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ABSTRACT. Soil samples situated near to Bulgarian Antarctic Base in Livingstone Island have been studied morphologically, mineralogically and geochemically in
order to understand soil formation processes and to determine major, minor and trace elements content. The analysis of organic matter, chemical analysis, optical
microscopy, XRD and LA-ICP-MS were applied. The obtained data show that the processes of the humus formation, respectively soil formation are rather primitive
and in very initial stage of formation. The sources of soil organic matter are scarce vegetation (lichens, mosses and rarely grass) remains and bird and penguin
excrements, which play an important role on the humus formation processes. The low degree of humification is also due to the presence of very unfavourable climatic
conditions. Morphological study shows that the soils are very slightly to slightly transformed and the processes of decay are uncompleted. The minerals identified in
soils are quartz, plagioclase, K-feldspar, kaolinite and magnetite. Close connection between the mineral composition of soils and sedimentary rocks, which forms the
rock basement was proved. The inorganic matter of soils was produced mainly by physical weathering of the sediments. The most elements in soils are generally
around or below the Clark values for the sediments, with the exception of Sc, V, Co, Cu, Zn, Ga, Sr, Cd and partly of As and Pb which exceed two, three or more
times the average concentration for sedimentary rocks. The total concentrations of heavy metals and other toxic elements, although some increased amount of Cd,
Zn, Pb, Sr and As do not show any definite evidence of local or global anthropogenic contamination.
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PE3IOME. lMousy 0T okornHocTMTE Ha Bbnrapckata AHTapkTuyecka basa Ha 0. JIMBMHICTBH ca U3cneaBaHu oT MOpPONoxKa, MAHEPAroXKa W FeOXMMUYHA rreaHa
TOYKa, 32 [ja Ce U3ACHM NPOLeChT Ha 06pa3yBaHETO UM M Aa Ce onpefeni ChabPXaHUETO Ha OCHOBHM, BTOPOCTENEHHM W eNEMEHTU-NPUMECH B TsiX. /3BbpLUEHU ca
aHanu3 Ha OpraHN4YHOTO BELLECTBO, XMMUYEH aHanua, onTiyHa Mukpockonusi, XRD u LA-ICP-MS. MonyuenuTe pesyntati nokaseart, Ye npolecute Ha obpasyBaHe
Ha xymyc (noyBoobpasyBaHeTo) ca AocTa MPUMUTUBHW U Ce HaMupaT B CbBCEM HayaneH eTan. W3TOYHWK Ha OpraHW4YHOTO BELEeCTBO B MoYBaTa ca OCTaHKM OT
OCKbJHaTa PacTUTENHOCT (NULLEN, MbXOBE W PSAKO TPEBA) U EKCKPEMEHTUTE Ha NTULYW W NMUHIBUHM, KOUTO MUIPasiT BaxHa pons B npoLieca Ha obpa3yBaHe Ha xymyca.
Huckata cTeneH Ha xymuukauus ce ObMKM M Ha M3KNIOYMTENHO HeBnaronpusiTHUTE KNUMaTWUYHM ycnosus. Mopdonoxkute uacnedBaHust nokassat crnaba
TpaHcopMaLMs Ha NMOYBEHOTO BELLECTBO U HE3aBbpLUEH eTan Ha pasnaraHe Ha KOMMOHeHTUTe. B mousuTe ca ycTaHoBeHu kBapu, nnarvoknas, K denawnar,
KaonuHWT M MarHeTuT. CbllecTByBa TACHa Bpb3ka MeXQy MWHEpanHWs CbCTaB Ha MOYBUTE M CKanuTe, KOUTO hOPMMpAT CKanHata OCHOBa Ha TepeHa.
HeopraHn4HOTO BELLECTBO Ha NOYBUTE € (hOPMUPaHO FMAaBHO B PE3ynTaT Ha (PU3MYHOTO M3BETPSIHE Ha CeaMMeEHTHaTa Mokpueka. ChbAbPXAHMETO Ha MOBEYETO
€IIEMEHTY € OKOMO UMM NO-HUCKO OT CPELHO CTATUCTUYECKaTa CTOMHOCT 3a ChAbPKaHUETO Ha ChLUNS ENEMEHT B CEAMMEHTHN ckanu. Makniouenue npasst Sc, V, Co,
Cu, Zn, Ga, Sr, Cd v otyactn As u Pb, kouTO UMaT CTOMHOCTM [Ba, TPY W NOBEYE MbTW NO-BUCOKM B W3CMELBAHWTE MOYBM OT CPEOHOTO UM ChbpXaHue B
ceiuMeHTHUTe ckanu. CbabpKaHUETO Ha TEXKM MeTanu U Apyr TOKCUYHI ENEMEHTH, BbMPEKN MOBULLIEHOTO CbAbpkaHue Ha Hakown ot Tax (Cd, Zn, Pb, Sru As) B
noYBuTE, He laBa OCHOBaHME Aa Ce CMATa, Ye CbLLECTBYBA NOKaNHO 1Nk rnobanHo aHTPOMOreHHO 3aMbpCsBaHE.

KniouoBu AyMU: AHTapKTVIHecKVI NOYBK, reoXnuMna, MMHepanorna, XyMMHOBU KUCENUHW, Ct)yl'IBOKI/ICEJ'IVIHI/I

Introduction are a major recipient of human disturbances, there have been
a number of studies focusing on various aspects of soil

The Bulgarian Antarctic Base “St. Kliment Ohridski” is disturbances (Ugolini and Bockheim, 2008). Claridge et al.
situated at the eastern coast of the South Bay of the Livingston (1995) and Sheppard et al. (1994) are the first, who reported

Island, the second largest among the South Shetland data about metal contamination in soils at Marble Point and
Archipelago. Bulgarian Antarctic scientific research in this around Vanda Station, 40 years after human occupation. Later,
region started in 1993 with different programmes: geological, other authors also conducted a numerous investigations and
life sciences, glaciology etc. estimate the level of concentrations of metals and other toxic
elements including As, Cd, Se, Sr and rare earth elements

During the last years the scientists pay a great attention to (REE) in the soils sampled from Scott Base and King George

human impacts on the Antarctic environment. Since the soils
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Island situated in different Antarctic areas (Sheppard et al.,
2000; Lee et al., 2004).

Assessment of the anthropogenic contaminations of soils
from King George Island using geochemical markers has been
published by Prus et al. (2015). Geochemical characterization
of Antarctic soils and lacustrine sediments from Terra Nova
Bay and the possible influence of human activity and/or global
contamination have been discussed by Malandrino et al.
(2009). Claridge et al. (1999) conduct an experiment using
lithium chloride as a tracer to answer the question of a
possibility of contaminant movement in Antarctic soils. Physical
aspects of soil disturbances and means of undertaking
assessments were investigated by Campbell et al. (1998). The
damage effects of fuel spills on soils and the capacity for
remediation by soil organism have been studied by Aislabie et
al. (2001) and Balks et al. (2002).

There are two more detailed investigations described the
composition, properties and some ecological aspects
concerning soils sampling around BAB at Livingstone Island
and published by Sokolovska et al. (1996, 2015). In order to
better understanding of geochemical and environmental
processes which take place in Antarctic soils and other
ecosystems two soil samples (respectively North and South of
the BAB) were collected from Hurd Peninsula of Livingston
Island during the Bulgarian Expedition carried out in 2014-
2015. It is the first step of a large scale project for investigation
and monitoring of the geochemical composition of Antarctic
soils and related sediments around BAB on the Livingston
Island and evaluation of its eventual anthropogenic
contaminations with heavy metal and other toxic trace
elements, which should be conducted during the next few
years.

The goal of the present investigation is to specify some main
characteristics of soil samples, to define the organic matter
(total organic carbon, humic and fulvic acids, humic acid
fractions et al.) to describe their mineral composition, to
determine the major, minor and trace elements concentrations
and to make some speculations regarding the influence of
human activities and/or global contamination on the studied
soils.

Geological setting

Livingston Island is the second largest of the South Shetland
Islands with territory of about 800 km2. The Bulgarian Antarctic
Base is situated at the Hurd Peninsula. Hurd Peninsula is
located in the central part of Livingston Island and is covered
by a thick snow-ice cap called Hurd Glacier. Free of ice
territory in the vicinity of the Bulgarian Antarctic Base (BAB)
differs from 3 to 5 km2,

The sedimentary sequences exposed on the peninsula are
presented of the rocks of Miers Bluff Formation. The volcanic
rocks are intruded by different in composition and age dykes.
From a structural point of view, the sedimentary section
represents an overturned limb of a large scale monocline
(Bonev et al., 2015).

The geological map of the Hurd Peninsula and sedimentary
sequence section are given in Figure 1. Two types of rocks —
sedimentary and volcanic are expose at that area. They refer
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to two major lithostratigraphic units, namely the Miers Bluff
Formation, which includes sedimentary rocks and Mount
Bowles Formation, which includes volcanic rocks. The Miers
Bluff Formation is widely exposed on the west, central and
northern parts of the Hurd Penisula where the Bulgarian
Antarctic Base (BAB) and sampled area are situated. The
formation is characterized by siliciclastic (turbidite) sedimentary
sequences (Smellie et al., 1995). The sediments of Miers Bluff
Formation are slightly altered, underwent a low grade of
metamorphic changes and commonly crossed by dykes, which
form additional contact alterations (Pimpirev et al., 2015).
Lithologically the Miers Bluff Formation includes various
siliciclastic sedimentary rocks: sendstones are dominant (in the
lower part), turbidites, presented by alternation of sandstones,
siltstones and mudstones (in the middle part), and
conglomerates, breccias and breccias-conglomerates (in the
upper part) (Fig. 1). The sediments of the formation are
strongly compacted, randomly tectonized and slightly altered
(Pimpirev et al., 2015). The thickness of the formation exceeds
2600 m. The Miers Bluff Formation consists of five units (South
Bay Member, Johnsons Dock Member, Sally Rocks Members,
Napier Peak Member and Moores Peak Member) and the
sediments from the first one, South Bay Member is reveals in
the sampled area.

The sedimentary sequence of the South Bay Member is
given on Figure 1. According to Pimpirev et al. (2015) it
consists of medium and coarse-grained massive sandstones
alternating with thick mudstones and fine-grained sandstones
packets. Breccia-conglomerates layers are rarely presented.
Plant debris and traces of erosional textures are also
observed. The sediments of this member have been deposited
in a deltaic setting (Pimpirev et al, 2012). Based on
biostratigraphic data and especially the recorded nannofossil
associations in the sediments Stoykova et al. (2002) and
Pimpirev et al. (2006) determine the geological age of the
Miers Bluff Formation as Late Cretaceous, Campanian-
Maastrichtian.

Environmental settings and sampling

On a global scale the terrestrial environments of the Antarctic
areas are rather dynamic and variable and can be
characterized with extremely low temperatures, low moisture
availability, frequent changing freeze and thaw cycles, scarce
vegetation cover, and limited amount of organic matter
(Convey, 1996). Only 10% of the territory of Livingston Island
from the total about 800 kmZis ice and snow free for the short
period during the Antarctic summer. These areas are largely
confined to the surface of the island and its spread over the
costal sites and regions. The island consists of three structural
terraces and the upper one is presents of crystallized andesite
and basalt lava, mixed with sandstones and conglomerates.
Three physiographic sectors can be distinguished: eastern,
covered by icebergs; central, characterized by its high ice
heaps and platforms; and western a plain almost without ice
(Sokolovska et al., 2015). The meteorological observation
carried out on the BAB showed the following temperature - the
mean annual temperature 4°C, the maximum summer
temperature 7,5°C and the minimum winter temperature -24°C.
The vegetation is restricted to mosses, lichens and algae
because of the severe environment and higher plants do not
occur because of low temperature and strong winds (Pickard,
1986).
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Fig. 1. Geological map of the Hurd Peninsula and sedimentary sequence section of the South Bay Member (Mires Bluff Formation) near to Bulgarian

Antarctic Base (after Pimpirev et al., 2015).

Most of Livingston Island area is covered with glaciers and
rock outcrop are exposed only along the shorelines just in
restricted areas. The Hurd Peninsula has a rugged topography
with low-rise hills, wide and gentle slopes and wide plains. Soil
samples from the Livingstone Island were collected in the
framework of 200 m around BAB area. The first sample
(Sample 1-2015) was collected northern from the BAB, from
the surface of original talus, with 40 m altitude and 210 m
distance from the sea. The soil sample was clear of snow and
ice. The place is free of plants, but 150 m around some lichens
and mosses can be observed. The second sample (sample 2-
2015) was taken southern of BAB from the surface of the area
located 270 m from the sea and with 41 m altitude. The soil
sample was dug under the moss’s roots and therefore free of
plants. Thin grass vegetation, lichens and mosses can be
observed near to the place of sampling. The situation of
sampling areas and detailed information concerning the exact
places are given in Figure 2 and Table 1. The rock bottom of
both soil samples are represented by sedimentary and volcanic
rocks and especially includes sandstones, siltstone, rarely
mudstones and volcanic dykes, which commonly crossing
them.

Table 1.
Geographical location, sampling date, distance from the sea
and type of samples collected during the Antarctic Expedition
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Fig. 2. The generat view of the Bulgarian Antarctic Base and the places of
sampling. a) general view of the BAB and the places of sampling; b) the
place of sample 1; c) the place of sample.

Analytical methods

The complex study of soil samples include characterization
of organic matter, determination of main oxides, mineral
composition and concentrations of 39 elements including rare
earth elements (REE), heavy metals and other toxic trace
elements were conducted in different laboratories.

The quality and composition of soil organic matter were
determined according to the modified method of Turin (120 °C,
45 min, with catalyst Ag2SO4) and method of Kononova and
Belchikova (Kononova, 1966; Filcheva and Tsadilas, 2002).
Total humic and fulvic acids (Cexractable) Were determined after
extraction with mixed solution of 0.1 M Nas P2 O7 and 0.1 M
NaOH. ‘Free’ and R203 bonded humic and fulvic acids (Cnaon)
— after extraction with 0.1 M NaOH and the most dynamic, low
molecular fraction of organic matter, so called ‘aggressive’
fulvic acids fraction was extracted with 0.05 M Hz SO, in ratio
soil solution = 1:20 for the three extractions. Humic and fulvic
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acids in both extracts, Cextractabie and CnaoH, Were separated by
acidifying the solution with sulfuric acid (0.5 M). Optical
characteristics (E4/E6) show the degree of condensation and
aromatization of humic acids. Optical characteristics of humic
acids were measured on spectrometer SPECOL (absorption at
A 465 nm and 665 nm).

The mineral composition of soils was observed and
determined by using optical microscopy Leica EZ4D and X-ray
diffraction (XRD) in the Sofia University laboratories. Wet
chemical analysis was applied for quantity specification of
major oxide. The laser ablation inductively coupled plasma
mass spectrometry (LA-ICP-MS) analyses were conducted at
the Geological Institute of the Bulgarian Academy of Sciences
for establishing of concentrations of 39 minor and trace
elements of studied soil samples.

Results and Discussions

Content and composition of the organic matter

The first data on the soil organic carbon content and
composition of the soil samples collected by the Bulgarian
scientific expedition (1994/95 and 1995/96) were published by
Sokolovska et al. (1996). Different investigations on the same
soil samples were also published by Sokolovska et al. (2015).
Studied soils were subdivided in three groups according the
experimental data concerning the content and composition of
soil organic matter. The authors marked their opinion on the
initial stage of processes of humus formation and soil
formation, which develop in very unfavourable conditions
(Sokolovska, 1996).

In the framework of the present investigation the following
parameters of soil organic matter was determined -
concentration of total organic carbon, humic and fulvic acids,
determination of different humic acid fractions (free of R203
and Ca-bearing complexes), unextracted organic carbon,
extracted with 0,1N H2SO4 and 0, 1N NaOH organic carbon and
optical characteristics (E4/Es).

The data concerning the concentration and other main
characteristic of organic matter of studied soils are given in
Table 2. According to the classification of Grishina and Orlov
(Orlov, 1985) and Artinova (2014) the total organic carbon
(TOC) content in sample 1 is very low (0,98 %). The data
presented by Lee et al. (2004) show the average organic
carbon content in 30 soil samples from Barton Peninsula
(grouped in four groups and based on bedrock type) - 0.76%
with variation between 0.06 and 2.97%. Consequently, the
degree of humification of sample 1 is low (under 10%). The
humus is of humic type Ch/Cf = 2,60%, with predominance of
humic acids over the fulvicacids (Orlov, 1985). These data are
different from the data obtained by Sokolowska et al. (1996,
2015), for all Antarctic soil samples analysed before. The
sample 1 is collected on the rock talus where the vegetation is
presented mainly by lichen and mosses. In the vicinity of the
sampling was observed separate grass tufts also. The data
indicates an initial process of soil formation. Ca-complexed
humic acids have an extremely low concentration (7.69%)
compared to the total amount of humic acids. The humic acids
are “free” or bound with R20s, which are more mobile and
could be leached. The unextractable organic carbon content is



high (81.63%). The high unextractable organic carbon content
is probably due to the strong bonds between the mineral and
organic part of the soils. The optical characteristics which
present the type if humic acids and their structure, show that

humic acids are condensed and the ratio E4/Es show average
values according to classification of Grishina and Orlov (Orlov,
1985).

Table 2.
Content and composition of soil organic matter.
Organic carbon, (%) Organic carbon, (%) = = o Optical .
. e _| Sg characteristics s
Z| e - s22 | £ 2 (E4/Es) =T
2| g Extracted with 01M | 2 Humic acid fractions £38| 35 §3§ < - 2 S
S|F NasP207+0.1M NaOH o8| 88° | = . £s
total HA FA free and R203 Ca- S % 8| % @ 2 E_a T
complexed | complexed sS5Ss8| Y *
1| 098 | 0.182 013 |0.05 26 0.12 0.01 0.80 0.04 5.08 4.39 0.16
18.37° | 1326 [5.11 92.31¢ 7.69 81.63 4.08 16.33
2 | 052 | 0.8 0.00 ]0.08 0.00 0.00 044 0.02 - - 0.07
15.38 15.38 84.62 3.85 13.46

a - % of the soil sample mass; b - % of the total carbon mass; ¢ - % of the total humic acids; HA - humic acids, FA - fulvic acids.

Optical characteristics - E4/Es.

The organic carbon content in sample 2 is extremely low
(0,52 %) and the humus concentration is also low in
comparison with data for sample 1. The results presented in
Table 2 show that the humic acids practically absent in sample
2. Fulvic acids only are extracted, but in very low quantities.
The quantity of the extracted organic substances in mixed
solution of pyrophosphate, NaOH and NaOH extract are equal
which confirm the data that in the soil sample 2, there is no
humic acids and especially those bound with Ca. In conclusion
it can be stated that in the studied soils from Livingston Island
the processes of the humus- and soil formation are very
primitive and just in initial stage. The low degree of poor
organic materials humification of these Antarctic soils
(especially in sample 2) is due to the very unfavourable
climatic conditions on that place. In sample 2, the newly
formed humus acids are not completely transformed into more
mature products and just initial process of soil formation has
been observed. The processes of polymerization and
polycondensation, which form macromolecules of the new
humus are not significant of both samples. Birds and penguin
excrements play a significant role on the humus formation
processes and probably influenced the humification process
which obviously took place in greater extent in the soil from
sample 1.

Morphology of the soils

The studied soil samples were subject to macro- and
micromorphological observations under the optical microscopy
and described according the methodology of Fitzpatrik (1984).
Based on their previous investigations of Antarctic soils llieva
and Groseva (1996) and Sokolovska et al. (2015) determined
four group of Antarctic soils: 1) soils formed on rocks without
vegetation; 2) soils formed under mosses (Drepanoducladus
unsinatus); 3) soils under mixed moss-grass vegetation
(Deshampsia Antarctica — Politrichum sp.) and 4) soils under
Antarctic grass (Deshampsia Antarc-
tica). The macro- and micromorphological investigations of
sample 2 (Fig. 3, ¢, d) reveal that it compose of
unconsolidated mineral masses and grains and only small
amount of plant roots which are dispersed among the rock
fragments and penetrated to 3-4 cm in depth. The mineral
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grains include the particles of underlying sedimentary and
volcanic rocks and petrographically represent mainly by quartz,
plagioclase, kaolinite and feldspars. The size of mineral grains
and crystals vary from less than 0.1 mm to 1-2 cm and they are
with angular or rounded shapes. Very small content of plant
remains, represented by moss vegetation roots and mixed with
mineral matter were also observed. Some very initial
processes of decaying and transformation of the plant tissues,
coincident with excreting vegetation biolites (the metter which
occur in the plants and remain into the soil after their death)
might be going pass. Considering the bright-brown to brown
colour of vegetation tissue, it could be concluded that they
were very slightly to slightly transformed and the processes of
decay were uncompleted. Taking into consideration the
above mentioned classification the studied soil sample 2
belongs to the second group “soils formed under mosses”.
Macroscopic observations of sample 1 (Fig. 3, a, b), which was
located on the surface of the rock talus under the moss and
lichen vegetations and comparatively near to the sea shore,
revile that the soil represents a close mixture of mineral grains,
particles and fine rounded aggregates soldered with fine
vegetation roots and other organic compounds (excrements of
penguin and birds). The rock fragments are represented by
fine grained quartz and plagioclase particles with very small
sizes (from 100-500 pum to 1-2 mm) and rounded shapes. The
organic matter includes small plant roofs and organic
excrements. The soil masses of sample 1 are more compacted
than sample 2. This symbiosis between rock fragments,
vegetation remains, and organism’s excrements formed a
peculiar week structure. The micro-morphological observation
in 3-4 cm depth shows the following, although not very clear
succession. On the soil surface fresh and very weakly decayed
mosses and lichen with light-brown colour can be observed.
The layer settles below consists of weakly to medium decayed
fine roots. The lowest layer in the soil section is dark in colour
and composes of greater amount of roots remains. Similar
morphological and textural sequence, determined and reported
by Sokolovska et al. (2015) for other Antarctic soil, resembles
the morphology of a normally developed soil (llieva, 2011), but
in the case of the Antarctic soils the separate layers are very
much shortened.



Fig. 3. Optical microscopy photos of soil samples. a) and b) sample 1; c) and d) sample 2.

Two soil layers, the first one consists of weakly to medium
decayed plant tissues and the second one consists of black
fine mixed biogenic remains and excrements can be easily
distinguished in the studied samples. Taking into consideration
the macro- and micromorphological investigations it can be
concluded that there are evidences for more intensive biogenic
processes which take place in soil sample 1 in comparison with
sample 2. The data for total organic carbon and other
characteristics of organic matter also confirm these
circumstances (Table 2). According to the above mentioned
classification the soils from sample 1 belongs to the third group
“soils formed under mixed Antarctic vegetation”.

Mineralogical composition of soil samples

The chemical composition of soil (the main oxides) can be
used to suggest the mineralogy in the soils, such as primary
minerals or secondary weathering minerals. One approach to
estimate the degree of chemical weathering is to use the Index
of Compositional Variability (ICV) [ICV = (Fe203 + K20 + Na2:0
+ Ca0 + MgO + MnO + TiOz)/ AlOs] (Cox et al., 1995).
Nonclay minerals have a higher ratio of the major cations to
Al2O3 than clay minerals so the nonclay minerals have a higher
ICV index. For example, the ICV index decreases in the order
of pyroxene and amphibole ¢10-100), biotite ¢8), K-feldspar ¢
0,8-1), plagioclase (0,6), muscovite and illite ¢ 0,3),
montmorilonite ¢0,13-0,3), and kaolinite ¢0,03-0,05) (Cox et
al., 1995). Therefore, immature soils with a high percentage of
nonclay silicate minerals will contain ICV values of greater than
one. In contrast, more mature soils with mostly clay minerals
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formed under intensive weathering must to have lower ICV
index values of less than one (Cox et al., 1995).

The ICV index values of studied soil samples from Livingston

Island are shown in Table 3. The data are 1,8 for sample 1 and
1,6 for sample 2 and this indicating that Livingston Island soils
are compositionally immature and dominated by nonclay
silicate minerals. It can be concluded that they are formed
under the physical disintegration of bedrocks and that
components of chemical weathering product such as clay
minerals are very minor, suggesting that the chemical
weathering has not occurred significantly. Hence, most of the
inorganic matter of the soils may have been produced by
physical weathering and freeze and thaw processes especially.
The similar data for Barton Peninsula soils in Antarctica have
been reported by Lee et al. (2004).
The XRD analysis was applied in order to determine mineral
matter in soil samples. The XRD spectra are presented in on
Figure 4. The modes of mineral occurrence within the soils
have been observed by optical microscopy. The minerals
identified in the samples include quartz, plagioclase (albite), K-
feldspar, kaolinite and magnetite. Quartz and plagioclase are
very common in both samples, while feldspar and kaolinite are
present in low amount. Quartz, plagioclase and feldspar
usually occur as rounded or angular grains which size varies
from microns to 1-2 mm. Irregular to ellipsoidal aggregates and
masses of kaolinite closely mixed with other minerals and plant
organic matter are also found in soils. Small magnetite grains
dispersed among the soil matter was detected.



There is a close connection between the mineral composition
of soils and the mineral composition of sediments (sandstones
and siltstone), which compose the basement of the soils
(Pimpirev et al., 2015). It can be concluded that the inorganic

matter of studied soils may have been produced mainly by
physical weathering of the rock formations of Livingston Island.

Table 3.

Major element compositions of Antarctic soil samples from Livingstone Island (weight %).
Samples SiO,  TiO2 AROs FexO3 FeO MnO MgO CaO0 NaxO KO P:0s  HO Lost* ICV*
1 5220 158 16.39 3.66 584 012 442 742 468 111 062 017 185 18
2 5417 152 16.07 4.32 452 013 389 538 415 204 057 043 270 16

Index of Compositional Variability [ICV =

(Fe203+ K20 + Naz0 + CaO + MgO + MnO + TiO2)/

* Weight lost during heating; ** ICV —
Al203] (Cox et al., 1995)
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Fig. 4. XRD specters of soil samples. a) sample 1; b) sample 2.
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Major, minor and trace elements in soils

The data for major oxides content are presented in Table 3.
SiO2 totally dominated, following by Al20s and other oxides
(Fe20s, FeO, K20, Na20, Ca0, MgO, MnO, TiO2 and P20s)
which are in smaller amount. These results confirm the
assumption that the main part of the soils are form from the
weathering sediments of the bedrocks composed mainly of
sandstones and siltstones.

The concentrations of minor and trace elements including
rare earth elements determined by using LA-ICP-MS are given
in Table 4. In order to estimate and analyze the data for
elements we use the Clarke value for sedimentary rocks, which
are reported by Ketris and Yudovich (2009) and Renton et al.
(1990) and the mean values of the elements given by
Melandrino et al. (2009) for unpolluted soils and sediments.

The comparison between the average content of elements in
the sedimentary rocks and the content in studied soil samples
and taking into  consideraton the  calculated
enrichment/depletion factor (EDF) for each element of both
samples, it appears that the most elements in soils are
generally around or below the Clark values for the sediments
(EDF = 1), with the exception of Sc, V, Co, Cu, Zn, Ga, Sr, Cd
and partly of As and Pb which exceed two, three or more times
the average concentration for sedimentary rocks and which
have EDF > 1. Regarding the REE only Eu and Er are
concentrated two times and more than the Clarke values
(Table 4).

Comparatively high content of some elements, including
heavy metals, which are environmentally sensitive has been
fixed in soils. The most abundant are Cd (EDF = 5,9 for sample
1 and 4,6 for sample 2), Zn (EDF = 4,6 for sample 2) and Pb
(EDF = 3,6 for sample 2). Co (EDF = 2 for sample 1 and 1,7 for
sample 2), Cu (EDF = 1,6 for both samples) and Sr (EDF = 1,5
for sample 1 and 1,1 for sample 2) also display concentration
higher than Clarke values. The REE content is around Clarke
values (EDF is a little bit below or above 1), except Eu, Er, Gd,
Dy and Yb which EDF vary from 24 to 1,6. It makes
impression that radioactive elements U and Th are rather
below than Clarke values (Table 4).

In comparison with data for the unpolluted Antarctic soils and
sediments (from Terra Nova Bay) published before by
Malamdrino et al. (2009) and concerning heavy metals it can
be conclude that the concentrations of Ni, Cu, Zn, Cd and
partially of As, Pb and Cr (for the sample 2) in studied soils are
increased. The highest content in studied soils has been
determined for Cd (10 times higher), Zn (3 times higher), Pb
(more than 2 times higher), Cu (2 times higher) and Ni (less
than 2 times higher). If the same data had been interpret as a
comparison with values for unpolluted sediments, published by
the same authors, it makes clear that only Cd exceeded the
maximum permissible value for sedimentary rocks. It must to
note that such parallel is rather relative because the
considerable geological and chemical differences between
rock formations of that Antarctic areas.

Almost identical determination of different elements in
sample 1 and sample 2 was established. Only Zn and Pb are
present in higher concentrations in sample 2 (Zn is more than
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4 times and Pb is more than 3 times higher) in comparison with
sample 1.

Table 4.

Minor, trace and rare earth element concentrations of Antarctic
soil samples from Livingstone Island (ppm). Clarke value,
enrichment/depletion factor (EDF), mean values in unpolluted
soils and sediments are also given. LA-ICP-MS.

k%) L

g > 23|83
o |z E - N 23123
R ) @ 2 |S 3
E|Z2E| B i g | |538l§3
wlogl & 2 S| B|2s2%
s |- <1461 | - <507 |- |- -
Sc |96 | 353 37 | 314 |33
vV |9 270 30 | 224 |25 - -
Cr |58 | 429 07 |595 [10 |54 |62
Co |14 | 279 20 | 244 |17 |- -
Ni |37 |336 09 [325 |09 [19 |66
Cu | 31 50.0 16 | 508 |16 |25 |45
Zn | 43 | 86.8 20 | 199746 | - -
Ga |12 | 216 18 | 253 |21 |-
As | 76 | <52 <07 | 115 |15 |72
Rb |94 | 316 03 |703 |07 |-
Sr[270 | 412 15 | 304 |11
Y [29 338 12 360 |12 ]- -
Zr [ 170 | 184 11 | 176 | 1.0 | 60 118
Nb |76 |75 10 |87 |11]- -
Cd |08 |47 59 |37 | 46|04 |04
Sb |12 | <11 <09 | <04 |<03]- -
Cs |77 |13 02 |30 |04
Ba | 410 | 197 05 |35 |08
La | 32 16.6 05 | 223 |07
Ce | 52 | 395 07 |491 |09
Pr |68 |53 08 |61 |09
Nd |24 | 242 10 | 268 | 1.1
Sm|55 |60 11 |65 |12
Eu | 09 |19 21 |18 |20
Gd |40 |70 18 |69 |17
To |07 |11 15 |09 [13
Dy |36 |62 17 |62 |17
Ho | 09 | 1.1 12 |12 |13
Er |17 |36 21 |41 |24
Tm |08 |05 06 |05 |06
Yb |20 |35 17 |32 |16
lu |04 |06 15 |05 |12
Hf |39 |42 11 |44 |11
Ta | 10 | 04 04 |06 |06
W [20 |<08 <04 |13 06 |- -
Pb [12 |83 07 |440 |36 |19 |24
Th |77 |24 03 |48 |06 |- -
U |34 |06 02 |22 |06 |-

* Clarke for sedimentary rocks after Ketris and Yudovich (2009) and
Renov et al. (1990);

**Reported by Malandrino et al. (2009);

1Soil/Clarke = EDF for sample 1;

2Soil/Clarke = EDF for sample 2;

In general, element concentrations in studied soil samples
are influenced by element abundance of soil-forming
sedimentary and partially volcanic rocks, which form the
basement of soil cover at Livingston Island. The other factors
like marine influence and the features of the corresponding
catchment areas are also affect its chemical composition. The



effect of vegetation for the chemical composition of soils is
unclear and should be evaluated in detail in order to determine
its influences mainly in Hurd Peninsula area.

Conclusion

Two soil samples from Livingston Island, South Antarctica
have been studied morphologically, mineralogically and
geochemically in order to understand soil formation processes
and to determine concentrations of elements, some of them
with great environmental importance.

The low content of TOC in both samples has been established.
It is due to very scarce organic matter in the area of soil
sampling. The processes of humus- and soil formation are very
primitive and are in initial stage. The newly formed humus
acids are not completely transformed into more mature
products and just initial process of soil formation has been
observed, especially in sample 1, where TOC is more
abundant. The processes of polymerization and
polycondensation, which form humus macromolecules are not
significant for both samples. The sources of soil organic matter
are scarce vegetation (mainly lichens, mosses and small
amount of grass) remains and bird and penguin excrements,
which obviously play an important role on the humus formation
processes. The low degree of humification is also due to the
presence of very unfavourable climatic conditions.
Morphological study shows that the soils are very slightly to
slightly transformed and the processes of decay are
uncompleted, but there is indications that more intensive
biogenic processes take place in sample 1 in comparison with
sample 2.

The minerals identified in the soils are quartz, plagioclase, K-
feldspar, kaolinite and magnetite, but quartz and plagioclase
are totally dominated. There is a close connection between the
mineral composition of soils and sedimentary rocks of the
Miers Bluff Formation, which composed mainly of sandstones
and siltstone, and forms the rock basement of the sampled
area. The inorganic matter of soils may have been produced
mainly by physical weathering of these sediments. The most
elements in soils are generally around or below the Clark
values for the sediments, with the exception of Sc, V, Co, Cu,
Zn, Ga, Sr, Cd and partly of As and Pb which exceed two,
three or more times the average concentration for sedimentary
rocks. From the REE only Eu and Er are concentrated two
times and more than the Clarke values. The total
concentrations of heavy metals and other toxic elements,
although some increased amount of Cd, Zn, Pb, Sr and As do
not show any definite evidence of local or global anthropogenic
contamination.

In general, the sediments of rock basement and the soil
sampled around them showed a similar mineralogical and
chemical composition, as evidence that rock- and soil-
weathering processes occur only during the worm summer
period, when the sea-shore zone of the island are ice-free. In
conclusion it can be summarized that the Antarctic soils need
to be further surveyed, analyzed and examined.
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CratusTa e peljeHanpana ot npody. ArH KanuHka MapkoBa 1 npenopbyaHa 3a
nybnukyBsaHe oT KaT. ,[eonorus v Npoy4YBaHe Ha None3Hu 13konaemm’.



