de los Estados,
Tierra del Fuego
Atlantic sector of the
Southern Ocean
Off-shore Namibia
Hollywood cave, New
Zealand

including low lake levels (Anselmetti et al., 2009; Haberzettl et
al., 2007; Kliem et al., 2013b), palynological evidence of decreased precipitation (Schäbitz et al., 2013), and increased Andean forest taxa brought by westerly winds (Mayr et al., 2007a;
Wille et al., 2007), diminution of total diatom-valve abundance
and changes in taxonomical assemblages (Massaferro et al., 2013),
as well as monohydrocalcite precipitation (Haberzettl et al., 2007;
Nuttin et al., 2013). Marked landscape changes including peatgrowth termination by aeolian sand deposition and dune developments are also reported at that time on the West Falkland
Island ca. 600 km east of Laguna Potrok Aike (Wilson et al.,
2002).
Finally, the record from Laguna Potrok Aike is compared with
a high-resolution wind intensity record derived from δ 18 O of a
stalagmite on the western side of the Andean cordillera since
5000 cal BP (Schimpf et al., 2011) (Fig. 8A and B). The two
records are located only 220 km apart at 52◦ S under the inﬂuence of the strong SWW. Despite contrasting climate (hyperhumid in southern Chile and dry steppe in southern Argentina),
the records are in agreement at a centennial time scale, implying
that since 5000 cal BP, stronger SWW was associated to increased
precipitation in southwestern Patagonia and to coarser magnetite
bearing grains transported over southeastern Patagonia. Altogether,
regional to hemispheric comparisons of wind-intensity proxies
and well-established high-resolution paleoclimate data from the
Southern Hemisphere provide support for interpreting the MDFIRM
record from Laguna Potrok Aike as a wind-intensity proxy in
southeastern Patagonia, at least at the millennial time scale and
up to the centennial time scale during the mid to late Holocene.
5.2.4. Summary
The proposed wind intensity control on magnetite bearing silt
sizes deposited in Laguna Potrok Aike through time is supported
by the paleoenvironmental context in southeastern Patagonia and
a similar signal variability to various types of regional and Southern Hemisphere wind intensity proxies. One signiﬁcant advantage of MDFIRM as a wind intensity proxy is its ability to target
mostly the magnetite grains of a speciﬁc grain-size range. Such
a narrow grain-size target facilitates identiﬁcation of the transport process. In addition, MDFIRM is not inﬂuenced by changes in
magnetic concentration (as opposed to kLF ) or by changes in the
various sediment types and grain sizes of the bulk sediment. Moreover, because winds in southeastern Patagonia are only weakly
related to precipitation (Garreaud et al., 2013; Ohlendorf et al.,

min

References

Site

max

2013), MDFIRM is believed to be independent of moisture changes.
This is a signiﬁcant advantage for southern Patagonia where the
moisture-related wind-intensity proxies are often diﬃcult to interpret (Moreno et al., 2009) particularly during times of rearrangements of the hydrological cycle such as during deglaciation
(Kohfeld et al., 2013).
6. Conclusions
High-resolution rock-magnetic studies of the sediment deposited in the maar lake Laguna Potrok Aike since 51,200 cal BP
revealed a lacustro-aeolian record in the dust source-region of
southern Patagonia. The magnetic susceptibility signal (kLF ) displays a very clear LGM signal (from 31,500 to 17,300 cal BP), not
provided by most other proxies from Laguna Potrok Aike. There
is an inverse correlation of kLF with ferrimagnetic coercivity and
grain-size indicators (e.g., MDFIRM , kARM/IRM) at the millennial
to centennial time scale. On longer time scale however, the variability of kLF appears primarily controlled by the concentration of
ferrimagnetic minerals. Based on coherence analysis, estimation of
magnetite ﬂux to the lake and comparison with distal dust records,
kLF is interpreted as a dust proxy in the dust source-region of
southern Patagonia at the multi millennial time scale, where ferrimagnetic coercivity and grain size inﬂuence is minimal.
This study established the MDFIRM record from Laguna Potrok
Aike as a wind intensity proxy in southeastern Patagonia since
51,200 cal BP. The coercivity of the magnetite grains acquiring
an isothermal remanent magnetization (MDFIRM ) tracks the windblown magnetite-bearing coarse to medium silts transported by
short-term suspension. The new wind-intensity proxy, independent of moisture change, is in agreement with other wind-intensity
records derived from marine, lacustrine and peat bog sediments, as
well as from speleothems in southern Patagonia since deglaciation
and from the Southern Hemisphere during the last Glacial period.
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