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Abstract The article contributes to the study of the content of major and trace elements in various types of natural waters of
the Broknes Peninsula, Larsemann Hills, Antarctica collected in January—February 2014 and 2020 during the 7th and 12th
Belarusian Antarctic Expeditions. Samples of old (13 samples) and newly fallen snow (5), lakes (23) and groundwater (8) were
analyzed. The content of 25 major and trace elements was determined using ICP-MS method, main anions was determined by
titrimetric and turbidimetric methods. Good similarity chemical composition of snow, groundwater and lake waters in spite of
differences in the content of major ions and trace elements has been obtained. The influence of marine salts on natural waters are
analyzed, and their accumulation in lake waters especially in the endorheic small and shallow lakes in spite of ultra-oligotrophic
atmospheric precipitates are shown. The spatial heterogeneity of groundwater and temporal and spatial heterogeneity of lake
waters have been demonstrated. The results are important for understanding the variabilities of major and trace elements content
in snow, groundwater and lake waters, and their relationship, as well as for identifying trends in their change, taking into account

anthropogenic loads in the region and climate change.
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1 Introduction

Antarctica is a continent mostly covered by ice.
Ice-free oases occupying an extremely small area in the
coastal region are of particular interest for studying the
chemical composition of natural waters and the factors of
their formation (Matsumoto et al., 1992; Nedzarek et al.,
2015; Zelano et al., 2017; Asthana et al., 2019). Unlike
other natural zones of the Earth, there is no liquid precipitation,

* Corresponding author, ORCID: 0000-0002-4267-0948, E-mail:
sk001@yandex.ru

and the solid precipitation that falls is very unevenly
distributed. These features, combined with predominantly
low air temperatures, the presence of permafrost, high solar
activity in short summers, strong wind and other factors
form specific conditions for the chemical and physical
weathering of rocks and the leaching of chemical elements.
Significant variability of the content of chemical elements
in lakes and temporary water bodies have been shown for
different oases up to now (Torii et al., 1988; Fedorova, 2003;
Quesada et al., 2006; Hodgson, 2012; Verleyen et al., 2012;
Kakareka et al., 2019). The chemical composition of snow
as well as streams and groundwater is influenced by various
geographical and climatic factors (Bertler et al., 2005;
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Lyons et al., 2005; Hofstee et al., 2006; Welch et al., 2010;
Dixon et al., 2013; Krogulec et al., 2018). Remaining the
cleanest continent, Antarctica has also attracted attention in
recent decades due to the increase of anthropogenic loads
and their negative consequences for aquatic systems and
other components of the environment (Bargagli, 2008).

Larsemann Hills is the second largest and southernmost
coastal oasis in the Prydz Bay region of East Antarctica. It
was firstly charted in February 1935 by Thorshavn Klarius
Mikkelsen, the captain of the whaling ship, but human
activities have been started since the end of 1980s. To date,
four scientific stations are operating in the oasis:
Law-Racovita-Negoitd (opened as the Australian Law Base
in 1986; transferred to Romania in 2006), the Russian
Progress Station (opened in 1988), the Chinese Zhongshan
Station (opened in 1989), Indian Bharati Station (opened in
2012). An airstrip operates about 10 km south from
Progress Station on the northern slope of the ice dome.

Larsemann Hills is characterized by a large number of
lakes of various genesis and properties (Gillieson et al.,
1990). Studies of their hydrochemical composition were
started during the Australian National Antarctic Research
Expedition (ANARE) in 1987, when 74 lakes were initially
surveyed, including 20 lakes, located on the Broknes
Peninsula. The obtained data on pH values, electrical
conductivity, total amount of dissolved salts and basic ions
were presented by Gillieson et al. (1990). In 1996 and 1997
a number of lakes on the Mirror Peninsula and Broknes
Peninsula were studied by Gasparon and Burges (2000) and
Gasparon et al. (2002).

Subsequently, the Stornes and Grovnes peninsulas and
a number of islands were involved in the study in
connection with Indian station construction (NCAOR, 2010;
Asthana et al., 2013; Tiwari and Singh, 2014; Bharti and
Niyogi, 2015; Bharti et al., 2016; Tiwari, 2017). The ionic
composition of lakes and content of microelements were
analyzed. During the 34th Indian Scientific Expedition from
2014 to 2015, lakes on the Broknes and Grovnes peninsulas
were surveyed in order to assess their coliform bacteria
(Bhardwaj and Jindal, 2022), as well as the physic-chemical
properties and the content of a number of heavy metals
(Bhardwaj et al., 2023). In the paper Asthana et al. (2019)
considered the weathering of rocks as a factor affecting the
hydrochemistry of lakes. Biogeochemical cycles of
microelements were the subject of studies by Nuruzzama et
al. (2021).

A number of lakes in Larsemann Hills were studied in
the framework of Russian Antarctic expeditions, including
assessment of their stability on an example of lakes Stepped
and Progress (Nigamatzyanova and Fedorova, 2015) and
factors of the hydrological regime formation (Shevnina and
Kourzeneva, 2017; Boronina et al., 2019; Kuznetsova et al.,
2021; Shevnina et al., 2021).

As for the study of snow, there are much fewer
publications; they were carried out mainly in the western
part of the oasis. Thus, in 2007, the ionic composition and

content of trace elements in surface snow, collected along
the 20 km transect from the Grovnes Peninsula in a
southwestern direction, were studied (Thamban et al., 2010;
Thamban and Thakur, 2013). In 2009-2010 the ionic
composition of a very limited number of samples of the
newly fallen snow (3 samples) and surface snow (5 samples)
were analysed (Budhavant et al., 2014). At the same time,
samples of surface snow were taken along the 127 km
transect, and the first of them was collected at a distance of
27 km from the coast. Data on snow composition for the
Broknes Peninsula were not found.

Wet valleys with waterlogged soils are typical
landscapes for Larsemann Hills (Mergelov, 2014; Nikitin
and Semenov, 2020). According to Mergelov (2014), in the
valleys, the lower soil horizons from a depth of 40 cm are in
the maximum water saturated state, and their moisture
content (21%-30%) are close to the total moisture capacity
of coarse sandy substrates. Groundwater as the source of
lakes nutrition in Larsemann Hills is mentioned by
Kuznetsova et al. (2021). But no data regarding the content
of major and trace elements in groundwater of Larsemann
Hills have been found. Only content of nutrients in
subsurface flows of natural and human impacted lake
catchments on Broknes Peninsula has been studied by Kaup
and Burgess (2002). Quesada et al (2006) mentioned about
increased salinity groundwater in the Larsemann Hills. By
our data (Kukharchyk et al., 2022), the level of groundwater
in the wet valleys varies from 10 to 90 cm. Therefore, like
in others areas in Antarctic, investigation of groundwater on
Broknes Peninsula is important from point of view its
chemical composition formation and geochemical processes
in the landscapes.

The purpose of this study is to analyze the content of
major and trace elements in snow and groundwater in
relation to lake waters for the subsequent interpretation of
the wvariabilities of their chemical composition and
identification of sources of their nutrition.

2 Methods and objects

2.1 Study area and sampling

The studies were carried out in the eastern part of
Broknes Peninsula (69°30'S and 76°20'E) in January—
February 2014 and 2020 during the 7th and 12th Belarusian
Antarctic Expeditions and included sampling of snow from
snowfields, newly fallen snow, groundwater and lake waters.

Old snow was taken from the surface of snowfields
with a stainless steel scoop to a depth of 10—15 cm. Newly
fallen snow was taken to the entire depth, which ranged
from2 to 5 cm.

Sampling from lakes was carried out from a shore by
immersing the bottle into the lake. According to Gasparon
et al. (2002), distribution of the main chemical characteristics
of lakes over depth is quite uniform due to the open surface
in summer and mixing of the water mass by wind.
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Therefore, surface samples can be considered representative
for the whole lake. The following lakes have been tested:
Boulder, Progress, Discussion, Sarah Tarn, Reid, Scandrett/
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Nella Lake, Sibthorpe and Stepped/Heart Lake. The
fragments of some investigated lakes and their catchments
are presented at Figure 1.

Figure 1 View of some lakes of Broknes Peninsula and their catchments in January 2020. a, Sarah Tarn Lake; b, Lake Reid; ¢, Lake

Scandrett; d, Stepped Lake.

Soil pits for groundwater collection were laid in the
bottom of two wet valleys. The first valley (Valley I)
(69°23.291'S; 76°22.344'E; 15 m a.s.l) represent the
catchment of Lake Scandrett (Figure 2a). Meltwater from
the snowfields forms surface and underground streams
(Kukharchyk et al., 2022). A geochemical profile with
180 m length was laid down from the lower part of the
slope and till the Lake Scandrett. It was passing near the
stream splitting into several flows. Five soil pits with the
depth 20-60 cm were laid in the bottom of the valley.
Groundwater appeared at the depth from 10 to 40 cm. The
second valley (Valley II) (69°23.143'S; 76°23.338'E; 35 m
a.s.l.) is located between small hills 1 km south of Progress
station. A temporary stream at the bottom is lost in the soil
(Figure 2b). Snowfields are partly preserved on the eastern
leeward slope. The road from the station to the runway runs
along the footslope. A geochemical profile 120 m length
was laid down and 3 soil shallow pits with the depth 20 cm
were excavated. The level of subsurface meltwater was
about 10 cm.

All samples were taken into low density polyethylene
bottles (0.1 L and 0.5 L), which were pre-washed in the
Laboratory of Transboundary Pollution in Minsk, Belarus.
After sampling, the lid was wrapped with parafilm to seal
the container. Samples were frozen and stored in a freezer
until their delivery to Belarus.

In total, 13 samples of snow, 5 samples of newly fallen

snow, 23 samples of surface waters from 8 lakes, and
8 samples of groundwater were collected on Broknes
Peninsula. The sampling scheme is shown in Figure 3.

2.2 Chemical and analytical methods

The content of major and trace elements (Na, Mg, Ca, K,
Fe, Al, Ag, As, Ba, Be, Cd, Co, Cr, Cu, Mn, Mo, Ni, Pb, Sb,
Se, Th, T1, U, V and Zn), major anions (HCOs, CI and SOi_)
as well as pH and electrical conductivity has been measured.

An Agilent 7500cx ICP-MS inductively coupled
plasma mass spectrometer with a helium collision cell,
which eliminates possible interference, was used. All
samples were filtered through a 0.45 pum syringe filters
before pipetting. The aliquots (5 mL) of samples were
pipetted into high density polyethylene tubes for the rack of
the integrated autosampler of the Agilent 7500cx ICP-MS
system and 0.2 mL of ultrapure-grade nitric acid (69%)
were added to each aliquot. The analytical procedure was
started in 1 h.

A standard solution (environmental calibration standard,
Agilent 5183-4688) 1000 mg-L_1 each of Fe, K, Ca, Na, Mg,
and 10 mg-L_1 each of Ag, Al, As, Ba, Be, Cd, Co, Cr, Cu,
Mn, Mo, Ni, Pb, Sb, Se, Tl, V, Zn, Th and U in 10% HNO;
was applied for instrumental calibration. The calibration
blanks, which were always lower than the detection limit,
were prepared in order to control analytical accuracy.
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Figure 2 View of wet valleys (left) and soil pits (right) for groundwater sampling from Broknes Peninsula. a, Valley [; b, Valley II.

76°28'E 76°30'E 76°32'E 76°34'E 76°36'E 76°38'E 76°40'E

0

& %

& ~

© I
[=2]
w

2]

3 »

E w0

3 o
(=2}
w

2]

[=7]

© w

=] (=21

© &
=]
w

ol

o

<t w

3 ¢

[=2] (=]

© ol
3

1]

S

= 1%

2 ¥
[=2]
w

O Snow ¢ Lake waters A Groundwater

Figure 3 Location of snow, lake waters and groundwater sampling points at Broknes Peninsula.
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The field blank was prepared in the laboratory but
without the field sampling step: during the sampling of
snow and water, an acid-cleaned polyethylene bottle was
handled in the same manner as other bottles, but it was not
filled with snow or water. Instead, it was frozen and
preserved following the same procedure as the samples.
During samples preparation the bottle was filled with
100 mL of ultrapure water, closed again, gently shaken and
was allowed to stand for 30 min. This field blank was also
analyzed similar to the samples. Detection limits were
estimated as three times the standard deviations of the blank
(Kakareka et al., 2022).

Quality control was evaluated by duplicate analysis of
Blank Laboratory Control and Laboratory Control Sample
Water as well as Matrix Spike and Matrix Spike Duplicate.
For recovery rates evaluation the following known
concentrations of Environmental Calibration Standard
(Agilent 5183-4688) has been used: 20 mg-L™' for Na, Ma,
K, Ca and Fe and 200 pg-L™" for others elements. Mean
recovery rates were the following: Na, K, Ma, Ca and Fe in
the range 104%—115%; Al in 105%, As and Cu in 109%, Fe,
V, Cr, Mn, Co and Se in 107%, Ni and Zn in 110%, Mo in
100%, Cd in 96%, Ba in 94%, Ag and Sb in 87%, TI, Pb, Th
and U in 75%. The precision of the measurements,
expressed in relative standard deviation, were found in the
range from less than 1% to 5%.

The content of chlorides was determined by the
titrimetric method with silver nitrate, the content of
bicarbonate ions was determined titrimetrically using
sodium tetraborate, and sulfates were measured
turbidimetrically. The pH values were measured by the pH
meter, and electrical conductivity was measured by a
conductivity meter.

2.3 Statistical methods

Statistical methods for analysis of data on main ions and
trace elements content in snow, groundwater and fresh water
were applied; mean content, standard error as well as
variability were calculated. Coefficients of correlation
between main ions and trace elements content were
calculated.

To assess the importance of the contribution of dust of
crustal origin and others sources, including anthropogenic,
to the accumulation of major and trace elements in the snow,
groundwater and lakes crustal enrichment factors (EFc)
were calculated. Only the data for 2020 have been taken
into account. EFc are defined as the ratio of the
concentrations of a given element to the concentration of
reference element normalized to the same concentration
ratio characteristic of the upper continental crust (UCC).
The average element concentrations in UCC have been
taken from Rudnick and Gao (2003). Mn has been chosen
because it is a good indicator of crustal dust (Planchon et al.
2002; Grotti et al., 2011) and it was used in Thamban and
Thakur (2013) for EFc assessment for Larsemann Hills. As
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in the above mentioned works, in case of EFc values were
less than 10, crustal dust as a primary source for elements
was considered.

3 Results and discussion

3.1 Content and variability of major and trace
elements in different types of water

According to the results obtained, Na dominates in all
types of natural waters of Broknes Peninsula (Table 1). In
snow and groundwater, which are sources of lake nutrition,
the arrangement of major elements in descending order is
similar: Na>Mg>K>Ca. The measured values of Na in
samples of old snow are in the range 0.50—15.45 mg-L ™",
although in most cases its content does not exceed 4 mg-L™".
The content of Mg, K and Ca varies within 0.02-1.77,
0.07-0.98 and 0.01-0.70 mg-L™", respectively with almost
the same average values. Among trace elements, Zn (mean
value is 33.08 pg-L™") and Al (13.2 ug'L™") are dominated,
followed by Mn (1.99 pug'L™") and Ba (1.87 pug'L™"). The
content of Ni and Ag is below the detection limit value. The
coefficients of variation of elements in surface snow, with
the exception of Zn, As, Cd, exceed 100%. The highest
values (334%, 251% and 216%) are specific for Sb, Co and
Mn, respectively. The mean value of electrical conductivity
in snow waters is 11.0 pS-cm™' and the range is 2.2—
29.8 uS-cm™'. In most cases, snow waters are slightly acidic:
the average pH value is 5.86. The mean contents of
chlorides, sulfates and bicarbonates are 3.28, 0.4 and
1.27 mg-L™', respectively.

In the newly fallen snow, the content of Na varies from
5.1 t0 59.6 mg-L™" (mean value is 27.7 mg-L™"), Mg ranges
from 0.22 to 6.71 mg-L™"' (2.94 mgL™"), K ranges from
0.84 to 2.8 mg-L™" (2.10 mg-L™"), Ca ranges from 0.56 to
1.75 mg-L™" (1.11 mg-L™"). Fe (60 pg-L™"), Zn (43.6 ug'L™")
and Al (18.7 pg'L™") predominate among trace elements.
The content of Ag and Cr is below the detection limit. It has
been established that the coefficients of variation for the
most elements for newly fallen snow are much lower than
100%. Sb and Ba are the exceptions with values of 221%
and 194%, respectively.

Groundwater is characterized by a high content of Fe
(average is 570 ug-L™" with a range from 35 to 3655 pg-L™")
and Al (average is 546 pg-L™', range from 15.3 to
3567 png'L™"), as well as an elevated content of other trace
elements: Mn (average is 15.14 pug-L™"), Ni (2.65 pg'L™"), V
(1.53 pg'L™") and Cr (average is 1.43 pg-L™"). Coefficients
of variation for these elements are high (more than 150%).
On the contrary, the coefficients of variation for major
elements in groundwater are quite low and estimated at
54%—-57%. The content of Na varies from 19.5 to
139 mg-L™" (average is 73.7 mg-L™"), Mg varies from 1.42
to 13.6 mg-L™' (7.64 mg'L™"), K varies from 1.05 to
6.72mg-L™" (3.73 mg-L™") and Ca varies from 0.39 to
432 mg-L™" (average is 2.48 mg-L™"). The value of
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Table 1 The content of major ions and trace elements in natural waters from Broknes Peninsula, Larsemann Hills

Snow (13) Newly fallen snow (5) Groundwater (8) Lakes (23)
Element and parameter
Mean+SD Range Mean+SD Range Mean+SD Range Mean+SD Range
pH 5.86+0.19 5.20-6.50 - - 5.74+0.8 5.49-6.17 6.48+0.15 5.30-7.70
Conductivity/(uS-em™)  11.0£2.82 2.2-29.8 - - 436485 199-778 802+180 14.1-2830
HCO; /(mg-L™) 1.27+0.33 nd-3.85 - - 1.04+0.21 nd-1.95 13.843.0 nd-59.8
Cl /(mg L™ 3.28+0.70 1.07-7.32 - - 124.9+24.4 58.4-208.5 239.6+54 5-865
Soif/(mg-L") 0.40+0.10 nd-0.80 - - 18.9+7.2 2.96-66.3 9.7+1.7 nd-34.6
Na/(mg-L ™) 3.08+1.07 0.50-15.45 27.7+10.7 5.1-59.6 73.7+14.3 19.5-139 158.8+40.2 2.7-756.1
Mg /(mg-L™") 0.27+0.13 0.02-1.77 2.94+1.21 0.22-6.71 7.64+1.54 1.42-13.6 18.3+5.0 0.32-96.1
K/(mg'L™") 0.26+0.07 0.07-0.98 2.10+£0.35 0.84-2.8 3.73+£0.74 1.05-6.72 5.4+1.2 0.15-21.6
Ca/(mg'L™") 0.26+0.05 0.01-0.70 1.11£0.26 0.56-1.75 2.48+0.48 0.39-4.32 7.5£1.9 0.11-34.0
Be/(ug'L™) 0.016+0.004 nd-0.033 0.003+0.001  0.002-0.005 0.06+0.05 0.008-0.39 0.013+0.002 nd-0.033
Fe/(ug'L™") 7.0+1.0 nd-26 60£10 40-90 570+440 35-3655 50+12 nd-250
Al/(ug'L™") 13.246.2 0.18-76.0 18.7+5.7 6.5-37.2 546+434 15.3-3567 4.6+1.3 nd—33.7
V/(ugL™) 0.07+0.02 0.00-0.20 0.11+0.04 0.03-0.26 1.53+1.20 0.10-9.9 0.56+0.14 0.02-3.03
Cr/(ugL™) 0.13+0.04 nd-0.43 nd nd-0.03 1.43+0.74 0.16-6.5 0.24+0.06 nd-1.27
Mn/(ug-L™") 1.99+1.19 0.19-15.93 2.80+0.78 0.99-5.51 15.14+5.00 0.61-38.1 1.37+0.38 0.01-10.3
Co/(ug'L™) 0.05+0.04 nd-0.51 0.16+0.05 0.05-0.36 0.95+0.32 0.10-2.47 0.07+0.01 0.008-0.32
Ni/(ug'L ™) nd nd 1.60+0.22 1.02-2.39 2.65+1.53 nd-13.0 nd nd-2.81
Cu/(ug'L™h) 0.96+0.40 nd—4.30 5.7+2.6 2.6-16.0 5.09+3.60 nd-29.6 1.25+0.34 nd-7.82
Zn/(ugL™) 33.08+8.44 nd-89.0 43.6+15.1 7.9-86.5 1.44+0.96 nd-8.0 1.32+0.38 nd-7.04
As/(ug'L™) 0.02+0.005 0.002-0.06 0.06+0.01 0.03-0.10 0.38+0.24 0.03-2.07 0.17+0.03 0.01-0.77
Se/(ugL™) 0.25+0.25 nd-0.32 0.46+0.06 0.29-0.64 0.82+0.17 0.28-1.7 0.74+0.17 nd-3.83
Mo/(ug'L™") 0.10+0.05 nd-0.63 0.12+0.02 0.09-0.20 0.30+0.25 0.03-2.0 0.78+0.27 nd-7.10
Ag/(ugL™) nd nd nd 0.006-0.012 0.019+0.009 0.000-0.08 nd nd-0.02
Cd/(ug'L™h 0.063+0.014  0.002-0.193  0.058+0.027  0.016-0.16 0.019+0.005 0.002-0.05 0.022+0.006 0.001-0.17
Sb/(ug'L™") 0.23+0.21 nd-2.74 4.1+4.1 nd-20.5 0.01+0.00 0.001-0.04 0.99+0.98 nd-27.3
Ba/(ug'L™) 1.87+0.56 0.05-5.03 5.5+4.8 0.4-24.7 4.63+2.26 0.46-19.9 1.55+0.30 nd-5.04
Tl/(pgL™) 0.002+0.001 nd-0.004 0.007+0.001  0.005-0.01 0.013+0.005 0.005-0.05 0.003+0.000 nd-0.009
Pb/(ug'L™") 0.093+0.04 nd-0.430 0.121+0.057 nd-0.31 nd nd-1.64 0.05+0.04 nd-1.09
Th/(ug'L™) 0.007+0.001 nd-0.054 0.008+0.003  0.003-0.02 0.14+0.12 0.002-1.0 0.004+0.001 nd-0.033
Ul(ugL™h) 0.006+0.003 nd-0.045 0.028+0.009  0.005-0.05 0.13+0.12 0.005-0.95 0.05+0.03 0.001-0.83

Notes: The number of samples in brackets; “nd” means below the detection limit;

o,

means not measured.

electrical conductivity in groundwater is 436 uS-cm'
(range is 199-778 pS-cm™"). According to the content of
hydrogen ions, waters are classified as slightly acidic
(average pH is 5.74, range is 5.49-6.17). Chlorides are
dominated among the major anions (mean content is
124.9 mg-L™"), sulfates are at the second place (mean value
is 18.9 mg'L ™).

The widest range of major ions and trace element
content was found in the lake waters of the peninsula,
which confirms the previously obtained data on their
diversity (Gillieson et al., 1990; Gasparon and Burgess,
2000). For example, Na content varies from 2.7 to
756.1 mg'L™", Mg varies from 0.32 to 96.1 mg'L™!, Ca

varies from 0.11 to 34.0 mg-L™', K varies from 0.15 to
21.6 mg-L™', Fe varies from below the detection limit to
250 pgL”', Al varies from below detection limit to
33.7 pg-L™". The ranked major elements for all lakes are as
follows: Na>Mg>Ca>K. In terms of pH, all examined lakes
within Broknes Peninsula can be considered slightly acidic
to neutral and slightly alkalinity (pH varies from 5.30 to
7.70). The value of electrical conductivity varies
significantly: from 14.1 to 2830 uS-cm . The content of
major anions in lake waters is also very different: chlorides
from 5 to 865mgL”', sulfates varies from below the
detection limit to 34.6 mg-L ™" and bicarbonates varies from
below the detection limit to 59.8 mg-L ™.
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3.2 Similarities of different types of water

Our data have shown that various types of natural
waters, including groundwater, within the Broknes
Peninsula are sodium chloride (Figure 4), that confirm the
influence of marine environment on precipitation and
terrestrial water in the region. This is in a good agreement
with data of Thamban et al. (2010) and Budhavant et al.
(2014) for snow, and Gillieson et al. (1990), Gasparon et al.
(2002) and Nuruzzama et al. (2021) for surface water.

100%
90%
80%
70%
60%
50%
40%
30%
20%
Surface snow

10%
0%

The share of ions

Groundwater Lakes
=HCO; =CI" »SO% =Ca =Mg =Na =K

Figure 4 Chemical composition of different types of natural
water at Broknes Peninsula.

The share of chloride ions in lakes varies from 79.3%
to 98.4% (mean value is 92.3%), and the share of sodium
ions in lakes varies from 56% to 90% (mean value is 78%).
Elevated share of Mg (up to 32%) has been measured only
in one case (Scandtett Lake); its average share is assessed in
16%. The input of other ions (bicarbonates, sulphates,
calcium and potassium) is insignificant.

The similar composition is characteristic for
groundwater: the share of chloride ions varies in the range
80%—-97.5% (mean value is 88%), and sodium cations
varies in the range 75.5%—87.9% (mean value is 80%).

In snow waters, with the dominance of sodium and
chlorine ions, in some cases, the contribution of bicarbonate
ions, magnesium and calcium ions is increased.

Close relationships between the content of major ions
are also confirmed as the similar factors in chemical
composition formation of different types of water on
Broknes Peninsula. So, the coefficients of correlation (7)
between Na and Mg equal 0.98 for snow and lake, and 0.80
for groundwater (Table 2). The high value of r is also
characteristic for the relationships of Na-K in lake (0.98)
and groundwater (0.91).

Strong connection between CI™ and Na, Cl” and Mg in
snow, groundwater and lakes indicate the dissolution of
NaCl and MgCl, derived with precipitation from the Ocean.
Close correlation was also observed between SOf and Na,
and HCO; and K in lake water, probably resulting from
dissolution of sulphate and silicate minerals. Earlier it was
shown, that the most abundant salt on northern and eastern
Broknes and Mirror Peninsula is halite (NaCl), with
subordinate thenardite (Na,SO,), identified as being of
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marine origin (Kiernan et al., 2009).

Correlation coefficients between the major and trace
elements in snow, groundwater and lake water are presented
in Tables S1-S3. According to the results, in snow waters,
Al strongly correlates with all major elements and Fe
(r=0.68-0.85) (Tables S1). In surface waters, V, Se and Co
correlate with almost all major elements (=0.54-0.76). A
close relationship between Mn and Co is characteristic for
snow waters (#=0.99) and lake waters (=0.80). At the same
time, while Zn content in snow waters correlates with Cd
content (r=0.80), such relationship is not found in other
types of waters. In surface waters, the content of Cd
correlates with the content of Cu (+=0.76) and Mo (r=0.98).
The different correlations between elements can be caused
their different sources including marine aerosols (Masuda et
al., 1982), rocks and sediments, biogeochemical processes,
human activities etc.

Table 2 Correlation coefficients (7) between anions and cations
in the snow, groundwater and lakes on Broknes Peninsula

HCO; CI so; Ca Mg Na

cr 037 -
so; 080 049 -
Ca 043 077 027 -

Snow (n=13)
Mg 025 085 025 079 -
Na 051 098 061 076 098 -
K 063 065 030 086 067 065
cr 0.11 -
so; 071 059 -

Groundwater  Ca 023 081  0.56 -

(n=8) Mg 019 086 058 099 -
Na 008 092 067 084 088 -
K -0.18 083 047 058 064 091
cr 037 -
SO, 078 050 -
Ca 040 077 030 -

Lakes (n=23)
Mg 025 086 028  0.80 -
Na 050 098 061 076 098 -
K 062 067 032 086 069 0.8

Note: Bold value means correlation significant at p=0.01 level

As it is given in Table 3, the average CI/Na ratio in
snow (2.3), groundwater (1.6) and lakes waters (1.6) are
close to the seawater ratio (1.8), and indicate that the
geochemistry of atmospheric deposition and terrestrial
waters in Broknes Peninsula is affected by the marine
environment like other coastal oasis in Antarctica (Borghini
and Bargagli, 2004). The values CI /Na in some lakes are
lower in comparison with sea water (Table S4), that may be
caused by additional input of soluble Na from rocks and
sediments. The average values of ratio Mg/Na in snow,
groundwater and lakes (0.3, 0.10 and 0.13, respectively) are
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Table 3 Ratios of components for different types of water of
Broknes Peninsula, Larsemann Hills

Water type  CI'/Na Mg/Na K/Na Ca/Na SOii/le HCO/CI”
Snow 2.3 0.3 0.2 0.7 0.122 0.52
Groundwater 1.6 0.10 0.05 0.03 0.113 0.011
Lake water 1.6 0.12 0.05 0.07 0.07 0.113
Seawater

(Chester and 1.8 0.12 0.04 0.04 0.052 0.0038

Jickells, 2003)

also close to the ratio for seawater (0.12). The values of
K/Na and Ca/Na in snow (0.2 and 0.7) much higher than
those in seawater (0.04). The higher ratios indicate that K
and Ca are enriched due to weathering processes within
ice-free area in the region. Ornithogenic factor, which is
considered as a very significant factor of soil formation in
coastal Antarctic (Abakumov et al., 2021), can contributes
additional amount of potassium and calcium into snow. In
opposite, the ratios K/Na and Ca/Na for groundwater (0.05
and 0.03) and lake waters (0.05 and 0.07) are very similar
with seawater (0.04 for both K/Na and Ca/Na).

In regards to others ratio, the values of SOif/le
(especially in snow and groundwater) and HCOs/CI in all
types of water are higher than ratio in sea water. It means
that other sources such as weathering in the catchment areas
can contribute into total concentrations of bicarbonates and
sulphates.

3.3 Differences of old and newly fallen snow

The composition of snow waters (atmospheric
precipitates) being the main source of nutrition for lakes
(including through perennial snowfields and glaciers) varies
within smallest range. The content of major and trace
elements in surface snow samples are the lowest.

The results showed that the content of Mg, Na and K
in newly fallen snow is in 8—11 times higher than in old
snow. Content of Ca differ in 4.3 times, Fe in 9.5 times.
There are also elevated concentrations of some trace
elements in fresh snow in comparison with old one: Cu (in
5.9 times), U (in 4.6 times), Ba (in 2.9 times), As (in
3 times), Co (in 2.8 times), V (in 1.6 times). Mean contents
of other elements are similar. The maximum concentrations
of Na, Mg, K, Ca, Fe, Cu, Sb and Ba have been revealed in
the newly fallen snow, whereas Al, Cr, Mn, Co and Mo in
old snow.

Considering differences, we should take into account
the time of newly snow fallout and sampling. It was a
summer, when prevailing easterly winds bring marine
aerosols and salts from the open water surface. As indicated
in Kiernan et al. (2009), the upwind (eastern) shorelines of
Broknes Peninsula are very affected by marine aerosols.
Snowfall in winter could be less enriched by see salts
because of ice—covered see surface around the Broknes
Peninsula. Moreover, a significant number of islands in the
northern part can be considered as a natural barrier for
enrichment of atmospheric precipitates by see salt acrosols

in the winter period.

Elevated content of some chemical elements in fresh
snow in comparison with old snow was measured at the
Ross Sea region in 2011-2012 (Tuohy et al., 2015) as well
as on Dismal and Horseshoe Islands, Marguerite Bay,
Antarctic Peninsula in 2020 (Kakareka et al., 2022). At the
same time, an extremely large variability of sea-salt content
in atmospheric precipitation at Antarctic coastal areas over
all seasons should be taken into account (Wagenbach et al.,
1998). For example, two peaks of chemicals content in
atmospheric precipitation (in the summer and in the winter)
have been registered on Roosevelt Island, that are most
likely related to the absence of katabatic air flow in the
summer (combined with increased summer dust loading in
the atmosphere) and to higher snow accumulation in the
winter (Tuohy et al., 2015). As shown in Wagenbach et al.
(1998), Tuohy et al. (2015), and Thakur (2019), wide
variabilities of chemical composition of precipitation are
influenced by atmospheric processes, wind direction,
aerosols size, enrichment of aerosols with sea salts during
strong winds, and other factors.

The chemical composition of surface snow is also
caused by many factors including snow redistribution and
post-depositional processes, evaporation, leaching of easily
soluble salts, atmospheric dry deposition as well as
emissions of crustal dust from free-ice area. These
processes can lead to smoothing peaks in the content of
major and trace elements in snow. The obtained results for
surface snow on Broknes Peninsula are close with the data
for Larsemann transect (Thamban et al., 2010; Thamban
and Thakur, 2013), although the comparison is complicated
because of different sampling area.

Newly fallen snow can be a source of additional input
of chemical elements in the environment in the summer, but
its amount is negligible. According to the Progress Station
measurement data, the annual precipitates in Larsemann
Hills amounts 158 mm; they fall mainly in the form of snow
during the warm season (statistics were taken from the
Russian Arctic and Antarctic Research Institute, http:/www.
aari.aq). The average long-term monthly precipitation varies
from 5.9 mm (January) to 18.3 mm (May); in March—
September, the average monthly snowfall is 15.9 mm.

It can be assumed that redistribution of snow occurs
mainly during the period of snowfall with its accumulation
in the wind shadow, including lake basins. Thus, the
redistribution of snow contributes to the formation of
perennial snowfields and an increase in the period of snow
melting and, accordingly, the flow of low-mineralized melt
water into lakes. On the other hand, the snow-free soil
surface warms up faster, and part of the surface runoff is
transferred to the underground, the chemical composition of
which is determined by the properties of the loose rocks that
it drains.

3.4 Differences of groundwater and snow

Content of major ions and trace elements in
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groundwater is significantly higher compared to snow
waters: Na, Mg, K, Ca, Al, V, Co, As on average 10—
25 times, Fe, Mn, Cu, Mo and Ba on average 3-9 times.
This may indicates the different leaching of chemicals from
rocks. In fact, the formation of groundwater flow occurs
during the melting of snowfields and snow-ice and the
infiltration of meltwater into the soil. The variability of
groundwater composition depends on the composition of
soils, the depth of the drained layer, the length of the slope,
the presence of vegetation and other factors. Distinctive
features of groundwater are the most highest content of Fe,
Al and other elements of the crustal origin.

3.5 Spatial heterogeneity of groundwater

Studies have shown that the content of major ions and
trace elements in groundwater varies significantly even
within one geochemical profile. The maximum content of
mostly elements has been revealed in the samples collected
around 120 m from the profile start (Figure 5). It means that
the longer meltwater flow path, the more time the meltwater
interacts with rocks and mineral substrates. Increase of the
content of chemicals in subsurface meltwater can be caused
not only by distance, but also the depth, where groundwater
contacted with soil (40 cm). Decrease in the content of
chemical elements was noted near the lake, probably due to
dilution processes of melt water from nearby snowfields.
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Figure 5 The change of ratio of the content of major and some
trace elements in groundwater to the content in Lake Scandrett
along the geochemical profile at Broknes Peninsula.

The limited number of groundwater samples and the
small study area on the Broknes Peninsula does not allow to
make full description of their diversity. It can be assumed
that the content of trace elements will varies more
significantly with changes in geochemical conditions,
especially the reaction of the environment, which
determines the mobility of elements and the possibility of
their leaching. Intensity of weathering depends on
geomorphological features of peninsula, physical and
chemical properties of soils that vary greatly (Mergelov,
2014; Kukharchyk et al., 2022). According to Carson and
Grew (2007), the bedrock of Larsemann Hills is represented
by a layered complex of cordierite, gneiss and paragneiss.
Granitic nature of the rocks rich in Fe and Al and prevalent
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acidic soils with variations from strongly acidic to slightly
acidic (Kukharchyk et al., 2022) may provide intensive
leaching of Al and other elements. By the data of Kanamaru
et al. (2018), the weathering of granitic rocks in a
hyper-arid and hypothermal environment is controlled
mainly by oxidation. Generally, the chemistry of groundwater
on the Broknes Peninsula may be affected by features of
soil and loose sediments, their salinity, as well as the
presence of lacustrine—lagoon deposits in some cases that
was indicated by Kierman et al. (2009) and Demidov et al.
(2013). Infiltration of sewage water in the area of human
activities can also influence on groundwater, especially on
nitrogen and phosphorus content (Kaup and Burgess, 2002).

Differences in the content of major and trace elements
in groundwater between two valleys (Table S5) were
revealed. The content of Na, Mg, K, Ca and Se in the
groundwater of the Valley II in comparison with Valley I is
lower in 1.5-2.0 times, Ba, As, Cr, Co, Sb, Ni content is
lower in 3.0-5.8 times, and Fe, Al, V, Cu and Mo in 11—
22 times. There are practically no differences in the content
of Mn.

Our results, in spite of short length of investigated
valleys, are consistent with data presented by Lyons et al.
(2005), Welch et al. (2010) and Kim et al. (2020) regarding
the effect of the length of the watercourse on the content of
chemical, as well as the distance that the underground flow
fluxes. We have been not taken into account the time factor,
but it can effects, since the groundwater level and,
accordingly, the depth of the drained layer, as well as the
intensity of the flow, change by the end of summer.

3.6 Spatial differences in the content of chemical
elements in lakes

Up to now, there are a lot of data confirmed spatial
variations of major ions and trace elements content in lakes
within different costal oases of Antarctica: McMurdo Dry
Valleys and Syowa Oasis (Torii et al., 1988; Matsumoto et
al., 1992), Terra Nova Bay (Borghini and Bargagli, 2004;
Abollino et al., 2012; Zelano et al., 2017), Vestfold Hills
(Torii et al., 1988; Quesada et al., 2006; Verleyen et al.,
2012), Bunger Hill (Klokov et al., 1990), Schirmacher
Oasis (Kumar et al., 2002; Asthana et al., 2019), etc. There
are lakes from freshwater to saline in these oases.

Our data for Larsemann Hills are consistent with those
previously obtained by Gillieson et al. (1990), Ellis-Evans
et al. (1998), Gasparon and Burgess (2000), Gasparon et al.
(2002), Sabbe et al. (2004), Asthana et al. (2013, 2019),
Nuruzzama et al. (2021) and demonstrate also large variations
in chemicals content even in nearby lakes (Table 1).

To show spatial differences and to minimize the
influence of sampling time on the content of chemical
elements in lakes, data obtained from sampling in the
middle of austral summer—January 2020 have been
compared. According to the results, the content of
bicarbonates and sulfates between lakes differ in hundred
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and dozens times and other major ions differ in dozens
(Figure 6a). The greatest differences among the trace
elements were found in regard to Al (88 times), Ba
(36 times), V (34 times) and minimal difference (3—4 times)
was observed in Tl and Th (Figure 6b). The content of other
trace elements (Cr, As, Mo, U, Co, Se and Cd) varies in the
range 8-20 times.
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Figure 6 Range and average content of major ions (a) and trace

elements (b) in lakes of Broknes Peninsula in January 2020.

The differences of major ions and trace elements
content in lakes within Broknes Peninsula can be explained
by different location of lakes in relation to shore. It should
be stressed that the content of major and trace elements in
sea water, especially near glacier confluences or the
breaking off of icebergs like Dalk Glacier, is subject to
variability and dilution. According to Krogulec et al. (2018),
the content of iron in seawater near King George Island
varies from 9 to 171 pg-L™', aluminum content varies from
values below the detection limit to 306 pg-L™".

Besides, the weathering process is important for the
addition of chlorides, bicarbonates, and sulfates into lakes
(Asthana et al., 2013). By the data of Nuruzzama et al.
(2020), chemical weathering of the exposed rocks in the
catchments contributes about 20% of the total dissolved
solutes to the Larsemann Hills lakes. Different intensity of
chemical weathering within watersheds of lakes of
Larsemann Hills was indicated by the content of reactive
silicate in the range from 18.1 in Progress Lake to
153.8 ug'L™" in Sarah Tarn Lake (Ellis-Evans et al., 1998).
Further, biogeochemical processes are also known to
influence the distribution of major ions, trace elements and
nutrients compositions of the lakes (Verleyen et al., 2012).

The lowest concentrations of major ions and trace
elements are found in Boulder Lake, and they are similar to
the lowest values in snow. The lake is the farthest from the
sea shore (more than 2500 m) and its catchment is
represented by ice sheet. This reflects the general
geographical patterns of changes in the chemical
composition of freshwater lakes of Antarctica with the
distance from the coast (Fedorova, 2003; Bertler et al.,
2005). By the data in Boronina et al. (2021), the ice
thickness in the lake varied from 2 to 18.5 m with an
average value of 6 m and open water was represented by the
supraglacial layer of melt water.

Lakes Progress, Sibthorpe, Scandrett and Discussion,
which contain low amount of major ions belong to
oligotrophic lakes. All these lakes are flowing with
significant impact of snow and glacial melted waters on
their chemical composition. But in spite of similarities there
are some differences in the content of trace elements. For
example, maximum content of Zn (3.36 pgL™'), Mn
(1.62 pg'L™) and Cu (0.96 pg'L™") has been revealed in
Sibthorpe Lake that can be caused by the shallow lake depth
(mean value is 0.8 m and maximum is 3.5 m), its rapid
warming up and development of the biochemical processes
during the summer. The highest concentration of Al
(33.7 pg'L™") and Ni (2.81 pg-L™") was recorded at Lake
Scandrett that may be due to the largest catchment area
(259 ha), its location in a long wet valley and input of
groundwater into the lake. As it was shown above,
groundwater is enriched by Al (mean value is 850.9 ug-L™";
Table S5) and other elements of crustal origin. Elevated
content of Fe (64 pg-L™") and Mo (0.36 pg-L™") as well as
sulphate anions (9.96 mgL™") is characteristic for
Discussion Lake. It is probably connected with features of
geochemical processes within large catchment area (about
75 hm?).

The maximum content of major elements in 2014 and
2020 was typical for the endorheic small lakes Sarah Tarn,
Reid and Stepped (Heart Lake) that is an agreement with
the data provided by Gillieson et al. (1990), Ellis-Evans et
al. (1998) and Gasparon et al. (2002). In 2020 there are also
the highest content of Fe (102207 ugL™") and Cr
(0.52-0.65 pg'L ™" and V (0.23-1.83 pug-L™") in these lakes.
The smallest lake area (about 1 hm®) in 2014 is
characteristic for Sarah Tarn; the area of surface water for
Reid and Stepped lakes is about 5 hm’. According to
Kuznetsova et al. (2021), the share of snowfields in the
catchment area of Lake Sarah Tarn accounts for only 3% of
the total area, and that in the catchment area of Lake Reid
for 12% of the total area. This means that a significant part
of the melt runoff in the summer is transferred to subsurface
meltwater. Small catchment areas (5.7 hm® for Sarah Tarn
and 19.6 hm? for Reid) promote rapid snow melting in early
summer leading to a negative water balance (Ellis-Evans et
al., 1998). In addition, contributions of evaporation
processes are important in the formation of the
hydrochemical regime of these lakes. As it was indicated in
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Shevnina et al. (2021), for the endorheic land-locked lakes,
the evaporation over the surface area is the main loss
component of the water balance equation. Hodgson et al.
(2005) emphasized, that the high salinity of Lake Reid,
located at an altitude 30 m a.s.l. and having an age of more
than 100 thousand years, is due to a long history of
evaporation and the addition of salts by sea spray. A similar
situation is characteristic for Sarah Tarn Lake, the salts
content of which is even higher. As it was shown for the
northern part of Victoria Land (Borghini and Bargagli,
2004), namely evaporation processes influence to changes
in chemical elements in the lakes.

In regard to the chemical composition of the Stepped
Lake located in the northeastern part of the peninsula, there
is a significant impact by the proximity of the sea. Besides,
the influence of human activities should be taken into account
near the stations (Kaup and Burgess, 2002; Goldsworthy et al.,
2003; Nigamatzyanova and Fedorova, 2015).

3.7 Temporal differences in the content of chemical

elements in lakes

Sampling in 2014 and 2020 has shown that there are
also significant interannual variability of chemicals in some
lakes (Table S4). The content of a number of elements (Na,
Mg, Ca, K, Al Se) is different from 7 to 10 times, Mn and
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Cr about 3 times. The content of Fe varies in dozens times.
At the same time, the chemical composition of lake waters
remains almost unchanged (Figure S1). The sodium
chloride composition of lake waters indicates the constancy
of the dominant source of the main ions. The most evident
reasons for variability of major ions content are sea input
via aerosols and sea spray. Wind direction and its speed are
very important.

More significant temporal differences have been
revealed since 1987 and provided in several publications
(Gillieson et al., 1990; Ellis-Evans et al., 1998; Gasparon et
al., 2002; Sabbe et al., 2004; Boronina et al., 2019).
Comparison of the content of major elements and electrical
conductivity in the lakes of Broknes Peninsula for the
whole period of investigation is given in Table S6. Figure 7
illustrates the range of electrical conductivity as integral
parameter of soluble chemicals in lakes, and Na content as
dominated ion.

The most pronounced variability is for Sarah Tarn
Lake: the differences in Na content and conductivity of
water make up dozens time (82 and 58, respectively). And
other major elements show a similar pattern. Variabilities of
major elements and conductivity for the Lake Reid are in
the range 10-14. Generally, the variability of Na content
decreases in the series Sarah Tarn>Reid>Discussion>

Sarah Tarn
/Heart

Sarah Tarn
/Heart

Figure 7 Range of electrical conductivity (a) and Na content (b) in lakes of Broknes Peninsuls for the 1987-2020.

Sibthorpe>Scandrett=Progress>Stepped>Boulder. A similar
ranking of lakes is also typical when other main elements
are considered.

Considering the data of investigation since the end of
1990s we can indicate that there are no clear trends in the
content of major elements (Table S6). It may be caused by
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different reason. For example, the values measured by
Gasparon et al. (2002) were lower than values received by
Gillieson et al (1990). The differences may be deal with the
different sampling and analytical techniques as indicated in
Gasparon et al (2002). During expedition of ANARE in
1987 water samples have been analysed in laboratory, after
the expedition, in 1996—-1997—immediately in the field. The
weather conditions were also different: during the summer
months in 1987 most of the Larsemann Hills lakes thaw or
partially thaw (Gillieson et al., 1990), during the 1997
sampling period the lakes were experiencing between 10%
and 100% ice-cover (Gasparon et al., 2002). The results of
expeditions have shown that seawater input (sea spray) is
the main factor controlling the water composition, and
variations of parameters depend largely on the exposure of
the lake to the ocean and especially exposure towards the
north-east wind direction which is the predominant for
Broknes Peninsula.

The further results provided by Saabe et al. (2004) and
Verleyen et al. (2012) have confirmed the large variability
of major element content and conductivity in the lakes of
Larsemann Hills. Water chemistry are influenced by season
of sampling, climatic factors, weather patterns and others
factors. For example, conductivity in Lake Reid before and
after snow melting was 9160, 3760 uS-cm ', repectively, in
Sarah Tarn Lake was 23870, 5520 uS-cm ' correspondently
(Saabe et al., 2004). According to Verleyen et al. (2012), the
thawing of the lake-ice can increase or decrease in
chemicals concentration in lake waters and specific
conductance that depends on lake-ice and snow cover
characteristics. In case of accumulation of marine aerosols
in the snow and ice, thawing process can lead to more
concentrated lake waters. Changes in major ion concentrations
in lakes in northern Victoria Land have also been associated
with the presence or absence of ice during sampling
(Borghini and Bargagli, 2004). Dependencies of major
elements content in lake waters on the distance from the
coastline, depth of lakes and their area are demonstrated in
the Figure 8.

It is evident that the depth and area are the main
morphological factors influencing the content of chemicals
in lake waters of Broknes Peninsula. Small volume of water
in lakes Sarah Tarn and Reid is subject to rapid changes
during snow/snowfield melting, and the changes will
depend on the accumulated snow and the rate of snowmelt,
as well as the temperature conditions that provided
evaporation processes. The deepest and the largest lakes
like Progress and Scandrett are more stable in relation to
major elements content. Wherein Scandrett Lake, in spite of
close location to the sea shore (Nella Fiord), is
characteristic quite low variability of chemicals because its
valley is oriented from south to north, and closed from the
eastern winds. The changes of the most remote lakes, like
Boulder, may be caused by climatic and weather factors.

Generally, in relation to spatial and temporal
heterogeneity, it should be stressed, that in fact many
geographical factors are overlapped (altitude, area of lake

water and watershed, the share of ice and snowfield, the
depth of lake and others).

3.8 Enrichment factors of different types of water

Considering the content of major and trace elements in
different types of waters, we took into account that the
newly fallen snow characterizes the current state of the
incoming part of the hydrochemical balance of lakes, old
snow—averaged over several weeks or months, groundwater—
averaged transformed condition over a few weeks or austral
summer season. The composition of lake waters
characterizes their averaged state over several years
(depending on the time of retention). Generally, the
geochemistry of lake waters integrally reflects the cumulative
effect produced by chemicals migration with inflow and
outflow pathway, evaporation and biogeochemical processes.
Besides, anthropogenic impact onto chemical composition
of water in this region should not be excluded. The local
contamination of soil and water as footprint of each station
was revealed by Goldsworthy et al. (2003). According to
Artamonova et al. (2019), an increased content of
ammonium and organic forms of nitrogen and phosphorus
indicates the influence of anthropogenic or bird activities.
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Figure 9 Mean crustal enrichment factors (EFc) of major and trace elements in snow (a) and groundwater (b) on Broknes Peninsula.

The results of EFc calculation have showed that snow
is more enriched in Zn, Se, Mo, Cd and Sb (Figure 9a).
These values are close to those received earlier by Thamban
and Thakur (2013) and are probably associated with
anthropogenic input. EFc for Na is in the range 10-100 that
allow to suppose its marine origin. Some elements (Fe, Al,
V, Co, As and Ba) with EFc <10 in the samples of surface
snow are of terrigenous origin.

The obtained values related to the enrichment of
groundwater with Na (>100) and Mg (10-100) may be
explained by leaching of these elements from soil because
of their high mobility. EFc for other elements are below 10,
indicating their crustal genesis. The exceptions are Cu and
Se, for which additional sources are likely available.

The highest values of EFc (>1000) and relatively high
EFc (>100) in lakes are specific for Na and Mg in spite of
different lakes salinity (Figure 10). It can be assumed that
salts of marine origin are accumulating in lake waters
despite ultra-oligotrophic atmospheric precipitates. These

processes are characteristic especially for the endorheic
small and shallow lakes. As known, lake salinitization is
more evident for dry and cold oases of Antarctica like
Vestfold or McMurdo Dry Valleys (Torii et al., 1975;
Matsumoto, et al., 1992).

In some cases, EFc for Se, Mo, as well as for Cd and
Sb are also high that may be caused by transboundary
influence of anthropogenic sources. It should be noted that
the list of highly enriched elements of probably
anthropogenic origin is similar to snow (Thamban and
Thakur, 2013). High EFc for some technophile elements in
lakes in different regions have been established, for
example for Cd, Co and Zn in Nepal (Paudyal et al., 2016);
for Ag, As, Mo, Se, Ni, and Pb in European Russia and
Western Siberia (Moiseenko et al., 2019).

4 Conclusion

The performed studies confirm the ultra-oligotrophic
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Figure 10 Mean crustal enrichment factors (EFc) of major and trace elements in lake waters at Broknes Peninsula.

character of snow within Broknes Peninsula, which is the
main sources of groundwater formation during austral
summer and water supply of lakes. For the first time, the
maximum content of Fe, Al and Mn in groundwater for this
region and their spatial heterogeneity, especially in the
content of trace elements, were revealed. The high
variabilities in the content of the most trace elements in
groundwater are associated with the spatial heterogeneity of
geochemical processes on the peninsula. Large differences

in the content of major and trace elements in water,
accumulated in lakes, as well as inter annual variability
have been confirmed.

It seems that the Larsemann Hills oasis can be
considered as important area for hydrochemical research,
especially under conditions of increasing anthropogenic
pressures and climate change. In addition to evaporation
processes, it is necessary to take into account possible
changes in the composition of groundwater with a change in
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their level and/or intensity of flows. As in other coastal oases,
groundwater can be an important pathway for pollutants
migration. The development of research in the Larsemann
Hills should be directed, among other things, towards the
harmonization of methodological approaches of sampling of
various substrates, including snow and surface water.
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Table S1 Correlation coefficients (r) between the major and trace elements in the snow from Broknes Peninsula, Larsemann Hills (n=13)

Na Mg K Ca Fe Al v Cr Mn Co Cu Zn As Mo Cd Sb
Mg 0.99 -
K 0.81 0.78 -
Ca 0.51 0.57 0.37 -
Fe 0.63 0.67 0.67 0.58 -
Al 0.82 0.85 0.68 0.78 0.85 -
\% 0.04 0.04 —0.04 041 0.01 0.25 -
Cr 0.15 0.12 0.12 0.10 0.02 0.28 0.18 -
Mn 0.14 0.21 0.13 0.79 0.65 0.64 0.37 0.10 -
Co 0.01 0.08 0.03 0.73 0.59 0.54 0.39 0.08 0.99 -
Cu -0.21 -0.17 -0.06 034 0.05 0.17 0.69 0.36 0.45 0.52 -
Zn —0.08 -0.04 -027 059 —0.06 0.15 0.33 0.13 0.56 0.53 0.14 -
As 0.04 0.09 0.10 0.66 0.39 0.49 0.74 0.26 0.71 0.74 0.77 0.29 -
Se -0.03 -0.03 -024 048 032 0.07 0.55 0.38 0.22 0.21 0.43 0.72 0.44
Mo —-023 -0.19 -029 0.18 -026 —0.13 -027 -0.01 0.03 001 -0.17 047 -0.06 0.39 -
Cd 0.00 0.07 —0.03 0.77 0.23 0.39 0.43 0.24 0.79 0.78 0.58 0.80 0.60 0.63 0.29 -
Sb -0.07 0.00 -0.03 0.68 0.54 0.46 0.38 0.05 0.98 1.00 0.51 0.56 0.71 0.21 0.02 0.77 -
Ba -0.14 -0.13 -020 0.09 -0.51 -021 —0.12 036 —021 —0.21 0.22 027  —0.07 0.60 0.50 034 —0.21

Note: Bold value means correlation significant at p=0.01.

Table S2 Correlation coefficients () between the major and trace elements in the groundwater from Broknes Peninsula, Larsemann Hills

(r=8)
Na Mg K Ca Fe Al A% Cr Mn Co Ni Cu Zn As Se Mo Cd Sb Ba TI Pb
Mg  0.90 -
K 094 073 -
Ca 0.87 099 0.69 -
Fe 032 001 0.62  -0.04 -
Al 034 0.03 064 -003 099 -
V. 033 001 0.63 -0.04 099 099 -
Cr 047 017 074 0.11 099 099 0.99 -
Mn 042 027 043 026 0.05 0.06 006 0.12 -
Co 094 0.71 096 067 050 053 051 063 051 -
Ni 044 0.08 0.71 003 097 097 097 098 027 0.64 -
Cu 044 009 072 003 098 098 098 099 0.18 0.64 0.99 -
Zn 047 013 074 0.07 097 097 098 099 0.15 065 098 0.99 -
As 038 0.05 067 0.00 099 099 099 099 011 056 098 099 0.99 -
Se 0.81 050 095 046 076 078 0.77 085 047 092 087 086 086 0381 -
Mo 029 —-0.03 0.60 —0.08 099 099 099 098 005 049 097 098 0.97 099 0.75 -
Cd 056 023 075 0.9 080 080 080 084 052 070 090 085 084 083 088 0.79 -
Sb 033  0.01 0.63 —-0.03 099 099 099 098 0.06 051 097 098 098 099 0.78 0.99 0.81 -
Ba 050 018 077 0.12 098 098 098 1.00 0.18 0.67 099 099 099 099 0.88 097 0.87 098 -
T 026 -005 057 -0.10 099 099 099 097 001 046 095 096 095 099 072 099 077 099 096 -
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Continued
Na Mg K Ca Fe Al A% Cr Mn Co Ni Cu Zn As Se Mo Cd Sb Ba Tl Pb

Pb 030 —0.02 0.60 —0.07 099 099 0.99 098 005 049 097 098 0.97 099 075 099 0.80 0.99 0.97 0.99 -
Th 027 -0.05 058 —0.10 0.99 099 099 098 0.03 046 096 097 097 099 073 099 078 099 0.97 0.99 0.99

Note: Bold value means correlation significant at p=0.01.

Table S3 Correlation coefficients () between the major and trace elements in the lake water from Broknes Peninsula, Larsemann Hills
(n=23)
Na Mg K Ca Fe Al A% Cr Mn Co Cu As Se Mo Cd Ba

Mg 099 -
K 099 0.97 -

Ca 0.92 0.93 0.92 -

Fe —0.15 —-0.17 —0.11 —0.24 -

Al 0.07 0.05 0.09 0.18 —0.11 -

v 0.75 0.71 0.76 0.71 —0.14 0.14 -

Cr 0.11 0.08 0.18 0.28 0.39 0.25 0.28 -

Mn 0.43 0.44 0.43 0.38 —-0.13 —-0.02 0.09 —0.20 -

Co 0.58 0.58 0.59 0.54 0.15 0.18 0.32 0.12 0.80 -

Cu 0.22 0.21 0.24 0.25 —0.33 0.02 0.51 —0.02 0.02 0.02 -

As 0.55 0.49 0.61 0.66 —-0.10 0.30 0.80 0.62 0.04 029  0.52 -

Se 0.70 0.65 0.72 0.58 0.09 0.07 0.86 0.34 0.16 046 031  0.67 -

Mo  —0.03 —0.04 —-0.02 0.09 —-0.27 0.11 0.33 0.05 0.02 002 076 039 0.10 -

Cd —0.01 —-0.01 —-0.01 0.09 —-0.36 0.06 0.29 —0.05 0.08 0.01 076 033 0.05 0.98 -

Ba 0.51 0.48 0.53 0.49 —0.33 —0.05 0.30 —0.02 0.22 008 025 037 023 —0.04 0.05 -
U 0.14 0.12 0.20 0.46 —-0.18 0.41 0.30 0.67 —0.06 0.10 021 074 0.11 0.34 028 0.16

Note: Bold value means correlation significant at p=0.01.

Table S4 Average content of major ions and trace elements in lake waters at Broknes Peninsula, Larsemann Hills in 2014 and 2020

Boulder Discussion Lake
Lake Lake Sibthorpe

2014 (4) 2020 (1) 2014 (2) 2020 (2) 2014 (2) 2020 (1) 2014(2) 2020(3) 2014(2) 2020(1) 2020(1) 2020(1) 2020 (1)

Sarah Tarn Lake Lake Reid Stepped Lake Lake Scandrett Progress Lake
Element and parameter

pH 75 6.5 75 62 6.7 6.2 43 59 6.7 6.1 56 6.0 57
Conductivity/(uS-em™) 2362 482 2179 918 343 692 171 121 173 152 14.1 201 139
HCOs/(mgL ™) 364 9.7 23 312 360 898 nd 5.49 1.6 3.8 0.05 1.95 3.07
Cl/(mgL™ 7009 1340 6408 2755 918 1965 40.0 384 45.0 50.0 5.0 60.0 46.7

SO; /(mgL™) 173 52 38 17.0 5.0 26.7 3.1 6.0 36 55 0.17 10.0 6.5
Be/(mgL™) 0.021 nd 0.020 0.004 0014  0.002 nd 0.004  0.017 0.003  0.004  0.003 0.002
Na/(mg-L™) 5769 758 4187 1640 781  116.0 277 31.1 373 315 27 29.7 289
Mg/(mg-L™") 739 985 415 163 650 134 322 3.44 471 3.79 0.32 3.81 337
K/(mgL™) 172 261 135 677 350 543 1.00 1.31 1.38 1.29 0.15 1.29 1.25
Ca/(mgL™") 274 2.84 141 470 240 422 1.51 1.37 239 147 0.11 1.93 1.40

Fe/(ngL™) 5 102 46 207 nd 147 1 53 nd 59 9 64 51
All(ugL™) 450 068 768 318  LII 3.05 5.07 14.41 0.19 0.38 0.89 1.07 2.30
Vi(ugL™) 129 016 1.83 058 023 023 0.80 0.10 0.17 0.08 0.01 0.10 0.09
Cri(ugL™) 0.16 052 022 061 005  0.65 nd 0.19 0.06 0.24 0.04 031 0.28

Mn/(p.g'Lfl) 2.81 0.85 3.26 1.01 1.36 1.16 1.15 0.75 1.70 1.25 0.15 0.81 1.62
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. Boulder Discussion Lake
Element and parameter Sarah Tarn Lake Lake Reid Stepped Lake Lake Scandrett Progress Lake Lake Lake Sibthorpe
2014 (4) 2020 (1) 2014 (2) 2020 (2) 2014 (2) 2020 (1) 2014 (2) 2020(3) 2014(2) 2020(1) 2020(1) 2020(1) 2020(1)

Co/(ug'L™) 0.12 0.09 0.13 0.09 0.02 0.08 0.06 0.09 0.02 0.02 0.01 0.06 0.08

Ni/(ug-L") nd nd nd 0.27 nd nd nd 0.96 nd nd nd nd nd
Cu/(pg'L™") 1.81 nd 1.47 0.47 1.78 0.95 3.96 0.37 nd nd nd 0.04 0.96
Zn/(pgL ™) 1.17 nd 1.03 nd 5.95 0.02 2.20 0.85 2.59 0.42 nd nd 3.36
As/(ugL™) 0.25 0.07 0.38 0.22 0.11 0.18 0.16 0.06 0.08 0.06 0.01 0.05 0.09
Se/(ugL™") 1.34 0.27 2.18 0.94 0.17 1.65 0.64 0.43 0.29 0.38 0.18 0.43 0.44
Mo/(ug'L™) 0.54 0.09 1.08 0.23 0.50 0.28 4.59 0.19 0.11 0.05 0.02 0.36 0.09
Ag/(ugL™) nd 0.001 nd 0.011 nd 0.001 0.003 0.002 nd nd 0.002 0.003 0.001
Cd/(pg'L™" 0.021 0.001 0.024  0.004 0.026  0.008 0.115 0.004 0.014 0.007 0.002 0.006 0.008
Sb/(ug'L™) nd 0.01 0.00 0.00 0.01 0.04 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Ba/(ug'L™") 3.26 0.37 2.69 1.39 2.47 0.98 0.35 0.34 2.85 0.35 0.04 0.31 0.42
Tl/(ugL™) nd 0.002 nd 0.005 nd 0.004 nd 0.007 0.002 0.004 0.005 0.007 0.008
Pb/(ugL ™) nd nd nd nd nd nd 0.55 0.03 nd nd nd 0.07 0.002
Th/(ugL™) nd 0.001 0.004  0.002 nd 0.001 nd 0.002 nd 0.001 0.002 0.003 0.002
Ul(pg' L™ 0.062 0.003 0.042  0.013  0.027  0.014 0.006 0.003 0.002 0.000 0.001 0.002 0.003
CI'/Na 1.2 1.8 1.5 1.7 1.2 1.7 1.4 1.2 1.2 1.6 1.8 2.0 1.6
K/Na 0.03 0.03 0.03 0.04 0.04 0.05 0.04 0.04 0.04 0.04 0.06 0.04 0.04
Mg/Na 0.13 0.13 0.10 0.10 0.08 0.12 0.12 0.11 0.13 0.12 0.12 0.13 0.12
Ca/Na 0.05 0.04 0.03 0.03 0.03 0.04 0.05 0.04 0.06 0.05 0.04 0.06 0.05
SO?{/CI’ 0.02 0.04 0.01 0.06 0.05 0.14 0.08 0.16 0.08 0.11 0.03 0.17 0.14
HCO5/Cl” 0.05 0.07 0.03 0.11 0.04 0.05 - 0.14 0.04 0.08 0.01 0.03 0.07

Note: The number of samples in brackets.

Table S5 Content of major ions and trace elements in groundwater of two investigated sites, Broknes Peninsula, Larsemann Hills

Element and parameter

Valley I (5)

Valley II (3)

Mean Range Mean Range
pH 5.78 5.58-6.17 5.67 5.49-5.90
Conductivity/(uS-cm™") 568 238-778 215 199-235
HCO3/(mg-L™) 0.99 nd-1.95 1.14 0.98-1.46
CI/(mg-L™") 162.8 63.4-208.5 61.7 58.4-66.7
SO; A(mgL™Y 242 2.96-66.3 10.0 6.22-13.0
Na/(mg-L™) 90.5 19.5-139.0 45.7 42.9-50.2
Mg/(mg-L™") 9.19 1.42-13.6 5.05 4.70-5.42
K/(mgL™) 4.58 1.05-6.72 2.31 2.20-2.50
Ca/(mg'L™") 2.87 0.39-4.33 1.84 1.61-2.07
Be/(ug'L™) 0.09 0.01-0.39 0.02 0.01-0.02

Fe/(pg'L™) 857.0 35-3655 81.0 71-99
Al/(ugL™) 850.9 15.3-3567 39.2 24.3-57.6
Vi(pgLl™) 2.33 0.10-9.9 0.18 0.16-0.19
Cr/(ugL™) 2.06 0.16-6.5 0.39 0.37-0.43
Mn/(ugL™") 14.0 0.6-34.4 17.0 1.4-38.1
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Element Valley I (5) Valley II (3)

Mean Range Mean Range
Co/(ugL™h 1.34 0.10-2.47 0.29 0.10-0.44
Ni/(ug'L™) 3.61 nd-13.0 1.05 nd-1.97
Cu/(pg'L™h) 7.91 0.29-29.6 0.39 nd-1.12
Zn/(ug'L ™) 2.26 nd-7.95 nd nd
As/(ug-Lfl) 0.55 0.03-2.07 0.10 0.08-0.12
Se/(ngfl) 0.97 0.28-1.68 0.58 0.51-0.63
Mo/(pg'L ™) 0.45 0.03-2.03 0.04 0.03-0.05
Ag/(ngL ™) 0.01 0.00-0.04 0.03 0.01-0.08
Cd/(pg'L™h) 0.02 0.00-0.05 0.02 0.00-0.02
Sb/(p.g~L71) 0.01 0.00-0.04 0.00 0.00-0.01
Ba/(pg-Lfl) 6.46 0.46-19.9 1.58 1.31-1.74
Tl/(ug-Lfl) 0.02 0.00-0.05 0.01 0.01-0.01
Pb/(ng'L ") 0.35 nd-1.64 nd nd
Th/(ng'L™) 0.21 0.00-1.0 0.01 0.01-0.02
Ul(pgL™h 0.20 0.00-0.95 0.02 0.01-0.02

Note: The number of samples in brackets.

Table S6 Comparison of the content of the major elements and electrical conductivity in the lakes of the Broknes Peninsula, Larsemann

Hills
Lake Reference Year Na/(mg-L ™) Mg/(mg-L™") K/(mg-L™") Ca/(mg'L™")  Conductivity/(uS-cm™")

Gillieson et al., 1990 1987 64.4 6.8 1.8 3.8 321

Ellis-Evans et al., 1998 1993/94 - - — - 300

Sabbe et al., 2004 1997 46.7 6.0 0.9 34 320

Progress Lake Gasparon et al., 2002 1997 9.4 0.96 0.31 0.5 272
Authors data 2014 373 4.7 1.38 2.39 173

Boronina et al., 2019 2018 - - - - 178

Authors data 2020 31.5 3.8 1.29 1.47 152

Gillieson et al., 1990 1987 19.7 2.2 0.8 0.9 139

Ellis-Evans et al., 1998 1993/94 - - - - 139

Sabbe et al., 2004 1997 12.8 1.7 0.7 0.9 85

Lake Scandrett Gasparon et al., 2002 1997 4.5 0.44 0.13 0.3 140
Authors data 2014 27.7 32 1.0 1.5 171

Boronina et al., 2019 2018 - - - - 201

Authors data 2020 31.1 34 1.3 1.4 121
Gillieson et al., 1990 1987 425.6 313 14 314 1730
Ellis-Evans et al., 1998 1993/94 — - — - 1370
Sabbe et al., 2004 1997 1900 176 58 50 9160
Lake Reid Gasparon et al., 2002 1997 135.0 14.5 4.64 5.0 3760
Authors data 2014 418.7 41.5 13.5 14.1 2179
Boronina et al., 2019 2018 - - - - 1704

Authors data 2020 164.0 16.3 6.8 4.7 918
Gillieson et al., 1990 1987 538.8 50.4 16.4 46.8 3340
Sarah Tarn Lake

Ellis-Evans et al., 1998 1993/94 - - - - 3320
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Lake Reference Year Na/(mg-L") Mg/(mg-L’l) K/(mg-L’]) Ca/(mg-L’]) Conductivity/(;,tS-cm")
Sabbe et al., 2004 1997 6200 824 160 193 28000
Gasparon et al., 2002 1997 247.1 36.4 7.6 12.6 5520
Sarah Tarn Lake Authors data 2014 576.9 73.9 17.2 27.4 2362
Boronina et al., 2019 2018 - - - - 2939
Authors data 2020 75.8 9.8 2.6 2.8 482
Gillieson et al., 1990 1987 18.3 2.9 0.8 0.5 130
Sabbe et al., 2004 1997 25.0 2.5 6.2 0.6 164
Sibthorpe Lake Gasparon et al., 2002 1997 3.65 0.36 0.10 0.10 112
Boronina et al., 2019 2018 - - - - 152
Authors data 2020 28.9 34 1.25 1.4 139
Gillieson et al., 1990 1987 127.1 12.3 - 7.4 987
Ellis-Evans et al., 1998 1993/94 - - - - 570
Sabbe et al., 2004 1997 280 304 12.1 26.1 1620
Stepped/Heart Lake ~ Gasparon et al., 2002 1997 62 6.95 22 2.5 1640
Authors data 2014 78.1 6.5 3.5 2.4 348
Boronina et al., 2019 2018 - - - - 895
Authors data 2020 116.0 13.4 5.4 42 692
Gillieson et al., 1990 1987 - - - - -
Ellis-Evans et al., 1998 1993/94 - - - - 454
Sabbe et al., 2004 1997 119 14.4 43 15.0 680
Discussion Lake
Gasparon et al., 2002 1997 9.01 2.0 0.32 0.6 358
Boronina et al., 2019 2018 - - - - 199
Authors data 2020 29.7 3.8 1.3 1.9 201
Gillieson et al., 1990 1987 - - - - -
Boulder Lake Gasparon et al., 2002 1997 2.04 0.16 0.05 nd 34
Boronina et al., 2019 2018 - - - - 66.7
Authors data 2020 2.7 0.32 0.15 0.11 14.1

2020 2020 2020 2014 2020 2014 2020 2014 2020 2014 2020 2014 2020
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Figure S1 Chemical composition of lake water at Broknes Peninsula, Larsemann Hills in 2014 and 2020. BL-Boulder Lake;
DL-Discussion Lake; SL—Sibthorpe Lake.



