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Abstract. We sampled a short (57 cm) sediment core inand AD ca. 1300 for L4) matched reasonably well the age of
Limnopolar Lake (Byers Peninsula, Livingston Island, Southtephra layers (AP1 to AP3) previously identified in lakes of
Shetland Islands), which spans the last ca. 1600 years. ThByers Peninsula. Some of the analyzed metals (Fe, Mn, Cu,
core was sectioned at high resolution and analyzed for eland Cr) showed enrichments in the most recent tephra layer
emental and mineralogical composition, and scanning elec{L1), suggesting relative changes in the composition of the
tron microscope and energy dispersive X-ray spectrometetephras as found in previous investigations. No evidence of
(SEM-EDS) analysis of glass mineral particles in selectedsignificant human impact on the cycles of most trace metals
samples. The chemical record was characterized by a cor(Cu, Zn, Pb) was found, probably due to the remote loca-
trasted pattern of layers with high Ca, Ti, Zr, and Sr con-tion of Livingston Island and the modest research infrastruc-
centrations and layers with higher concentrations of K andtures; local contamination was found by other researchers in
Rb. The former were also enriched in plagioclase and, ocsoils, waters and marine sediments on areas with large, per-
casionally, in zeolites, while the latter were relatively en- manent research stations. Chromium is the only metal show-
riched in 2: 1 phyllosilicates and quartz. This was inter- ing a steady enrichment in the last 200 years, but this cannot
preted as reflecting the abundance of volcaniclastic matebe directly attributed to anthropogenic pollution since recent
rial (Ca rich) versus Jurassic—Lower Cretaceous marine sedesearch supports the interpretation that climatic variability
iments (K rich) — the dominant geological material in the (reduced moisture content and increased wind intensity) may
lake catchment. SEM-EDS analysis revealed the presence dfave resulted in enhanced fluxes of mineral dust and trace el-
abundant volcanic shards in the Ca-rich layers, pointing toements (Cr among them) to Antarctica. At the same time,
tephras most probably related to the activity of Deceptionsome features of the chemical record suggest that climate
Island volcano (located 30 km to the SE). The ages of fourmay have also played a role in the cycling of the elements, but
main peaks of volcanic-rich material (AD ca. 1840-1860 for further research is needed to identify the underlying mecha-
L1, ADca. 1570-1650 for L2, AD ca. 1450-1470 for L3, nisms.
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1 Introduction jective of our research was to perform a detailed (i.e. high-
resolution) investigation of the geochemistry of the lake sed-

In view of its location and remoteness Antarctica is a highly iments, with a combination of X-ray fluorescence (XRF), X-
sensitive area to global change. Of particular concern are theay diffraction (XRD), and scanning electron microscope and
effects of global warming because of the rapid responses thanergy dispersive X-ray spectrometer (SEM-EDS) analyses,
ecosystems may undergo in circumpolar areas, and becausepported by age dating and multivariate statistics, with the
of the mounting evidence of recent major changes in polaraim of identifying the main factors involved in the observed
regions (Pienitz et al., 2004; Convey et al., 2009). But tochemical-mineralogical changes and their timing during the
put present global change into context there is a need fotast ca. 1600 years.
long-term records of environmental changes. For this pur-
pose, lake sediments are amongst the most used archives as
they host a suite of abiotic (elemental composition, isotopic2 Material and methods
records, mineral composition, etc.) and biotic (pollen, tes-
tate amoebas, diatoms, charcoal, organic compounds, etc2.1 Study area
proxies which can potentially shed light on environmental
changes (see for example Smol and Last, 2001; Smol et all,imnopolar Lake (623815" S, 62°0630" W) is located in
2001a, b). Byers Peninsula, the westernmost part of Livingston Island

In contrast to the Arctic and temperate zones, fewer stud{South Shetland Islands, Fig. 1) and designated at present as
ies have used sediment cores from lakes in Antarctica (Muiran Antarctic Specially Protected Area (ASPA No. 6), limit-
and Rose, 2004) to track environmental change, despite thing human presence in the past 46 years to scientific activi-
large abundance of lakes in some areas like Byers Penirties, keeping it free of human impacts, far from any Antarctic
sula (Livingston Island, South Shetland Islands) (Toro et al.,.Base (Benayas et al., 2013). Livingston Island hosts mod-
2007). Most of the investigations are based on sedimentoest research infrastructures: a non-permanent research camp
logical, elemental, and mineralogical analyses (Aceto et al.jn Byers Peninsula since 2001, located 1700 m away from
1994; Bishop et al., 1996; Doran et al., 2000; Abollino et Limnopolar Lake and used for periods of 1-3 months each
al., 2004; Webster-Brown and Webster, 2007; Malandrino etyear, and the Spanish and Bulgarian Antarctic Bases Juan
al., 2009), but also on the isotopig!fC, §1°N, §34S) com-  Carlos | and St. Kliment Ohridski, located about 30 km to
position (Bishop et al., 2001), or the content of organic pig- the east, since 1988.
ments (Squier et al., 2005) of the sediments. The aim was to Climate is less extreme than in continental Antarctica,
investigate the geochemistry of the lakes and to reconstruatharacterized by a high interannual variability of temperature
climate changes. The identification and characterization ofand precipitation (annual mean values of 700-1000 mm),
tephra layers also has received much attention (Bjorck et al.with summer temperatures mostly aboved)(mean range
1991; Bjérck and Zale, 1996b; Hodgson et al., 1998), pur-from 1-3°C) and frequent liquid water precipitation, and
suing the identification of their sources and to establish awinter colder than OC with a record low of—27°C
tephrochronology for the Antarctic Peninsula. Of particular (Rochera et al., 2010; Bafién et al., 2013). The region is show
interest for our study is the chronostratigraphic investigationcovered for at least eight months of the year, and the snow
made by Toro et al. (2013) on a composite core sampled ircover distribution and depth is dominated by topographic
Limnopolar Lake. variables related to wind (Fassnacht et al., 2013). In the lake

A second major line of research is that oriented to the re-catchment there is a permafrost table below an active layer of
construction of pollution. It includes the determination, in thickness up to 90-130cm, with a thawing season of about
lake sediments, of the concentrations of organic pollutants’5 days between late December to late February (De Pablo
(Sarkar et al., 1994; Fuoco et al., 1996), trace metals (Yin et al., 2013).
al., 2006; Bargagli et al., 2007), and spheroidal (fly ash) par- This peninsula is the largest ice-free area of Maritime
ticles (Rose et al., 2012). These investigations demonstraténtarctica, and contains a large number of lakes (Toro et
that the level of contamination in Antarctica is much lower al., 2007). Limnopolar Lake catchment has a surface area of
than in the polar regions of the Northern Hemisphere. De-0.58 kn? and a water body area of 0.022knThe lake is
spite the long-range transport of some contaminants (i.e. Phyltra-oligotrophic and it is ice covered except for 2—3 months
Hg, or organic pollutants) most of the impacts due to hu-during the summer. Although it has a main inlet, surface
man activities are local (Tin et al., 2009) and mainly relatedrunoff significantly contributes to the lake volume during
to the presence of large, permanent research infrastructuresow pack melt and the period of thawing of the active layer
(Claridge et al., 1995; Crockett, 1998; Sheppard et al., 2000pf permafrost. The lake bottom is covered by a patchy carpet
Crockett and White, 2003; Webster et al., 2003; Santos et al.of the mosdDrepanocladus longifoliugMitt.) Paris (Toro et
2006; Chaparro et al., 2007). al., 2013).

In this paper we present the results of a study on a short Vegetation in the catchment is only composed of scattered
sediment core sampled in Limnopolar Lake in 2003. The ob-patches of mosses, lichens, and microbial mats (Velazquez
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Figure 1. Location of Limnopolar Lake on Livingston Island (South Shetland Islands, Antarctica). Modified from Toro et al. (2013).

et al., 2013). The superficial formations are represented bynize analytical effort and time, we selected 57 representative
a lithosol originating from the fragmentation of periglacial samples covering the whole core and keeping a reasonably
processes, weathering, and erosion of Upper Jurassic—Loweyood chronological resolution.

Cretaceous marine sediments, volcanic and volcaniclastic

rocks (Lopez- Martinez et al., 1996). 2.3 Elemental and mineralogical analyses

2.2 Sediment sampling Before analysis, sub-samples were dried at°XD&intil con-
stant weight, finely milled and homogenized. The elemental
The LIM03/1 sediment core was collected in December 2003composition (Si, Al, Fe, Ti, Ca, K, Mn, Rb, Sr, Zr, Cr, Cu,
using a Glew-type gravity corer at the deepest part of the lakeZn, and Pb) of the sediment was determined by X-ray flu-
(5.5m, Fig. 1) when it was iced covered, retrieving the upper-orescence dispersive EMMA-XRF analysis (Cheburkin and
most 57 cm of its sedimentary infill. It showed a centimetre Shotyk, 1996, 1999; Weiss et al., 1998). Standard reference
to millimetre alternation of light brownish massive clays and materials were used for the calibration of the instruments.
silty clay layers, and dark brownish moss layers. A number ofQuantification limits were 10gkg for Si, Al, Fe, and Ti,
more discrete, millimetre—centimetre scale darker, silty lay-4 gkg™* for Ca and K, 30 ugg* for Mn, 10 ugg* for Cu,
ers, made up of volcanic material, were also found. 5ugg*forzn, 2pg g for Cr, 1ug g for Rb, Sr, and Zr,
The core was sectioned (in situ) into 0.2 cm slices for theand 0.5 ug g* for Ph. Reproducibility was assessed by repli-
upper 10cm, and 0.5cm slices below this depth. Sample§ate measurements every three samples; all replicates agreed
were transferred to Whirl-P&k bags, sealed, and stored in Within a 5%.
darkness at low temperature°@) until analysis. To opti-
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The mineralogical composition was determined by X-ray 3 Results
diffraction using a Philips PW1710 diffractometer (Cuka- -
diation and graphite monochromator). Quantification of the3.1 Elemental composition

mineral phases was done using Match! 1.11e software. ,
Five dried. but otherwise unmodified. sediment samplesThe concentration records of the analyzed elements can be

from 30.5, 24, 18, 16, and 6.8cm depths, were selectedound in Fig. 2. To summarize the geochemical composi-
for SEM-EDS analysis (LEO 435 VP). Four of them cor- tion and investigate into the underlying factors, as already

responded to sediment sections with high Ca concentration&'dicated in the Methods section, we have applied princi-
and one (16 cm) to sediment located between Ca-rich and@@l components analysis to the CLR transformed data. Seven

K-rich sections. The aim was to determine the presence of®MPONenNts explained aimost 96 % of the total variance (Ta-
material of volcanic origin and the possible sedimentary pro-P/€ 1)- The first component (Cp1, 40.6 % of the variance)
cesses responsible for its transport to the lake. shows_ large p_osmve loadings of Ca, Sr, Ti, and Zr and large

The analytical instruments used are hosted in the RI-"€dative loadings of K and Rb (Table 1). The record of Cpl

AIDT (Infrastructure Network for the Support of Research Scores (Fig. 3) is characterized by a see-saw pattern, partic-

and Technological Development) facility of the University Ulary in the upper 35cm, with four well-defined peaks of
of Santiago de Compostela. positive scores (i.e. high concentrations of Ca, Sr, Ti, and Zr

and low concentrations of K and Rb) centred at 30.5 (L4),
2.4 Core chronology 24.0 (L3), 18.0 (L2), and 6.7 cm (L1) depths. The sediment

section below 35 cm shows almost constant negative scores
The chronology of the core LIM03/1 was constructed using(i.e. high concentrations of K and Rb and low concentrations
210pp, 226Ra, and'3’Cs measurements and radiocarbon dat-of Ca, Sr, Ti, and Zr).
ing of two moss samples. This chronology was overlapped The second component (Cp2, 12.7 % of the variance; Ta-
with radiocarbon dating of moss samples of another longble 1) is characterized by large positive loadings for Fe and
core collected in 2008 at the same lake location. The BacorMn. The record of Cp2 scores (Fig. 3) shows a trend of
script for R (Blaauw and Christen, 2011) was used to con-slightly increasing values from 60 to 27 cm, and a steady de-
struct the age model of the composite core. The details carrease from this depth to the surface — with three distinctive

be found in Toro et al. (2013). peaks at 14-16cm, 7.6, and 3.2cm.
o . The third component (Cp3, 12.2% of variance; Table 1)
2.5 Statistical analysis shows large positive loadings for Si and Al. The scores are

o ) around zero (i.e. close to average concentrations of Si and
Principal components analysis (PCA) was performed on theyy in the whole core (Fig. 3), with the exception of three
geochemical data to extract the main chemical signatures Oiflegative excursions at 23.0, 20.0, and 2.7 cm depths.
the sediment elemental composition and investigate into the Thea fourth to seventh co,mpon,ents (Cp4—Cp7) are repre-
factors controlling them. Since compositional data are a casggnteq by only one metallic element each: Cu, Zn, Pb, and
of closed data (Aitchison et al., 2002; Baxter et al., 2008),cr and account for a 7.8-7.3% of the total variance (Ta-
a centred log ratio (CLR) transformation was applied prior pje 1y The records of Cp4 to Cp6 scores have in common an
to the statistical analysis (Aitchison, 2003; Baxter and Free-oyqra| lower variability, no systematic change below 20 cm
stone, 2006). A varimax rotation was chosen for the finalynq 5 relatively higher variability in the section above this
PCA model. This type of rotation maximizes the loadings depth (Figs. 2 and 3). Cp4 (Cu) and Cp7 (Cr), as well as Cp3
of the variables on the components. In the particular case OEFe and Mn), show a peak in scores coinciding with the up-
depth records, it results in the allocation to the same COMPOpermost pea,k in Cp1 scores (L1, Figs. 2 and 3), but not in
nent of variables sharing a large proportion of their variance o other sections with high Cpl,scores (L2 to |_'4 Fig. 3).
that is, chemical elements showing very similar records, eNtp7 (Cr) is the only chemical component showing a trend of
abling an easier identification and interpretation of the “”derincreasing values to the surface of the core (Figs. 2 and 3).
lying factors (Kylander et al., 2013). The larger variability in the upper 20 cm probably responds

Correlation analysis was used to establish the relation beg, {he higher resolution of sectioning and number of samples
tween the elemental composition and the mineralogy. A"analyzed.

correlation coefficients mentioned in the text are highly sig-

nificant (p < 0.01) unless otherwise stated. Both PCA and 3.2 Mineralogical composition and SEM-EDS analysis

correlation analysis were performed using the statistical soft-

ware SPSS 20.0. In all samples analyzed by XRD, a broad band centred on
22 20 indicated the presence of non-crystalline inorganic
material. This effect was more evident in the samples of the
upper 9 cm. The quantification provided in Fig. 4 only refers
to the crystalline mineral phases identified.
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Table 1. Loadings of the chemical elements used in the principal components analysis. Cpl to Cp7 — components; Com — communality
(i.e. proportion of the variance of each element explained by the extracted components); Eigv — eigenvalue, Var — percentage of explained

variance by each component.

Cpl Cp2 Cp3 Cp4 Cp5 Cp6 Cp7 Com
Ti 0.96 0.06 0.04 0.14 0.02 —0.09 -0.08 0.96
Ca 0.96 0.06 0.02 0.07 -0.13 -0.11 0.15 0.98
Sr 0.94 0.23 0.02 0.06 —0.09 -0.04 0.13 0.97
Zr 0.94 0.11 0.03 0.19 0.04 0.05 0.08 0.97
K -0.89 -0.11 0.08 -0.03 0.29 0.13 0.04 0.95
Rb -0.94 -0.06 -0.05 -0.04 0.23 0.16 —-0.01 0.92
Fe 0.07 091 -0.24 0.11 0.12 0.09 -0.13 0.94
Mn 0.38 0.84 -0.00 0.08 0.01 -0.15 -0.23 0.93
Si 0.02 -0.05 0.95 0.16 -0.07 0.04 -0.07 0.94
Al 0.04 -0.21 0.84 -0.33 0.15 0.13 —-0.00 0.90
Cu 0.27 0.15 -0.05 0.93 0.08 -0.04 0.12 0.97
Zn -0.32 0.12 0.04 0.08 092 -0.09 -0.01 0.97
Pb —-0.20 -0.02 0.13 -0.04 -0.07 0.96 -0.02 0.99
Cr 0.11 -0.29 -0.07 0.12 -0.01 -0.02 0.94 0.99
Eigv 5.69 1.78 1.71 1.10 1.10 1.0 1.0
Var 40.6 12.7 12.2 7.8 7.5 7.5 7.3

655

Plagioclase (66:11%), 2: 1 phyllosilicates (probably Table 2. Correlation between mineralogy and elemental composi-

chlorite-smectites, 22 10 %), and quartz (12 3 %) are the

main crystalline minerals. In samples at 11.7 and 44.5 cnmCp1 —first PCA component.
depths, traces of a zeolite:(L %) of the clinoptilolite group

tion. Pg — palgioclase; 21 Phy — 2: 1 phyllosilicates; Qtz — quartz;

(effects and 8.9 and 3.9 nm) were also found. In some sam- Plag 2:1Phy Qtz
ples there are effects (0.26 nm) that may correspond to Cpl 077 —066 -0.85
antarcticite, but most of the other effects of this mineral over- Ca 076 -066 —0.79
lap with those of plagioclase and it is difficult to resolve its K —-0.59 0.48 0.71
presence. Ti 0.71 —-0.58 -0.88
Plagioclase content varies between a minimum of 45 % at Rb  -0.71 0.59 0.80
50.5cm and a maximum 83 % at 16.8cm and tends to be Sr 075  -065 -0.79
Zr 0.73 —0.60 -0.85

higher in Ca-rich samples (Fig. 4);: 2 phyllosilicates range
between 5% (at 18.8 cm) and 40 % (at 40.5cm) and tend to
be higher in K-rich sections (Fig. 4); and quartz ranges be-
tween a minimum of 6% (at 18.8cm) and a maximum of found in the Fe and Ti content (Fig. 5). Diatoms were also
16 % (at 44.5cm) and also tends to be more abundant in Kpresent, particularly in the sample at 16 cm.

rich sections. Plagioclase is highly correlated with Cp1 (
0.77; Table 2) and, consequently, with Ca, Sr, Ti, andrZr (

0.73-0.77; Table 2); 21 phyllosilicates are positively cor-

related to K and Rb (0.48 and 0.59, Table 2) but negatively

correlated to Ca, Ti, Sr, and Zr(0.58 to—0.66; Table 2);

quartz shows the same correlation pattern than theghyl-
losilicates but the correlation coefficients are larged (71

and 0.80 with K and Rb;-0.79 to—0.88 for the other ele-

ments; Table 2).

4 Discussion

lake sediments

4.1 Elemental and mineralogical composition of the

There are few studies dealing with the elemental composi-

tion of rocks, soils, and lake sediments of the Byers Penin-
The samples selected for SEM-EDS analysis corre-Sula. Among them, it is worth mentioning that by Navas et

sponded to the four main peaks with higher Ca (and Ti, Zr,al- (2008), which provides elemental data of soils derived
Sr) concentrations, plus one sample located at 16 cm — beffom different geological materials of the area; the study by
tween the peak at 18 cm and the low at 12 cm. All of them hadOtero et al. (2013) on the content of micronutrients (Fe, Mn,
large amounts of volcanic shards with angular, sharp edge§0. and Cu) in soils of the Byers Peninsula; and the study
(Fig. 5). The shards had the overall composition of a pla-by Bjorck and Zale (1996b) on the composition of tephras

gioclase (Si, O, Al, Ca, and Na), although differences werefound in lake sediments of the Byers Peninsula. The paper
by Toro et al. (2013), on a composite sediment core sampled
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Figure 2. Depth records of concentrations of the elements analyzed in the LIMO3/1 core of Limnopola&@akmjor, minor, and trace
lithogenic elementgb) metallic elements.

at Limnopolar Lake, is also of reference, but a quantitativepublished only for tephra layers (Bjorck and Zale, 1996b),
comparison of the elemental composition cannot be madend are similar to those found by us.
since they used a core scanner and the data is presented afOur results on the mineralogical composition of these sed-
counts per second. Also, here we do not present data for twaments are comparable to those of studies done in sediments
of the elements included by Toro et al. (2013), Cl and Co,and soils of the area (Jeong et al., 2004; Navas et al., 2005),
but provide data for other four elements (Rb, Cr, Zn, Pb),in particular regarding the high contents of plagioclase. The
plus LIMO3/1 contains the upper 10cm that are lacking in presence of zeolite was also noted by the cited investiga-
the composite core. tions. The main mineralogical changes in Limnopolar Lake
For Al, Fe, Sr, Cr, and Cu, the concentrations in the sed-sediments are mostly related to the abundance:df ghyl-
iments of Limnopolar Lake (Fig. 2) are much higher than losilicates (mica, smectite, and interlayered minerals). The
those given for the soils of the area (both those developedower section of the core{ 35 cm) is the one with the high-
on marine sediments and on volcanic materials; Navas et algst abundance of phyllosilicates, for which the composition
2008; Otero et al., 2013), but similar to those of the tephrads similar to that of sediments of the marine platform of the
found in lake sediments (Bjorck and Zale, 1996b). For Ca,South Shetland Islands studied by Jeong et al. (2004). The
K, Mn, and Zn, concentrations are within the range found for clay fraction of these sediments was found to be enriched in
soils and tephras. Data on Si and Ti concentrations have beesmectite (63 %), in comparison to chlorite (25 %) and illite

Solid Earth, 5, 651-663 2014 www.solid-earth.net/5/651/2014/
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Figure 3. Depth records of scores of the principal components extracted by PCA on the elemental composition of the sediments of the core
LIMO3/1 of Limnopolar Lake. L1 to L4: layers enriched in Ca, Ti, Zr, and Sr, which are interpreted as tephras.

(12 %), also showing high concentrations of K and Fe (Jeonghyllosilicates, and sediments enriched in Ca, Sr, Ti, and Zr
etal., 2004). with larger abundance of plagioclase and occasional pres-
The LIMO3/1 core represents the uppermost 57 cm of theence of zeolites, occur in the 57 cm of the analyzed core.
composite sediment sequence studied by Toro et al. (2013)s the SEM-EDS results demonstrate, the Ca-rich sections
in Limnopolar Lake sediments. Although the long sequencecontain abundant volcanic shards indicating they may cor-
does not include the uppermost 10 cm, the short core anarespond to tephra layers with a calc-alkaline composition.
lyzed by us should correspond to the mineralogical Zone 30n the other hand, K-rich sections may correspond to sedi-
of Unit 2, defined by these authors. The zone starts at 144 crments with a higher content of material eroded from the lake
and extends to the top of the core, being characterized by aatchment, since it is dominated by marine sediments of a
roughly constant mineralogy dominated by mineral phaseslurassic—Lower Cretaceous age. Thus, during periods of low
typical of volcaniclastic material (albite, illite and quartz), volcanic activity, the geochemical signal of the sediment was
its chemical alteration products (montmorillonite, saponite,controlled by the input of terrigenous material provided by
talc and chlorite), and marine salt input (gypsum and antarcthe catchment, while in periods of volcanic activity it was
ticite). The results for LIMO3/1 are comparable — with dom- controlled by the supply of volcanic material. This is also
inance of plagioclase and:2 phyllosilicates. We were not supported by the results obtained for quartz and ®hyl-
able to corroborate the presence of minerals related to selsilicates contents, since they are negatively correlated to el-
spray input described by Toro et al. (2013) in the compositeements related to volcanic material and positively correlated
core. Antarcticite is a highly hygroscopic mineral that may to those related to the marine sediments. Quartz is typically
have transformed during the drying of the samples, whiledepleted in basic and ultrabasic geological materials, while
gypsum is only present in a few sections of Zone 3 and itit is enriched in acidic ones and in many sedimentary rocks
is not surprising that it is absent in LIM03/1. We did not due to its resistance to weathering.
identify separately the chemical alteration products, includ- When compared to the results obtained by Toro et
ing them in the group of 21 phyllosilicates due to the lower al. (2013), LIM03/1 shows a more contrasted mineralogical

resolution of the XRD equipment used for this study. and compositional pattern. For example, while in the short
core Ca is inversely correlated to the elements characteris-
4.2 Controls on sediment inorganic geochemistry ing the terrigenous material 0.87 with K and—0.95 with

Rb), in the composite long core Ca and K are positively cor-
The sediments of Limnopolar Lake have a contrasted chemirelated ¢ 0.67). This may be due to LIMO3/1 representing
cal and mineralogical composition, as synthesized by the firsh short time period with relatively more frequent volcanic
principal component (Fig. 3). Large shifts between layers en-
riched in K and Rb, with higher contents of quartz andl2
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0 25 50 75 100 Support for this interpretation is found in the fact that Cp1l
LIMO3- 0.3 o scores in the upper 35 cm, the section reflecting a higher vol-
) canic activity, do not return to values similar to those of the
section below, and that the peak at 18 cm (L2, Fig. 3) shows
LIMO3-1.5 ——— a gradual decrease in scores and not the sharp termination
LIMO3- 2.7 . found for the other peaks (L1, L3, L4; Fig. 3). So, as ex-
LIMO3- 3.9 — pected, both processes may have operated through time.
) — Previous research developed on lake sediments and ice
LIMO3- 4.7 caps of the Byers Peninsula already demonstrated the pres-
LIMO3-5.9 — ence of tephra layers (Bjorck et al., 1991; Bjorck and Zale,
LIMO3- 6.7 I— 1996b; Hodgson et al., 1998; Pallas et al., 2001), mostly at-
tributed to the volcanic activity on Deception Island, located
LIMO3-7.9 — 30km SE of the peninsula. Toro et al. (2013) also found
LIMO3- 8.7 that the geochemical composition of most glass shards of
LIMO3- 9.9 R the composite long core was similar to those of this volcano.
LIM03-11.8 - The rel_ation _to the tephrochronology proposed by the men-
LIM03-13.8 — tioned investigations, and extended by Toro et al. (2013), is
) discussed in the next section.
LIMO3-16.8 = The second chemical signature (Cp2) of the LIMO03/1 core
LIMO3-18.8 0 is related to the covariation in Fe and Mn contents, both el-
LIM03-20.8 — ements which have in common their redox behaviour. The
) record of scores (Fig. 3) shows a moderate, and irregular, en-
richment until 27 cm and a slight decrease below this depth.
LIMO03-24.8 Post-depositional redistribution of these two elements has
LIMO3-30.5 S been shown to occur in reducing environments (Chesworth
LIMO03-34.5 —— et al., 2006; Naeher et al., 2013). On the other hand, the
) lake is shallow and strong reducing conditions seem to be
LIMO3-40.5 I unlikely unless during periods of prolonged ice cover (in-
LIMO3-44.5 I | verse lake stratification) that may have resulted in a depletion
of oxygen. Punctual measurements performed under the ice
LIMO03-50.5 l cover the 15 December 2012 revealed anoxic conditions in
LIMOQ3-54.5 I the lower 1.5m of the lake water column, and methane re-

lease occurred during the extraction of long-cores in 2008.
Hpg @2:1Phy 0Oqtz Anoxic conditions and pyrite formation was found to occur
in lake-bottom sediments of deep areas of Lake Hoare, lo-
Figure 4. Mineralogical composition of selected samples of the sed-cated in the Dry Valleys region of Antarctica (Bishop et al.,
iments of LIMO3/1 core of Limnopolar Lake. Pg — palgioclase;12 2001). As for the hosting Fe—Mn phases, the SEM-EDS anal-
Phy —2: 1 phyllosilicates; Qtz — quartz. yses have shown that the volcanic shards do contain variable
amounts of Fe and Mn, although their concentrations show
no correlation with the abundance of minerals of volcanic
events, which may result in a maximization of the differencesorigin.
between the two identified geochemical signals. The third chemical signature (Cp3; Fig. 3) is the associ-
As for the volcanic material, it may have been directly de- ation between Si and Al, which probably represents varia-
posited into the lake (i.e. tephra layers) but it may also havetions in an aluminosilicate phase. This may well be a mineral
been supplied by runoff from the catchment after the vol- present in trace amounts since no correlation was found be-
canic eruption (reworked volcanic material). The morphol- tween Cp3 scores and the abundance of any of the identified
ogy of the volcanic shards observed by SEM (Fig. 5) and theminerals, and changes in the record are minor except for the
abrupt limits of three of the proposed tephra layers (L1, L3, mentioned three negative excursions.
L4), suggest that most of this volcanic material corresponds Of the metal signals, Zn and Pb (Cp5 and Cp6; Fig. 3)
to fallout ashes deposited either directly into the lake, if thepresent irregular depth distributions with no apparent trend.
eruption occurred during ice-free lake periods, or on the iceCopper (Cp4), on the other hand, is high in layer L1 of vol-
cover, if the the volcanic event took place during the winter canic material, where Fe, Mn, and Cr (Cp2, Cp7; Fig. 3)
and the material was later incorporated to the lake sedimentalso show a more or less well-defined peak. None of the
owing to the summer ice melt. A supply from the catchmentother layers of volcanic material have elevated concentra-
shortly after the deposition of the ashes cannot be ruled outiions of these metals. Matthies et al. (1990) found changes
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Figure 5. Selected SEM microphotographs showing the presence of volcanic shards in Ca-rich layers of sediments of the core LIMO3/1 of
Limnopolar Lake, and EDS analyses of their composition. A1, A2 and B1 correspond to the shards coded in the microph(d drephs
at 18 cm) andB) (tephra at 6.8 cm)C) (tephra at 6.8 cm) is an example of a shard richer in Fe and Ti (not shown in the microphotographs).

in the chemical composition of tephras from Deception Is-and, given its shallow stratigraphical position, concluded that
land volcano, while Bjérck and Zale (1996b) found that the the source volcano should have been active in historical times
last tephra layer recorded in lake sediments of Byers Peninfa few hundred years at most).

sula has differences in chemical composition in comparison Chromium (Cp7, Fig. 3) is the only metal that shows a
with previous tephras (in particular, Cu concentration wassteady increase in concentrations in the upper 10 cm, the av-
higher). In the composite long core of Limnopolar Lake stud- erage concentration in this section being twofold that of the
ied by Toro et al. (2013), Cu was found to be associated withsediments below (11541 ugg? vs. 55+ 18 ugg'b).

talc, thus some of the minor changes observed in Cu concen- Taken together, the data on metals do not point to signif-
tration in LIMO3/1 may have depended on the abundance ofcant effects from recent anthropogenic pollution in Byers
this mineral. Nevertheless, contribution from other volcanic Peninsula. This is in agreement with studies on trace metal
sources cannot be ruled out. In Midge Lake, Hogdson ettontamination in Antarctic ecosystems (Bargagli, 2000,
al. (1998) found a single acidic tephra at 2—3 cm; while Fret-2008; Sanchez-Hernandez, 2000), indicating that Pb is prob-
zdorff and Smellie (2002), in a study of tephra layers in sed-ably the only metal whose biogeochemical cycle has been
iments of the central Brandsfield basin, found that the com-ignificantly affected by anthropogenic emissions (Sun and
position of the uppermost layer did not match to any knownXie, 2001; Yin et al., 2006), and that in coastal ecosys-
Antarctic—Scotia Sea—Southern South America region sourcéems — like the Byers Peninsula — the input of metals from
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anthropogenic sources and from long-range transportis neg- ~ 400 600 80 1000 1200 1400 1600 1800 2000
ligible. Rose et al. (2012) reached the same conclusion in a
study of the presence of fly ash particles in lake sediments of
the Falkland Islands and Antarctica. Although detectable, the 0,0
content of fly ash particles in sediments of Antarctic lakes
was very low, while in the Falkland Islands the record ex- _ 20
tended back to the 19th century and showed a much highe;
impact of contamination. 3
In Antarctica, metal pollution has been found to be re- .
stricted to small areas within the surroundings of research
stations, affecting both soils and continental and marine wa-
ters (Claridge et al., 1995; Crockett, 1998; Sheppard et al.,
2000; Crockett and White, 2003; Webster et al., 2003; Santos A N
et al., 2006; Chaparro et al., 2007). Thus, the remote position - ' — ‘ ' ‘ " 20
of Livingston Island and the modest research infrastructures 100 600 800 1000 1200 1400 1600 1800 2000
it hosts may explain the lack of pollution evidence in the sed- Age cal AD
iments of Limnopolar Lake. Figure 6. Chronology of the main changes in the chemical com-
position of the sediments of Limnopolar Lake during the last 1600
4.3 Chronology of the main geochemical changes years. L1 to L4: layers enriched in Ca, Ti, Zr, and Sr, which are
interpreted as tephras.
The LIMO3/1 short core represents the sediment accumula-
tion in Limnopolar Lake during the last ca. 1600 years. The
main temporal changes in sediment geochemistry are repregnospheric pollution (Farmer et al., 1997, 2002; Renberg et
sented in Fig. 6. The record of Cp1 scores reflects the inpugl., 2002; Shotyk et al., 2003; Bindler et al., 2004; Martinez
of volcanic material (fallout ashes and reworked material) toCortizas et al., 2012). But recent research on deposition of
the lake, most probably related to the activity of the Decep-dust and trace elements, including Cr, in ice cores (Laluraj
tion Island volcano. As already mentioned, previous investi-et al., 2014; Korotkikh et al., 2014) has shown that climatic
gations (Bjorck et al., 1991; Bjorck and Zale, 1996a; Hodg- variability (i.e. reduced moisture content and increased wind
son et al., 1998; Pallés et al., 2001; Fretzdorff and Smelliejntensity) during the last decades may have resulted in en-
2002) studied the chronology of tephras in the Antarctichanced fluxes to Antarctica.
Peninsula, which was recently extended and discussed by It is also interesting to note that Cr, Cu, Fe, and Mn con-
Toro et al. (2013). With the limitations stated above, the centrations, as well as the proportion of volcanic material,
four peaks (L1 to L4; Fig. 3) with high positive Cp1 scores showed a minimum in sediment sections dated to the 18th
can be interpreted as events of tephra deposition to the lakeentury. The systematic low values in these components may
with ages of ADca. 1300 for L4, ADca. 1450-1470 for be a consequence of other processes than those already de-
L3, ADca. 1570-1650 for L2, and AD ca. 1840—-1860 for scribed. Since the age of this excursion fits that of one of the
L1. The depths of these layers in LIM0O3/1 are somewhatcoldest events of the Little Ice Age, the Maunder Minimum
shallower than those of the upper tephras of the compositén solar insolation (Bard et al., 2000; Muscheler et al., 2007),
Limnopolar core, probably due to differences in compactionclimate change may have been also directly or indirectly in-
during coring or changes in the microtopography of the sedi-volved in the cycling of elements in Antarctica as already
ment surface. But their timing matches quite well with those proposed by other researchers (Bargagli, 2000).
given by Toro et al. (2013): ages of ca. 650-565 cal yr BP
(ADca. 1300-1385), ca. 505-410calyrBP (ADca. 1445—
1540), ca. 365calyrBP (ADca. 1585; a peak in mag-5 Conclusions
netic susceptibility), and at ca. 135 cal yr BP (AD ca. 1815).
These layers were correlated to tephras AP3 to AP1 of thélhe results obtained for the sediment core LIMO3/1 indi-
tephrochronology developed by Bjorck et al. (1991). cate that volcanic activity has played a major role in the
Most of the metals showed no consistent depth trend, sechemical and mineralogical composition of the sediments of
their chronologies are not considered here. As already menkimnopolar Lake (Livingston Island, Antarctica) during the
tioned for Cu, the largest peak in concentrations matchesast ca. 1600 years. Both, direct deposition of tephras and
the age of layer L1 (Fig. 6), while Cr shows the same peakredistribution of volcaniclastic material by runoff from the
and steadily increasing values in the last 200 years. This lateatchment, seem to have been particularly intense since at
ter trend has been repeatedly found for trace metals (as Pleast AD ca. 1200. The most probable origin of the volcanic
and Hg) in several studies on diverse types of geoarchivesnaterial is the Decpetion Island volcano, as found in previ-
in the Northern Hemisphere and related to anthropogenic ateus investigations. Only in periods of low volcanic activity
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(from AD ca. 400 to AD ca. 1100), the composition of the Aitchison, J.: The statistical Analysis of Compositional Data, Back-

sediments was controlled by the Jurassic—Lower Cretaceous burn Press, Caldwell, New Jersey, 2003.

marine sediments which dominate in the lake catchment. ~ Aitchison, J., Barcelé-Vidal, C., and Pawlowsky-Glahn, V.: Some
The four layers (L1 to L4) rich in volcanic material con- ~ comments on composi_tional dgta analysis in archaeometry, in

tain abundant shards, as found by SEM-EDS analysis, with a pa_rtlcular th_e fallacies in Tangri and Wright's dismissal of log-

chemical composition of a Ca-rich plagioclase and with ages, ratio analysis, Archacometry, 44, 295-304, 2002.

that are quite similar to tephra layers previously identified in anon, M., Justel, A., Velazquez, D., and Quesada, A.: Regional
q P YErs p y weather survey on Byers Peninsula, Livingston Island, South

this and other. Iakes' (?f Byers Peninsula. . Shetland Islands, Antarctica, Antarct. Sci., 25, 146-156, 2013.
The volcanic activity may have also been responsible forBenayas, J., Pertierra, L., Tejedo, P., Lara, F., Bermudez, O.,

part of the changes observed for some of the trace metals Hughes, K. A., and Quesada, A.: A review of scientific research
analyzed (Fe, Mn, Cu, and Cr), since they show peaks in trends within ASPA No. 126 Byers Peninsula, South Shetland
concentrations coinciding with the tephra corresponding to Islands, Antarctica, Antarct. Sci., 25, 128-145, 2013.
layer L1. Apart from this, no evidence of enrichment has Bard, E., Raisbeck, G. M., Yiou, F., and Jouzel, J.: Solar irradiance
been found for the industrial period (last 300-200 years). As during the last 1200 years based on cosmogenic nuclides, Tellus
already suggested, the remote location of Livingston Island B, 52, 985-992,2000. _ _
and the modest research infrastructures (non-permanent r&argagli, R.: Trace metals in Antarctica related to climate change
search camp and only two bases) may explain the lack of i‘gg ngeals;;gzhouonaan impact, Rev. Environ. Contam. Toxicol.,
pollution eV|.dence |nlthe sedlmgnts of lenqpolar Lake. The Bargagli, R.: Environmental contamination in Antarctic ecosys-
only expeptlon to thl_s pattern is Cr, for Whlch a steady in- tems, Sci. Total Environ., 400, 212-226. 2008.
crease in concentrations has been found in the upper 10 Ciargagli, R., Monaci, F., and Bucci, C.: Environmental bio-
of the core (i.e. the last 200 years) as it would be expected geochemistry of mercury in Antarctic ecosystems, Soil Biol.
for a chronology of anthropogenic pollution since the on-  Biochem., 39, 352-360, 2007.
set of the industrial revolution. Nevertheless, as it has beemBaxter, M. J. and Freestone, I. C.: Log-ratio compositional data
recently proposed, increased Cr contents may have resulted analysis in archaeometry, Archaeometry, 48, 511-531, 2006.
from changes in climatic conditions around Antarctica. Baxter, M. J., Beardah, C. C., Papageorgiou, ., Cau, M. A., Day,
Although speculative at this stage, some features of the P-M. and Kilikoglou, V.: On statistical approaches to the study
elemental records, as the coincidence in minima of concen- of ceramic artefacts using geochemical and petrografical data,

. . ) Archaeometry, 50, 142—-157, 2008.
trations of some elements with recent, well-known, aerptBindler, R.. Klarquist, M., Klaminder, J.. and Foster, J.: Does

climate ‘?hanges' may ;uggest a.role of CI'Imate in the cycles within-bog variability of mercury and lead constrain reconstruc-
_Of chemical ele_ment_s In Antarctica. Agalr_l, mo_re research tions of absolute deposition rates from single peat records? The
is necessary to identify the actual mechanisms involved and example of Store Moss, Sweden, Global Biogeochem. Cy., 18,
support this interpretation. GB3020, doi10.1029/2004GB00227Q004.
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