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Abstract During the lake deep drilling campaign

PASADO in 2008, more than 500 m of lacustrine

sediment was recovered from the maar lake Laguna

Potrok Aike, Argentina. The major element composition

was assessed at high resolution with an ITRAX X-ray

fluorescence core scanner. The sharp boundary between

a carbonate-bearing and a carbonate-free depositional

system occurs at 13.5 cal. ka BP and marks the transition

from glacial to Late Glacial sediments. Holocene and

Late Glacial sediments can be distinguished by elements

that are indicative of organic matter (Br, Cl) or calcite

(Ca). Glacial sediments are characterized by elements

that represent terrigenous clastic input (Fe, Ti, K, Si).

Trace elements (Mn, Rb, V, Ni) accumulate with the

bulk of lithogenic elements indicating frequent oxic

conditions and rare diagenetic remobilization. Based on

principal component analysis we interpret the scores of

the first principle component as a summarizing indicator

for climate-related variations of depositional conditions.

During the Holocene climate changes mirror the total

inorganic carbon profile, which was used as a proxy for

lake-level reconstructions of the past 16 ka in previous

studies. High scores in the first principle component

probably reflect periods of increased chemical over

mechanical weathering and developing soils and veg-

etation cover limiting sediment availability for erosional

processes. These intervals often also show increases in

total organic carbon values and total organic carbon/

total nitrogen ratios, which are associated with periods

of Antarctic warming in the last glacial. Geochemical

variations of the clastic glacial sediments are explored

by excluding carbonate-bearing sediments from princi-

pal component analysis. Although, in this lake, Ca is a

purely clastic signal in carbonate-free sediments, it does

not correlate with the bulk of indicators for terrigenous

input. Instead Ca dominates a second principal compo-

nent together with Sr. This component mainly distin-

guishes coarse grained layers from the remaining

sediment. The main provenance of this coarse-grained

material is suggested to be a basalt outcrop at the

western shore. Low lake levels, high waves and

flash-flood events may have increased the availability

of basaltic sand during extremely cold, arid and windy
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conditions. High wind speeds and lack of vegetation

may have facilitated the increased transport of coarse-

grained material into the center of Laguna Potrok

Aike. Decreases in the second principal component

can be observed during Oxygen Isotope Stage 2

when increased dust input has been found in cores from

Laguna Potrok Aike, the Southern Ocean and

Antarctica.

Keywords PASADO � ICDP � Lake sediments �
Paleoclimate � ITRAX � XRF scanning �
Geochemistry � Principal component analysis

Introduction

The importance of the southern hemispheric mid-

latitudes for the global climate system has become

more and more evident in recent studies. Toggweiler

and Lea (2010) propose that the ventilation of the deep

Southern Ocean and thus the flux of CO2 from the ocean

into the atmosphere are controlled by strength and

position of the southern hemispheric westerlies. Ander-

son et al. (2009) suggest that a shift in the southern

hemispheric westerlies caused CO2 to increase 17 ka

ago. The cause of variations in southern hemispheric

glacial dust fluxes and their implications for global

climate also remain unclear (Fischer et al. 2007).

Patagonia has been identified as a major dust source

and the southern hemispheric westerlies as a main dust

transport agent (Basile et al. 1997). The climate archive

of Laguna Potrok Aike in southern Patagonia is well

positioned to provide evidence related to these ongoing

discussions. Furthermore, the continuous*100-m-long

PASADO (Potrok Aike Maar Lake Sediment Archive

Drilling Project) record, reaching back 51 ka, is an

important step towards closing the spatial gap of high-

resolution climate studies that persists in the southern

hemisphere. To improve the temporal resolution of

climatic reconstructions in southern Patagonia and thus

contribute to the understanding of mechanisms of

centennial to millennial-scale climate change, the

sediments of Laguna Potrok Aike are analyzed at high

resolution via X-ray fluorescence (XRF) scanning. XRF

scanning is a useful tool for high-resolution, qualitative

geochemical analyses of sediment cores (Zolitschka

et al. 2001; Croudace et al. 2006), and it has been

successfully applied to several lacustrine records

(Brown et al. 2007; Shanahan et al. 2008). In previous

studies, Laguna Potrok Aike elemental profiles have

been successfully used for paleoenvironmental recon-

structions (Haberzettl et al. 2007, 2009; Jouve et al.

2013). The geochemical data contain information on

variations of the clastic, carbonaceous and organic input

to the lacustrine system.

The purpose of this study is to investigate the

relationship between changes in climatic and environ-

mental conditions at Laguna Potrok Aike and regional

atmospheric and oceanic circulation. Furthermore, by

means of comparative studies with other archives, we

aim to obtain insights into inter-hemispherical climate

coupling and regional differences in the manifestation

of past climate change.

Study site

Laguna Potrok Aike (52�S, 70�W; 116 m a.s.l.) is a

100-m-deep maar lake with a diameter of 3.5 km

(Zolitschka et al. 2006) located 80 km north of the

Strait of Magellan (Fig. 1). The surface of the

catchment area consists predominately of fluvioglacial

sediments and basal moraine tills with sporadic

exposures of alkali-olivine basalts (Zolitschka et al.

2006; Coronato et al. 2013). At present, this area is

under the influence of the southern hemispheric

westerlies belt. The Andes cause an uplift of the air,

which results in precipitation on the Pacific coast and

semi arid conditions with dry catabatic winds east of

the Andes. The low annual precipitation (often

[200 mm per year) and the potential evaporation of

0.5–10 mm per day (Ohlendorf et al. 2013) lead to a

dry steppe vegetation where dust erosion is an

important geomorphological agent (Clapperton 1993).

Methods

Cores and measurements

Drilling was conducted by DOSECC using the

GLAD800 (Global Lake Drilling 800 m) system.

During this operation the Hydraulic Piston Coring

(HPC) system was mainly used for core recovery. The

analyzed dataset is based on the composite profile

from site 2 with a total length of 106.08 m composite

depth. The composite profile was constructed from 99

core sections from triplicate holes recovered from site
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2 (Fig. 1) and correlated stratigraphically (Ohlendorf

et al. 2011). Cores were recovered during the PASA-

DO field campaign in 2008. After splitting cores in the

lab, energy dispersive (ED)-XRF core scanning was

performed with an ITRAX core scanner (COX

analytical systems, Croudace et al. 2006) in 5-mm

steps with Mo- and Cr-tubes. The Mo-tubes produce

good excitation for a range of elements with medium

atomic numbers. Excitation of elements with lower

atomic number is achieved with Cr-tubes. XRF tube-

current settings varied between 18 and 34 mA for the

Mo-tubes and between 26 and 50 mA for the Cr-tubes.

Settings were selected by the operator depending on

the prevailing lithology of the section. A large

variation in Laguna Potrok Aike lithologies requires

different element detection sensitivities. Tube voltage

and exposure time per step were kept constant at

30 kV and 10 s, respectively. Interaction of the

electron beam with the sample produces X-ray emis-

sions. The detector is able to separate characteristic

X-rays emitted by different elements into an energy

spectrum. A dispersive energy spectrum peak is

acquired for each element as well as the coherent

and incoherent X-ray scattering. Peak area integrals

are directly related to element concentrations within

the sediment (Rothwell and Rack 2006). The software

Q-spec is used to calculate the abundance of specific

elements. Peaks are evaluated by a fitting procedure

during which mathematical models of characteristic

X-ray peaks are compared to the actual spectrum with

the square error being minimized. The measurement

was discarded if the detector-sediment distance was

too large or if the threshold of 27 kilo counts per

second was not reached. Wavelength dispersive (WD)
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Fig. 1 Location of Laguna Potrok Aike in southern Patagonia, Argentina. Relevant locations are marked on the map
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XRF measurements were performed on selected

composite profile samples using an automatic wave-

length dispersive spectrometer (MagiX Pro, Panalyt-

ical) with an Rh-tube. Pellets for WD-XRF

measurements were pressed from 600 mg of sediment

ground to smaller than 63 lm and 3,600 mg of

lithiumtetraborat. Grain-size distribution of selected

samples was measured using a Beckmann Coulter LS

200. Mineral assemblages of 53 selected, dried and

carefully ground bulk samples were determined by

powder X-ray diffraction (XRD) analyses (Philips

X’Pert Pro MD equipped with an X’Celerator Detector

Array). Nickel filtered Cu-Ka (1,2) radiation

(k = 1.541818 Å) was used for the powder diffraction

and the data were collected in the 2 theta-range 2–85�
in 0.02� steps with counting times for individual scans

of 50 s. For quantitative Rietveld analysis, all phases

with [1 weight percent (wt%) have been considered

and evaluated with the software Maud (Lutterotti et al.

1997). The sediment composition, regarding grain size

and color spectra, was described during core opening.

Data processing

Split core surfaces, even when very carefully cut, do

not offer ideal measuring conditions (Jansen et al.

1998). Variations in surface roughness, water content,

grain size, organic matter (OM) content, mineral

crystallinity, compaction and porosity influence the

accuracy of XRF scanning results (Croudace et al.

2006; Rothwell and Rack 2006; Tjallingii et al. 2007;

Weltje and Tjallingii 2008). Analytical artifacts can

also be caused by element interactions, variations in

the detection of elements according to atomic number,

poor discrimination of closely placed element peaks,

tube ageing and different measurement settings (Kido

et al. 2006). In the specific case of Laguna Potrok Aike,

tube currents were changed due to large variations of

the sediment matrix. In conclusion, XRF scanning

measurements can be considered semi-quantitative

(Rothwell and Rack 2006). We therefore refrain from

calculating element concentrations from total counts.

In order to correct for the above named effects, an

often applied normalization method is division of counts

by scattering (Croudace et al. 2006; Kylander et al.

2011). Fluctuations in sediment mineralogy, matrix,

grain size and water content affect the mean atomic

number of the sediment volume excited by the X-ray

beam of the XRF core scanner (Rothwell and Rack

2006; Tjallingii et al. 2007; Kylander et al. 2011).

Changes in mean atomic number are recorded in

coherent and incoherent scattering (Thomson et al.

2006). Effects of sample composition can therefore be

corrected using the intensity of the coherent and

incoherent scatter peaks (Potts et al. 1997). Scanning

results measured with Mo-tubes are normalized by

dividing the counts by the coherent scattering. In Cr-

tube spectra, the coherence scattering peaks are unfor-

tunately overlapped by Ca- and Fe-peaks and can

therefore not be assessed. Instead division by the total

counts of the measurement as a standardization method

improves the quality of the data by counteracting the

closed sum effect. Another way of avoiding grain size

effects is expressing elements as ratios to a detrital phase

element (e.g. Ca/Ti, Croudace et al. 2006). However,

following Weltje and Tjallingii (2008), we refrain from

using ratios due to their asymmetry. The absorption of

X-ray fluorescence by water can be corrected by

estimating the water content of marine sediments using

measured Cl content (Tjallingii et al. 2007). In the

lacustrine Laguna Potrok Aike record, this is not feasible

due to down core variations in pore-water Cl contents

(Vuillemin et al. 2013).

In order to estimate element concentrations, assess

the quality of XRF scanning data and select the best

standardization technique for each element, 60 discrete

(WD)-XRF measurements were compared to wet

continuous measurements (ESM1). The scanner uses

an ED-XRF system. However, WD-XRF measure-

ments on pressed pellets, which minimize the effects of

sample inhomogeneities, packing and particle-size

effects, is a more accurate tool for measuring the

geochemistry of lake sediments (Boyle 2000). Devi-

ations between WD- and ED-XRF measurements may

not only be linked to measurement quality but also to

differences in device settings and/or differences in

measuring the sediment surface as opposed to bulk

sediment. Correlations (R between 0.69 and 0.93;

n = 64) were found for the elements Fe, Ti, Mn, V, Ni,

Fig. 2 Core images and XRF data show the correlation

between coarse grain size, increases in Ca and Si and decreases

in Fe and Ti at the base of a turbidite (above) and in discrete

layers (below). Furthermore, WD- XRF measurements in the

turbidite confirm that geochemical variations are not an artifact

of grain size and water content effects on ED- XRF scanning

measurements. Scanning results are normalized by dividing the

counts by the coherent scattering (cnts/coh) or the total counts

(cnts/kcps)

c
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Rb, K, Si, Ca and Sr. Coarse-grained and tephra

samples mostly plot close to regression lines showing

that effects of grain size or lithological variations on

the scanning data are limited (ESM1). The measured

element concentrations are all above the detection limit

reported for the Itrax core scanner by Croudace et al.

(2006). Furthermore, the correlation between the

measured sediment water content and element counts

for the element K is not significant (R = 0.48;

n = 4457). Grain size and WD-XRF measurements

in a turbidite show that geochemical variations with

grain size are not caused by matrix effects, but rely on

changes in sediment composition (Fig. 2). The pene-

tration depth of X-rays is dependent on the atomic

number of the element. In general, heavier elements (V

to Rb) show better results when measured with a Mo-

tube while it is generally necessary to use a Cr-tube for

lighter elements (Si to K). Some intermediate elements

(Rb, Ca and Ti) show comparable results when using

both tubes. There is no information on the reliability of

the Cl and Br data, as these were not assessed with WD-

XRF. However, Cl and Br profiles appear to contain an

interpretable geochemical signal defined by low noise,

high variability and a sufficiently high number of

counts. For PCA statistical analysis, logarithmic

transformations of primary data were necessary to

achieve a normal distribution for the elements Br, Si,

and Sr. The data of every element were centered to zero

by subtraction of averages and scaled with their

variance in order to give each element equal impor-

tance. A PCA was applied to centered and scaled data

of all elements with an interpretable geochemical

signal (Fe, Ti, Mn, V, Ni, Rb, Si, K, Ca, Sr, Cl, Br).

Results

Lithology and chronology

The 106.09-m-long PASADO composite profile was

dated and divided into lithologic units (A, B, C) by

Kliem et al. (2013). All depths are expressed as m of

composite depth. Pelagic sediment was distinguished

from remobilized material and tephra layers. In unit A

(0–8.82 m), lithology consists mainly of laminated

pelagic silts with a high content of calcite. Unit B

(8.82–18.72 m) is rich in organic material (aquatic

mosses) and described as being dominated by lami-

nated pelagic silts with some occurrences of calcite

and fine sand layers. Poorly laminated silts and fine

sands dominate unit C (18.72–106.09 m). Layers

related to mass movement deposits are thicker and

more frequent further down core. The current age-

model of the event-corrected composite record

5022-2CP is based on 58 radiocarbon dates supported

by magnetostratigraphy and tephrochronology. Appli-

cation of a mixed-effect regression procedure resulted

in a basal age of 51.2 cal. ka BP (Kliem et al. 2013).

Element concentration and profiles

The main element present in Laguna Potrok Aike

sediment is SiO2 (51–71 wt%); other major (more than

1 wt%) elements are Fe2O3 (2–9 wt%), CaO (1–7

wt%), and K2O (1–3 wt%). MnO and TiO2 are less

common (0.04–0.7 wt% and 0.2–1 wt%, respectively)

and can be considered as minor elements. The dry

weight mass of the trace elements (Sr, Rb, Ni, V) is

below 0.1 wt% (ESM1). The Laguna Potrok Aike

element composition varies with depth according to

lithological changes (Fig. 3). Relative to unit C,

contents of the elements Fe, Ti, V, Mn, Rb and Ni

are decreased in lithological units A and B, especially

in the lowermost third of unit B. Sr, Cl and Br show

inverse trends with high amounts in unit A and B,

especially in the lowermost part of unit B. Ca counts

are *100,000 fold higher in unit A and in the upper

part of unit B than in the remaining parts of the core. K

and Si show a roughly inverse trend with low contents

in the upper part of unit A and peaks at the bottom of

unit B as well as increased abundance in unit C.

Tephra layers are often associated with negative peaks

in the elements Fe, Ti, Mn, V, Rb and Ni and positive

or no peaks in the remaining element profiles. In

remobilized sediment sections the elements Fe, Ti,

Mn, V, Rb and Ni are often depleted while Ca, Sr, K

and Si generally show peaks.

Principal component analysis

In the PCA of XRF data (Fig. 4a, b), the various

lithologies of Laguna Potrok Aike sediments have

similar scores in the first and second components.

They form clusters, which indicate that different

lithologies have different geochemical signatures.

Certain lithologies can be clearly identified geochem-

ically: tephras, Holocene and Late Glacial sediments.

Redeposited sediments, however, have a geochemistry
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that is hardly distinguishable from glacial sediments.

Two significant principal components can be extracted

from the dataset representing about 49 % of the total

variability. The first component explains about 34 %

of the variation in the dataset and the second

component another 15 %. In order to facilitate a

component-based sediment classification we use the

PCA to divide the dataset into four main groups

(Fig. 4c, d). The first two groups have positive

loadings in PC2 and are characterized by the elements

Ca, Sr, Br, Cl. Group 1 has positive PC2 loadings and

contains elements common in Holocene and Late

Glacial sediments (Br and Cl). Group 2 (Ca and Sr) has

negative PC2 loadings and mainly describes tephra

layers (subgroup 2a). However, it is also often

associated with Holocene and Late Glacial sediments

(subgroup 2b). Group 3 (Si, K, Ti, Fe, Mn, Rb, Ni, V)

has negative loadings in PC1 and is representative of

redeposited and glacial sediments. Within this group 3

subgroups can be distinguished; subgroup 3a (Mn, Rb,

Ni, V) with neutral loadings in PC2, subgroup 3b (K

and Si) with negative loadings in PC2 and subgroup 3c

(Ti and Fe) with positive loadings in PC2. The PCA of

carbonate-free sediments shows a similar distribution,

merely the loading of Ca changes from being positive

to negative forming a group 4 with Sr.

Discussion

Component-based sediment classification

Organic sediments (Group 1)

Late Glacial and Holocene sediments can be distin-

guished from glacial sediment by higher element

 0 2000   0 0.1    0    50000 150   600 0     80000  0   0.01

0 900 0    0.03   0 0.06 0  300  0 100   0 0.1

Fig. 3 XRF-data of the PASADO site 2 composite profile

plotted against composite depth (mcd) as 11 point running

means. Horizontal yellow bars indicate redeposited sediment

and red bars refer to tephra layers. Lithological units A, B and C

are indicated according to Kliem et al. (2013). Scanning results

are normalized by dividing the counts by the coherent scattering

(cnts/coh) or the total counts (cnts/kcps)
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counts of Br and Cl (Figs. 4a, 5). This can be attributed

to the fact that these sediments are relatively rich in

OM, with total organic carbon (TOC) content of up to

7 %, and that Br and Cl can be adsorbed to OM

(Thomson et al. 2006). Moreover, Br has been used to

estimate the presence of OM in marine (Ziegler et al.

2008) and lacustrine sediment studies (Croudace et al.

2006; Thomson et al. 2006). For Laguna Potrok Aike

there is a correlation (R = 0.64; n = 1623) between

TOC and Br (Fig. 5). Modern Cl concentrations in the

subsaline waters of Laguna Potrok Aike are relatively

high (approx. 500 mg l-1, Zolitschka et al. 2006). The

Cl content in the sediment suspension of PASADO

core catchers varies with sediment porosity and

probably reflects the contribution of Cl-bearing pore

water to the sediment suspension (Recasens et al.

2011). Higher water content can be attributed to

organic-rich layers (Shanahan et al. 2008). Aside from

being adsorbed to OM, Cl has been used as a proxy for

porosity linked to organic-rich sediments (Thomson

et al. 2006; Tjallingii et al. 2007). However, sands and

tephra layers also tend to be highly porous and water

saturated. Therefore, these layers represent confound-

ing factors when interpreting the Cl profile.

a b

c d

Fig. 4 Scores and loadings of the PCA of Laguna Potrok Aike

site 2 composite profile XRF data. a Scores (marked by a

colored circles for each measurement point) show the location of

redeposited, tephra, Holocene, Late Glacial and full glacial

sediments in the PCA. Loadings (indicated with the element

symbols) show which elements are responsible for the distribu-

tion of the data points in the PCA. b The distribution of the

elements within the PCA is used to divide the dataset into 4 main

groups and several subgroups
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Tephra layers (Group 2a)

Apart from high levels of Cl in the layers that have a

high water content, tephra layers in Laguna Potrok

Aike are often characterized by Ca, Sr and/or K peaks

and also distinguished by their negative peaks in Ti,

Fe, V, Ni and Mn. Several studies have described and

identified tephra layers using XRF scanning tech-

niques (Langdon et al. 2011). In general, major

elements are used (Kylander et al. 2011), for example

Fe (Peck et al. 2007), K and Ti (Unkel et al. 2010) or

volcanic glass associated with titanium-iron oxides

(Marsh et al. 2007). Unkel et al. (2010) conclude that

tephra layers show peaks in different elements, but a

significant correlation between a specific element in

the XRF data and tephra geochemistry has not yet

been found. The geochemical signature of tephra

layers is not only dependent on the composition of the

tephra itself and its sorting via eolian distribution, but

also on the geochemistry of the tephra layer with

respect to the surrounding sediment (Kylander et al.

2011). In the specific case of Laguna Potrok Aike, the

negative peaks in Ti, Mn and Fe can be explained by

the fact that almost all Laguna Potrok Aike tephras are

rhyolitic (Wastegård et al. 2013). Jouve et al. (2013)

demonstrate that Fe and Ti concentrations are much

higher in the rocks of the watershed than in micro-

pumices found in Laguna Potrok Aike. Instead,

Fig. 5 XRF-data of selected elements, PC1 and PC2 scores of

the pelagic PASADO site 2 composite profile plotted as 11 point

running means against age (age model v.3, Kliem et al. 2013).

The deuterium record from the Dome C ice-core (blue; EPICA

Community Members, 2004), the oxygen isotope record from

the Dronning Maud Land (DML) ice-core (red; EPICA

Community Members 2006), the EDC nss Ca? record (Fischer

et al. 2007) and Laguna Potrok Aike geochemical data (Hahn

et al. 2013) are plotted for comparative purposes. Lithological

units A, B and C are indicated according to Kliem et al. (2012).

Colored horizontal bars mark warm (red) and cold (blue)

climatic events such as the Antartic A-events 1 and 2 (A1; A2),

Oxygene isotope stage 2 (OIS2), the Antartic Cold Reversal

(ACR) and the Younger Dryas (YD). Gray coloring represents

an increases in southern hemispheric westerlies influence.

Scanning results are normalized by dividing the counts by the

coherent scattering (cnts/coh) or the total counts (cnts/kcps).

(Color figure online)
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rhyolithic tephras may show for example K peaks

(Brown et al. 2007). Furthermore, the Reclus and Mt.

Burney tephras which comprise more than 50 % of all

Laguna Potrok Aike tephras have been described as

abundant in Ca (up to 1.5 and 2.3 wt% respectively;

Wastegård et al. 2013). Ca and Sr are probably

associated with the plagioclase of rhyolithic tephras.

Sr enrichment in tephra layers is common (Unkel et al.

2010). Most Sr in sediments is contained in organic

and carbonate sediment components, and only a small

amount in silicates, lithic fragments and detric

feldspars (Salminen et al. 2005). Because Laguna

Potrok Aike sediments are low in carbonates and

organics (Hahn et al. 2013), Sr peaks of tephra layers

are particularly prominent.

Carbonate sediments (Group 2b)

Carbonate sediments are easily identifiable by extre-

mely high Ca values that mirror the inorganic carbon

(TIC) content (Haberzettl et al. 2009). In Laguna

Potrok Aike, carbonate only occurs in Holocene and

Late Glacial sediments resulting mainly from chem-

ical precipitation—primarily inorganically precipi-

tated calcite and/or ikaite derived calcite (Oehlerich

et al. 2013). Carbonaceous microfossils of the green

alga Phacotus lenticularis occur rarely and only in the

Late Glacial (Haberzettl et al. 2007; Hahn et al. 2013).

The mineral rhodochrosite (up to 2.3 wt %), has been

detected in several glacial samples with TIC values

near the detection limit (Fig. 6). The distribution of Sr

de
pt

h(
m

 c
d)

Fig. 6 Histogram of relative mineralogical abundances using XRD from 53 selected samples versus meters composite depth (mcd)

along the composite record. All clay minerals and phyllosilikates are summarized in the chart
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is affected by the substitution of Sr2? for Ca2? in

carbonate minerals (Salminen et al. 2005). However,

in Laguna Potrok Aike carbonate sediments, espe-

cially in phacotus-rich sections, the correlation of Sr

with Ca is often not significant (R = 0.24; n = 3 720).

Ca may be more available in lake water and preferably

integrated into calcite crystals and especially phacotus

shells. Bluszcz et al. (2009) report Sr/Ca ratios of

phacotus shells (*0.005) that are lower than those

reported for primarily inorganically precipitated cal-

cite (up to 0.01). The same Sr/Ca ratio is also assumed

for pseudomorphs after ikaite (*0.01) (Buchardt et al.

2001). Furthermore, integration of Sr into phacotus

shells or calcite crystals may be affected by the calcite

precipitation rate (Lorens 1981) or the sediment clay

content (Mirkhani et al. 2012).

Clastic sediments (Group 3)

Negative scores in PC1 are associated with the

elements Fe, Si, K, Ti, and to a lesser extent with Ni,

V, Mn and Rb. The glacial sediments are characterized

by this element group (Fig. 4a). These lithogenic

elements represent terrigenous sediment fluxes and are

indicators for detritic input (Cohen 2003; Croudace

et al. 2006; Rothwell and Rack 2006). Ti, Fe, K and Co

have been shown to be reliable lithogenic indicators in

previous Laguna Potrok Aike studies (Haberzettl et al.

2005, 2007; Kastner et al. 2010). Down core XRD

analysis shows low variability in mineral assemblages

of Laguna Potrok Aike sediments (Nuttin et al. 2013).

However, this analysis was not able to capture the

variability in clastic input that is highlighted by the

high resolution XRF data of this study (Fig. 4a),

mainly because it was performed at relatively low

temporal resolution. A division of clastic sediments in

three groups is possible; Fe and Ti, Si and K and trace

elements. Phase shifts in the clastic elements have

been associated with the fact that the chemistry of

sediments is controlled by the grain size of the

dominant host mineral of the element and therefore

by particle-size sorting (Koinig et al. 2003). For

studying these variations in the composition of the

clastic material itself, XRF scanning is an ideal tool.

This geochemical dataset contains information about

the nature of weathering and transport. Rates and

intensities at which weathering provides sediments are

controlled by bedrock type and availability as well as

by climate affecting weathering mechanisms, soil and

vegetation cover. Transport mechanisms include mar-

ginal colluvial action, eolian and/or fluvial input

(Cohen 2003).

Fe Ti (Group 3a)

In the PCA Fe and Ti group very close together (Fig. 4a,

b) and their profiles correlate (R = 0.77; n = 20258)

(Fig. 3). In Laguna Potrok Aike the elements Fe and Ti

occur simultaneously in the minerals staurolite and the

relatively common augite (Fig. 6). Ti is often used as an

indicator of detrital mineral input to the sedimentary

record (Haberzettl et al. 2005; Croudace et al. 2006).

Iron usually enters lakes as Fe oxides that can prevail in

stable oxic conditions unless they meet anoxic water or

organic material, which reduces them to soluble ferrous

iron (Cohen 2003). The correlation with Ti indicates

that this is not the case for Laguna Potrok Aike.

Furthermore, this correlation may indicate the presence

of titano-magnetite as suggested by Kastner et al.

(2010). The grain size of magnetite in Laguna Potrok

Aike is found to be relatively fine (Lisé-Pronovost et al.

2013) In agreement with the fact that Ti and Fe have

been used as indicators for silt and clay (Koinig et al.

2003; Rothwell and Rack 2006). A further similarity

between Fe and Ti is that they are unreactive, insoluble

(under oxic conditions), abundant in heavy minerals,

and resistant to chemical and physical weathering

(Cohen 2003; Croudace et al. 2006; Haberzettl et al.

2007; Mischke et al. 2010). Therefore, material that is

chemically altered becomes enriched in Ti and Fe

(Cohen 2003; Brown et al. 2007). Ti and Fe can be

enriched if the material is transported over large

distances before being deposited in a lake (Rothwell

and Rack 2006; Mischke et al. 2010). Paleoclimatic

interpretations of XRF data from Lake Malawi are

based on these assumptions (Brown et al. 2007). In the

Laguna Potrok Aike catchment high amounts of fine

grained weathered material rich in Fe and Ti may be

found in the Plio-to-Pleistocene fluvioglacial sediments

and in basal tills that cover the catchment area today

(Zolitschka et al. 2006). This till has a clayey to sandy

matrix and is easily transportable by eolian or fluvial

agents (Coronato et al. 2013).

Trace elements (Group 3b)

Variations in trace elements are related to the rate of

supply and to the processes that control the degree of
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preservation (Cohen 2003). In Laguna Potrok Aike

there is a correlation (R around 0.63; n = 20 258)

between trace elements (Mn, Rb, V, Ni) and major

lithogenic elements (Fig. 3); both groups show neg-

ative loadings in PC1 (Fig. 4a, b). This can be

attributed to the fact that Mn, Rb, V and Ni are

common detrital elements found in silts and clays

(Rothwell et al. 2006; Croudace et al. 2006; Kylander

et al. 2011). They can be derived from chemical

weathering of catchment rocks or reach the lake

attached to mineral particles (Unkel et al. 2008).

Therefore, they may be interpreted in the same way as

alkaline and earth-alkaline elements (Unkel et al.

2008) represented in this study by K. The association

of clastic elements with trace metals suggests that oxic

conditions prevailed in Laguna Potrok Aike and that

trace elements were rarely remobilized (Fig. 4a, b;

Cohen 2003). Especially strong wind events cause a

frequent mixing and increased oxygenation of the

hypolimnion (Recasens et al. 2011) because Laguna

Potrok Aike is a cold polymictic and holomictic lake.

Other studies of the Laguna Potrok Aike record have

noted that the formation of strong redox gradients at

the sediment–water interface may have also been

inhibited by low primary productivity (Nuttin et al.

2013). Mn/Fe is often used as an indicator for these

paleo-redox conditions (Koinig et al. 2003). However,

in Laguna Potrok Aike the presence of vivianite,

basaltic rock, high phosphate contents and pumice

perturb this signal. Following the note of caution given

by Jouve et al. (2013), we refrain from using the Fe/

Mn ratio as a redox indicator for the analysis of

Laguna Potrok Aike sediments. The slightly decreased

PC1 values of trace elements, relative to major

lithogenic elements, indicate that trace metal concen-

trations in sediments do not always imply supply

events. A confounding factor may be that Mn, Ni and

V adsorb on OM and have been associated with

organic layers (Thomson et al. 2006). Furthermore, the

trace metal distribution is frequently affected by redox

mobilization and thus is dependant on water column

mixing, water depth, trophic conditions and diagenetic

processes (Cohen 2003). Trace metals may also be

concentrated in redeposited layers. Under steady state

conditions mobile trace metals are concentrated at

the redox front close to the sediment water interface.

If the sedimentation rate is low, this front migrates

with the sediment–water interface. However, if the

sedimentation rate suddenly increases, for example

during a mass movement event, a layer of increased

trace metal concentration may remain trapped in the

sediment (Thomson et al. 2006; Marsh et al. 2007).

K and Si (Group 3c)

A significant correlation (R = 0.73; n = 20 258)

between the profiles of Si and K is apparent and these

elements plot closely together on the PCA (Figs. 3, 4a,

b). Although the K scanning shows a significant

correlation (R = 0.85; n = 64) with WD-XRF mea-

surements (ESM1), a correlation coefficient of 0.48

can also be found between K and water content. This

may be due to the fact that light elements are

especially prone to distortions. It should be considered

that high K counts may be caused by K X-rays being

absorbed by Cl especially in porous sediments (Roth-

well et al. 2006). Nevertheless, in previous XRF

studies, K counts have been used as a proxy for

mineralogical by-products of soil weathering and

erosion and/or as an indicator for clay (Unkel et al.

2008; Kylander et al. 2011) More specifically, K has

been associated with illite and chlorite minerals

(Minyuk et al. 2007). In Laguna Potrok Aike, these

minerals occur preferably during cold arid climates

when there is a dominance of mechanical weathering

over chemical weathering (Nuttin et al. 2013). Con-

trary to Ti and Fe (under oxic conditions), K is instable

and reactive, and thus easily weathered (Mischke et al.

2010). Therefore, chemically altered material is low in

K (Kortekaas 2007; Brown et al. 2007). The elements

K and Si, which simultaneously occur in the minerals

sandine and anorthoclase are detected in the glacial

period (Fig. 6). Si, the main component of Laguna

Potrok Aike sediment, is unreactive and insoluble like

Fe and Ti (Cohen 2003). Yet it is not commonly

associated with these elements. While Ti and Fe are

common in clays and silts, Si occurs in coarser grain

sizes (Cohen 2003; Kylander et al. 2011). Quartz

grains may originate from fluvioglacial sediments and

basal tills described as having high contents of

medium to fine sands (Zolitschka et al. 2006). Due

to low biogenic silica (BSi) contents and lacking

correlation between BSi and Si profiles at Laguna

Potrok Aike, it can be excluded that the Si profile is

influenced by biogenic rather than detrital sources of

silica (Fig. 5; Hahn et al. 2013).
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Non-carbonaceous Ca (Group 4)

In non-carbonaceous sediments the Ca profile shows

similar trends to the clastic elements Fe, Ti and

especially K and Si. Ca occurs together with Ti, Fe

and/or Si in minerals such as anorthite, augite and

clinoferrosilite in Laguna Potrok Aike (Fig. 6). How-

ever, the correlation with Ti and Fe does not persist in

redeposited sediment units where Ca and Sr are

enriched and well correlated (Fig. 3). In the PCA,

when carbonate-bearing sediments are removed, Ca

loadings in the PC1 change from positive to negative,

i.e. Ca is no longer associated with elements indicative

of the organic fraction. However, instead of plotting

with the bulk of indicators for terrigenous input, i.e.

the other elements along PC1, Ca dominates a second

principal component (PC2; Fig. 4b). Visual core

inspection shows that peaks in Ca correspond to

sediments that are coarse-grained and dark colored

(Fig. 2). They occur at the base of turbidites as well as

in discrete, coarse-grained, mm-cm scale layers

(Fig. 3). XRD analysis of a dark coarse-grained layer

shows significantly increased amounts of anorthite

([20 wt%) compared to other Laguna Potrok Aike

samples (0–10 wt%; Fig. 6). Sr and Ca release from

volcanic rocks (basalt und tephra), due to the weath-

ering of feldspar (plagioclase), has been observed in

previous studies of lacustrine sediments (Salminen

et al. 2005). At Laguna Potrok Aike, the basaltic rock

in the catchment is assumed to be a main source of Ca

(Haberzettl et al. 2005). Sr and Ca in the detritic

fraction often behave like K (Cohen 2003), i.e., they

are easily mobilized during weathering and therefore

common in freshly eroded sediments (Kortekaas

2007). On the southwest shore and in direct proximity

of Laguna Potrok Aike, the basaltic lava flow ‘‘Ban-

durrias’’ and remnants of an eroded scoria cone

‘‘Policia’’ are cut by the primary inflow and eroded

directly by wave action (Fig. 1; Coronato et al. 2013).

Kastner et al. (2010) find higher Ca values in the

surface sediments near the southern shore due to direct

influence of the basalt. Therefore, we suggest, that this

can be regarded as the main source for the Ca-rich

coarse material found in Laguna Potrok Aike.

Paleoenvironmental Interpretation

Once event deposits are removed from the composite

record from Laguna Potrok Aike, the pelagic deposits

mostly consist of clays and silts. These lithologies

should be exempt from grain-size and water-content

effects that could influence XRF counts, and therefore

suitable for paleoenvironmental studies (Tjallingii

et al. 2007). Because tephra layers are excluded from

the pelagic composite profile as well, their diverse and

distinct geochemistry is no longer a confounding

factor (Figs. 3, 4a, b). However, because only events

thicker than 2 cm were removed (Kliem et al. 2013),

artifacts of redeposited sediments and tephra layers

remain in the record.

Indicator of productivity and clastic input

We propose the scores of PC1 as a summarizing

indicator of clastic versus organic sediment reflecting

climate-related variations in depositional conditions.

In carbonate-bearing sediment (0–15.53 m) PC1 is

mainly driven by the Ca content of the sediment and

correlates well with the TIC curve which is used as a

proxy for lake-level reconstructions of the past 16 ka

(Haberzettl et al. 2007; Hahn et al. 2013). PC 1 shows

the mid Holocene Climate Optimum (around 9–7 ka),

a dry phase between 4.5 and 4 ka (Haberzettl et al.

2009) and the Medieval Climate Anomaly (around

1–0.5 ka). Additionally, we note a dry phase with

slight increases of Ca and PC1 peaking around 3 ka

that is also described in Haberzettl et al. (2009). In the

carbonate-free sediments (15.53–106.09 m) PC1 is

driven by the difference between clastic and organic

sediment. Increases in PC1 during warm phases may

be due to soil and vegetation development in the

catchment reducing eolian and fluvial erosion and thus

dilute the clastic fraction by increased organic sedi-

ment input as suggested by Lisé-Pronovost et al.

(2013) for the Late Glacial period. A negative

correlation between C/N ratios and Ti in Laguna

Potrok Aike has previously been observed by Mayr

et al. (2009). Likewise, high scores in PC1 (49–45,

38.5–37.5, 17.2–14.4, and 13.5–11.4 ka) roughly

correspond to increases in TOC values and C/N ratios

that are associated with pulses of organic productivity

(Fig. 5; Hahn et al. 2013) and often coincide with

southern hemispheric glacial warming events (Ant-

arctic A-events 1 and 2, postglacial warming and the

Younger Dryas chronozone, respectively) suggested

by ice core records (Fig. 5; EPICA Community

Members 2004, 2006). However, this concurrence

is only moderate because climatic ameliorations
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primarily induce diatom blooms during glacial condi-

tions in Laguna Potrok Aike. These are best recorded

by BSi data rather than in the TOC profile (Hahn et al.

2013). With Br we only have an indicator for TOC and

not for BSi; the large detrital Si fraction in the

sediments inhibits the detection of BSi by XRF. This

limits the amount of climatic information that can be

obtained from the PC1 of the XRF dataset. XRF

records are a much better tool for analyzing the clastic

fraction of the sediment. However, a clear interpreta-

tion may still be difficult to obtain because amounts of

terrigenous material and mineral compositions are

dependent on multiple factors (Wefer et al. 1999). On

the one hand, increased clastic input can be related to

rapid erosion and reduced soil stability after or during

cold and dry glacial episodes. On the other hand,

during warmer and wetter conditions typical clastic

indicators are dependent on the rate of chemical

weathering which is accelerated by vegetation (Cohen

2003). Increased clay input related to hydrolysis

during warming periods has been observed in Laguna

Potrok Aike (Nuttin et al. 2013). Clastic elements have

been found to indicate terrestrial runoff linked to

elevated rates of precipitation in marine (Haug et al.

2001) and lacustrine sediments (Haberzettl et al. 2005;

Kastner et al. 2010). Such multiple climatic influences

on one proxy may lead to discrepancies in the record

and to an ambiguous climate signal.

Indicator of grain size and provenance

For a more detailed study of the clastic fraction we

remove the carbonate-bearing sediments (0–15.53 m)

from the dataset that dominate the PCA. Furthermore,

this part of the record is of special interest, because the

Holocene sediments have been thoroughly studied

during the former South Argentinean Lake Sediment

Archives and Modeling (SALSA) project (Haberzettl

et al. 2007). PC2 is dominated by Ca derived from

basaltic rocks at the southwestern shore of Laguna

Potrok Aike which is eroded by the Bandurrias Creek

flowing directly into the lake (Fig. 1). Since the Cabo

Vı́rgenes Glaciation (0.78–1.05 Ma) this creek has

probably only been active during seasonal precipita-

tion and spring snow-melt events (Coronato et al.

2013). At times of lake-level lowstands, a lower base

level may have promoted fluvial erosion of the basalt

outcrop during infrequent but extreme runoff events

(Coronato et al. 2013). Furthermore, the basalt outcrop

is directly attacked by wave erosion forming basaltic

sands especially during times of high wind speeds.

Consequently, gravel beach-levels and accumulation

of coarse-grained, delta-type material can be found on

the western shore (Coronato et al. 2013). The

frequency of mass movement events going off these

delta-type sediments and transporting basaltic sands

into the lake center is increased during glacial

conditions (Kliem et al. 2013). Ca-rich dark sands

are found at the base of mass movement deposits but

also in discrete layers. Therefore, we suggest strong

winds as a trigger for further transport mechanisms to

the lake centre. Coronato et al. (2013) suggest wind as

the most continuous regional geomorphic agent,

typical for lakes in semiarid regions (Cohen 2003).

At low lake-level stands large basaltic sand deposits

would have been uncovered and available for trans-

port. Ca values are increased in dark sand layers and

enriched in Si which also has negative loadings in PC2

(Figs. 2, 4a, b). The SiO2 content of dark sand layers

and lake sediment in general is higher (around 60 %)

than the SiO2 content of the basalt outcrop (around

50 %; D’Orazio et al. 2001). Apart from basaltic

sands, quartz sands derived from till are also abundant

in the area. They are assumed to be present in the

coarse-grained layers of Laguna Potrok Aike due to

grain-size specific transport (Fig. 2). Further elements

with a negative PC2 are Mn and K. These are related to

redeposition events; K is enriched in clay caps and a

Mn layer is common in turbidites.

Elements indicative of fine-grained tills (Ti, Fe) and

organic material (Br, Cl) have a positive PC2. Fe and

Ti values in the sediment are not increased during

intervals that are characterized by high magnetic

susceptibility in Oxygen Isotope Stage (OIS) 2

(Haberzettl et al. 2009; Lisé-Pronovost et al. 2013).

This may be related to dilution effects of the large

clastic influx causing an absolute increase in ferro-

magnetic minerals to appear as a relative decrease. It is

also possible that the presence of magnetite in basalt is

responsible for increases in magnetic susceptibility

(Mullins 1977). In conclusion, negative scores in PC2

are interpreted as an increase of mechanical over

chemical weathering and more frequent high wind

speeds during the coldest glacial periods. The fre-

quency of redeposition is probably also reflected in

PC2. The signal of PC2 is again somewhat confounded

by the multi-provenance, multi-transport-mode char-

acteristic of the clastic material. Nevertheless,
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decreases in PC2 (between 18 and 32 ka) correspond

to increased dust deposition during OIS 2, which has

been observed in Laguna Potrok Aike (Haberzettl

et al. 2009) and correlated to southern hemispheric

dust records (Fig. 5; Fischer et al. 2007). Similarities

between our lake sediment record and the Antarctic

dust record demonstrate the already often-cited con-

tribution of dust from South American Patagonia to

Antarctica (Basile et al. 1997). Increases in PC2

(between 45 and 49 ka and between 36 and 40 ka)

occur simultaneously with increases in the productiv-

ity record and Antartic warming events A-1 and A-2

(Fig. 5; EPICA Community Members 2004, 2006;

Hahn et al. 2013).

Limitations

It is challenging to obtain a clear climatic interpreta-

tion from the record because the geochemical profiles

are not a direct and continuous record of environmen-

tal change. The response of various sediment compo-

nents from the lake system is mediated by non-

climatic factors. Processes such as changes in back-

ground sedimentation, diagentic effects, reworking

and bioturbation may blur the climate-related geo-

chemical signal (Cohen 2003). Elemental composition

is dependent on multiple factors that are often not

distinguishable. Therefore, it can be difficult to infer

the magnitude or sometimes even the direction of

climate change from geochemical records. While a

warmer and wetter climate may reduce clastic input by

stabilizing soils, it may also increase weathering and

transport processes. Furthermore, relationships

derived from contemporary data are not invariably

valid; links between a proxy and climatic forcing may

change over time. In the case of Laguna Potrok Aike

especially the content of Ca is influenced by different

mechanisms throughout the lake’s history.

Conclusion

Analysis of the elemental composition reveals a

profile that is dominated by clastic sediments; organic

and carbonate input is sparse and diagenetic remobi-

lization is limited. This suggests that the lake was

unproductive and well-mixed in cold, semiarid

and windy conditions throughout the past 51 ka.

The alternating occurrence of clastic and organic/

carbonate sediments can be interpreted as shifts

between stadial and interstadial conditions, respec-

tively. XRF scanning is especially adept at capturing

variations in lithogenic elements, making it particu-

larly useful for the analysis of clastic lakes such as

Laguna Potrok Aike and allowing us to detect

variations in the minerogenic input to the sediment.

The different geochemical signatures of fine-grained

alluvial sediment originating from the till covering the

catchment and coarse-grained sands derived mainly

from the adjacent basaltic rock outcrop reflect the

intensity of dust erosion in southern Patagonia.

Although deciphering the climatic signal from the

XRF dataset is not always straightforward, general

trends of Holocene lake level variations detected in

previous studies can be confirmed. For the glacial

period the elemental composition of Laguna Potrok

Aike suggests climatic variations similar to those

recorded in Antarctic ice cores and suggests a windy,

arid, cold OIS 2 and warmer conditions during

Antarctic A-events, after the LGM and during the

Younger Dryas.
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dana NI, Schäbitz F, Zolitschka B (2010) Southern hemi-

spheric Westerlies control the spatial distribution of

modern sediments in Laguna Potrok Aike, Argentina.

J Paleolimnol 44:887–902

Kido Y, Koshikawa T, Tada R (2006) Rapid and quantitative

major element analysis method for wet fine-grained sedi-

ments using an XRF microscanner. Mar Geol 229:209–225

Kliem P, Enters D, Hahn A, Ohlendorf C, Lisé-Pronovost A, St-
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