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Abstract

This study focuses on geochemical research into humic acids and humification processes in lakes of West Antarctica, specifically King
George Island and Marie Byrd Land. Humic acids were extracted from recent sediments of Antarctic lakes and analysed using high-pre-
cision laboratory methods. The experiments included examining the elemental composition and molecular structure of the humic acids.
The results show that the organic matter in sediments of the studied lakes has undergone complete humification processes. However,
the molecular structure of humic acids is characterized by a predominance of aliphatic fragments and a significant amount of polysacchar-
ides, which is typical of humic substances in the cold climates of Arctic and Antarctic regions. Thus, the humic substances of Antarctic lakes
were found to have a very low degree of maturity and were non-resistant to mineralization. These findings are valuable for understanding

the full chain of organic matter transformation processes in Antarctic ecosystems and the global carbon cycle on Earth.
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Introduction

Humification is a global process that transforms organic material
in nature. Humic substances (HSs) are the most stable forms of
organic matter in terrestrial and aquatic ecosystems. They serve
as a global accumulative matrix of carbon. These macromolecules
have a complex structure (Kleinhempel 1970), and their chemical
properties are influenced by environmental factors such as cli-
mate, biochemical activity, landscape, geological characteristics
and the botanical composition of the precursor materials. The
most abundant and mature fraction of HSs is humic acids (HAs).

The Antarctic environment is among the least explored in terms
of extreme natural habitats for life, and thus also for the decompos-
ition of biological remains. While some studies (Beyer et al. 1995,
Bonivata et al. 1996, Abakumov 2010) have focused on the organic
matter in Antarctic soils, demonstrating that HAs can be isolated
from soil samples for instrumental analysis (Calace 1995, Chukov
et al. 2015), it is also important to note that lakes represent signifi-
cant oases of life within the polar continent, offering a different
perspective on biological activity and decomposition. The number
of articles focused on HSs in lakes is limited, and they focus mainly
on aquatic fractions of fulvic acids (FAs; McKnight et al. 1991,
1994, Aiken et al. 1996). Studying HSs in lake sediments is crucial
for understanding the full humification/mineralization process
of organic matter in Antarctic ecosystems and adding to our
knowledge of the global carbon cycle on Earth.
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The purpose of this work is to conduct geochemical research
on HAs isolated from lake sediments in West Antarctica (King
George Island and Marie Byrd Land). The tasks include examin-
ing the elemental composition and molecular structure of sedi-
ment HAs and identifying the humification conditions in
different Antarctic lakes.

Study area

King George Island (62°12'S, 58°58'W) is the largest island in the
South Shetland archipelago. It has a polar tundra climate, with an
average annual temperature of -2.3°C (https:/www.eduardo-frei.
climatemps.com). The island is mostly covered by glaciers, with
only one-fifth of the territory being free from glaciation, including
the Fields Peninsula.

There are ~60 lakes on the peninsula, which were formed by
glacial erosion (Watcham et al. 2011). These lakes are mostly shal-
low, with an area of < 0.5 km?, except for the larger bodies of
water such as lakes Kitezh, Long and Glubokoe, also known as
Artigas. The lakes are fed by precipitation and melted glacial
waters. During the spring snowmelt, numerous streams form
that feed the lakes. By autumn, the melting stops, and many
small reservoirs dry up. The dominant jons in the lake water
are Na* and CI” (Skorospekhova et al. 2016). All of these water
bodies are covered with ice in winter, and the small reservoirs
freeze to their bottom. The ice sheet breaks up in
January-February. The local bedrock, consisting of basalts and
andesite, is the main source of sediments in the lakes on the
Fields Peninsula (Alfonso et al. 2015, Medeiros Galvdo et al.
2020). Due to the sparse vegetation on the island (Carvalho
et al. 2009), the precursors of humification in lake sediments
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Figure 1. The locations of the studied lakes in West Antarctica (King George Island and Marie Byrd Land).

are mainly moss-lichen and algae residues. In this study, 15 lakes
on the Fields Peninsula were examined, and their descriptions are
provided below. It should be noted that the lake names used in
this study are not official and follow the local toponymy.

Lake 1 (62°10'57.03”S, 58°51'58.64"W) is a small, shallow
water body located on the edge of the glacier. The maximum
water level (0.3-0.5m) is reached during periods of intensive
glacial melting. The banks are rocky, with rare areas covered in
moss and lichen vegetation. In winter, the lake freezes to the
bottom.

Lake Glubokoe (Artigas; 62°11'05.5”S, 58°54'36.91"W) is the
deepest water body on the peninsula, with a maximum depth of
18.3 m. The lake’s shores are steep and composed of volcanic bed-
rock. In the coastal part of the lake’s basin, the bottom is rocky,
with sandy-silt deposits predominating at depths > 1 m.

Lake Norma (62°11'20.6”S, 58°55'39.55"W) is a small, shallow
water body with a maximum depth of 1.5 m. The lake’s shores are
flat and covered with basalt debris, with little vegetation present.

Lake Mirazh (62°11'33.88"S, 58°57'14.68”W) has a maximum
depth of 6.7 m in its central part. The banks are steep and com-
posed of volcanic rocks, with some snowfields present. In the west-
ern part of the lake’s basin, there are thickets of underwater mosses
Drepanocladus longifolius (Amblystegiaceae; Li et al. 2009).

Lake Slalomnoe (62°11'31.09”S, 58°57'29.79”W) has a max-
imum depth of 3 m. The banks are steep and composed of bas-
altic rocks, with rare hummocks of moss-lichen vegetation
present. Underwater moss debris was found on the surface of
sediments in the coastal part of the lake, up to a depth of 1.5 m.
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Lake Srednee (62°11'35.72"S, 58°57'36.57”W) has a maximum
depth of 5.8 m. The lake’s shores are low and covered with basalt
debris, with dense hummocks of moss present.

Lake Kitezh (62°11'36.66”S, 58°58'00.07”W) is located near
Bellingshausen Station and has a maximum depth of 11.5 m.
The shores are low and composed of clayey soils with fragments
of volcanic bedrock. Moss-lichen vegetation is abundant along
the shore, with rare small hummocks of higher vascular
plants Deschampsia antarctica (Abakumov 2010). The majority
of the lake’s bottom is covered with thickets of underwater
moss D. longifolius (Li et al. 2009).

Lake Bird (62°11'19.18”S, 58°58'08.01”W) is a small, shallow
water body with a maximum depth of 1.5 m. At the time of sam-
pling, the water column in the lake had low transparency due to
a large amount of green filamentous algae. The lake’s shores are
low and composed of clayey soils with fragments of volcanic
bedrock, with abundant moss-lichen vegetation present. The
stones on the shore are covered with decaying debris of moss
and algae.

Lake 9 (62°11'20.05”S, 58°58'57.53"W) and Lake 11 (62°
11'18.33”S, 58°59'06.39"W) are small water bodies with max-
imum depths of 0.5 m. The shores are composed of swampy
clayey soils with bedrock debris, and the stones around the
lakes are covered with pink and green films of biogenic mats.
These lakes freeze to their bottom in winter.

Lake 10 (62°11'11.97”S, 58°57'14.58"W) is small water body
with the maximum depth of no more than 1.5 m. The shores
are flat and composed of clayey soils with bedrock debris.
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Lake Penguin (62°12/03.29”S, 58°58'19.03"W) is a small, shal-
low water body with a maximum depth of 2 m. The shores are low
and composed of clayey soils with fragments of volcanic bedrock.
The majority of the lake’s bottom is rocky, with clayey-silt sedi-
ments found only in the western part of the lake. The shores
are littered with household waste due to the close proximity of
scientific stations and the airport.

Lake Long (62°12'21.93”S, 58°57'57.85”W) is one of the largest
lakes on the peninsula, with a maximum depth of 4.3 m. The
banks are steep and composed of basaltic rocks, with rocky and
decaying debris of mosses and algae present in the coastal part
of the basin. Pink films of biogenic mats can be found on the
stones around the lake.

Lake Jurasico (62°13/29.41”S, 58°59'57.62"W) and Lake
Geographic (62.13'27.49”S, 59.00'14.9"W) are situated in the south-
ern region of the Fields Peninsula. The precise maximum depths of
these lakes have not yet been determined. The shores are adorned
with decomposing debris of mosses and algae, while pink and green
biogenic films can be observed on the stones surrounding the lakes.

Mary Byrd Land (74°45'S, 136°48'W) is located in West
Antarctica on the eastern shore of the Ross Sea (Fig. 1). The ice-
free land area around Russkaya Station is ~2.2 km” and consists
of two peninsulas. The terrain is composed of gabbroids, which
are dissected by veins and dikes of basic, intermediate and acidic
composition, running from north to south and from west to east
(Tkacheva et al. 2018). The area is characterized by high wind
speeds. According to meteorological observations at Russkaya
Station from 1980 to 1990, the average long-term number of
days with wind speeds > 15 m/s in the area was 264, and for
winds > 30 m/s this figure was 136 days. Gusts of wind reached
a maximum speed of 75 m/s in 1986. Stable snow cover does
not form due to the constant strong eastern winds. The coldest
months at the station are July-August (-20°C), and the warmest
months are December-January (-2°C). The average annual pre-
cipitation is 166 mm. Vegetation cover on the peninsulas is sparse,
with only scattered patches of mosses and lichens. In 2022, during
seasonal limnological fieldwork, 17 previously unknown lakes were
discovered in this area (Demidov & Guzeva 2022). The sediments
in most of these lakes consist of boulders and rubble, with silty
sediments only found in Lake Humic.

Lake Humic (74°45'S, 136°49'W) is situated 700 m from the
shoreline. Unlike most other water bodies in the area, the lake
is almost entirely free of ice in February. It has a maximum
depth of 1.5 m, and its shores are rocky with no vegetation in
sight. The bottom of the lake is coated with black bacterial mats.

Materials and methods
Sampling procedure

The fieldwork was conducted in February 2022 when all of the
lakes were free of ice cover. Physicochemical parameters of
water (salinity, pH, Eh) and sediments (pH, Eh) were measured
immediately after sampling using a portable Milwaukee
Instruments (USA) MW400 analyser. Surface sediments
(0-10 cm) were collected from five sites within the basin of
each lake using a Van Veen grab. The field description of the sedi-
ments included the following characteristics: colour, granulomet-
ric composition, smell and presence of inclusions, plant debris
and gas bubbles. Additionally, a sample of decomposed plant deb-
ris (a mixture of mosses, lichens and algae) was taken from the
surface ground and stones of the shores of Lake Bird.
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Laboratory analysis

The total content of dispersed organic matter (DOM, mass %)
was analysed by digesting absolute dried samples (sieved to
0.2 mm) at 550°C for 5 h. The analyses were conducted on five
samples from each lake, with each sample being measured in
duplicate to calculate an average value. A difference of 15% or
less between the duplicate values was considered acceptable.

For the extraction of HAs, integral sediment samples from
each lake and plant debris samples from the shore of Lake Bird
were air-dried at 25°C, ground and passed through a 2 mm
sieve to remove large plant debris. The samples were then pro-
cessed according to the standard method of the International
Humic Substances Society (Swift 1996).

Elemental analysis of HAs (C, H, N % with correction for
water and ash content) was conducted using the Euro
EA3028-HT elemental analyser (EuroVector, Italy) at a combus-
tion temperature of 1000°C. The measurement error for C was
0.3%, and for N and H it was 0.2%. The results were corrected
for water and ash content, and the oxygen content was calculated
according to the difference between the total mass of the sample
and the gravimetric concentration of C, N, H and ash. All mea-
surements were performed in duplicate, with a difference of
15% or less between the duplicate values being considered accept-
able. The average value for each sample was then calculated.

The molecular structure was examined using solid-state cross-
polarization (CP) magic-angle-spinning (MAS) "*C nuclear mag-
netic resonance (NMR) spectroscopy on a Bruker Avance III
400WB NMR spectrometer (Bruker Corporation, USA) with a
4 mm ZrO, rotor. The magic angle (54.7°) spinning frequency
was 12.5 kHz, the operating frequency was 100 MHz, the contact
time was 2 ms, the delay time was 3 s and the number of scans
was 2048.

Data obtained for processing

Mass percentages (mass %) of C, H, N and O were converted to
mole percentages (mole %) to determine the role of elemental
atoms in the construction of HA molecules. Atomic fractions
were also used to calculate H/C and O/C ratios.

Quantitative treatment was carried out for numerical integra-
tion of the areas of the '*C-NMR spectra using the software
MestreNova 8.0 and MagicPlot. The percentages of the following
types of C in molecular fragments were calculated in correspond-
ence with their spectral position: C,H-substituted aliphatic frag-
ments (0-47 ppm); methoxyl and O,N-substituted aliphatic
fragments (47-60 ppm); aliphatic fragments doubly substituted
by heteroatoms (including carbohydrate) and methine carbon of
ethers and esters (60-110 ppm); C,H-substituted aromatic frag-
ments (110-144 ppm); O,N-substituted aromatic fragments
(144-160 ppm); carboxyl groups, esters, amides and their deriva-
tives (160-185 ppm); and quinone groups and groups of alde-
hydes and ketones (185-200 ppm; Yao et al. 2019, Guzeva
2022). The parameter ALy g + ARy (the sum of the regions of
0-47 and 110-144 ppm) provided information regarding the
amphiphilic properties of the HAs (molecular hydrophobicity;
Lodygin et al. 2014). The degree of organic matter humification
(decomposition) was evaluated using the C,H-al/O,N-al ratio
(Pedersen et al. 2011).

Typical absorption bands of HAs in the Fourier-transform
infrared (FTIR) spectra of all studied samples were identified
according to previous research (Chen et al. 2002, Guzeva 2022).
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Table I. Physical and chemical parameters of the water and sediments of the studied lakes in West Antarctica (King George Island and Marie Byrd Land).

Surface water Sediments
TDS Eh Eh DOMC,

Sampling site (g/l) pH (mV) Description pH (mV) mass % HAs?

Lake 1 0.01 7.50 171 Dark grey aleurite and sand are primarily composed of basalt and andesite 7.61 245 2.1 -

Glubokoe 0.06 7.79 179 Slate grey silt with aleurite. A reddish-brown coating (oxidized layer) was observed on the surface of the 6.60 52 5.6 +

(Artigas) sediments

Norma 0.06 7.12 190 The sediments near the shore consist of rubble measuring 1-10 cm. At a depth of 1.5 m, the sediments 6.85 250 3.1 -
transition to soft, brown-grey silts containing aleurite particles

Mirazh 0.06 7.43 196 Slate grey silt. There is a lot of undecomposed moss debris in the surface 0-5 cm layer 7.08 214 3.8 +

Slalomnoe 0.04 7.50 36 The surface layer (0-1 cm) consists predominantly of black basalt particles (fine sand), and grey soft 6.80 -80 2.0 +
silt lies below. The sediments contain a lot of gas bubbles

Srednee 0.06 7.40 75 The sediment layers are clearly stratified, with the top layer measuring 0-1 cm and consisting of 6.77 -60 3.8 -
rusty-ochre silt. The layer below, measuring 1-2 cm, is composed of black soft silt, while the bottom
layer is a combination of grey soft silt and black brushes. Additionally, there is a significant amount of
undecomposed moss debris present in the sediments

Kitezh 0.10 6.70 120 Soft grey silt with aleurite. A reddish-brown coating (oxidized layer) is observed on the surface of the 6.50 34 6.9 +
sediments

Bird 0.06 7.43 196 Dark grey sand covered with a 0.5 cm brown layer of decomposed algae 7.08 214 1.4 -

Lake 9 0.12 7.22 85 The sediments near the shore are represented by rubble measuring 1-20 cm. Some 2 m from the 6.82 -40 3.9 -
shore, the sediments are silty aleurite with crushed stone measuring 1-3 cm. The top layer (0-1 cm) is
brown silt, and dark grey aleurite lies below

Lake 10 0.09 7.40 73 Grey aleurite. A reddish-brown coating (oxidized layer) is observed on the surface of the sediments 6.93 6 3.7 -

Lake 11 0.14 7.15 92 Soft grey silt with aleurite. A reddish-brown coating (oxidized layer) is observed on the surface of the 6.70 64 3.8 -
sediments

Penguin 0.06 7.12 190 Soft grey silt with aleurite and gravel. A rusty-ochre coating (oxidized layer) is observed on the surface 6.90 250 1.1 -
of the sediments

Long 0.12 7.20 222 Soft grey silt. In some places, the sediments are covered with poorly decomposed remains of moss. 7.10 -35 8.9 -
Beneath the layer of moss, there is a 0-2 cm layer of black silt smelling of hydrogen sulphide

Jurasico 0.08 6.88 191 The sediments near the shore are represented by rubble measuring 1-20 cm. To a distance 1.5 m from 7.10 280 3.0 -
the shore, the sediments are brown clayey silts

Geographic 0.10 6.78 202 The sediments near the shore are represented by rubble measuring 1-20 cm. To a distance 1.5 m from 7.14 290 2.6 -
the shore, the sediments are clayey silts: 0-1 cm are brown, 1-10 cm are grey

Plant debris No data A mixture of rotted mosses, lichens and algae. The sample is characterized by black colour and a No data 70.1 +
putrefactive smell

Humic 3.05 7.70 No Black silty sediments consisting of decomposed layers of bacterial mats mixed with small mineral 5.60 -40 27.4 +

data particles

? Means of five samples are presented.

b The results of the isolation of the humic acid fraction: += humic acids have been extracted; - = humic acids cannot be extracted in quantities sufficient for instrumental study.
DOM = dispersed organic matter; Eh =redox potential; TDS =total dissolved salinity.
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Table Il. Elemental composition of humic acids (ash- and water-free weights) extracted from plant debris and lake sediments of West Antarctica (King George Island

and Marie Byrd Land).

Mass % Mole % Atomic ratio
HAs sample C H N [0} C H N (e} H/C o/C
Plant debris 31.0 2.9 3.6 62.5 26.9 29.8 2.6 40.6 11 15
Glubokoe (Artigas) BIAS) 3.6 4.0 54.5 30.2 34.4 2.7 32.6 11 11
Mirazh 46.5 5.1 5.9 424 323 421 35 22.1 13 0.7
Slalomnoe 47.9 55 6.9 39.7 32.2 43.7 4.0 20.1 1.4 0.6
Kitezh 46.7 4.5 53 43.5 34.0 39.1 33 23.7 1.2 0.7
Humic 49.7 5.7 9.2 35.5 32.7 44.6 52 17.5 1.4 0.5
Results George Island are fresh and have a pH close to neutral, with a

Hydrochemical and geochemical characteristics of the studied
lakes

Table I presents the physical and chemical parameters of the water
and sediments in the studied lakes. The lakes’ waters on King

positive redox potential (Eh). The sediments consist mainly of
silt and aleurite (fine sand). The organic matter content
(DOM) in the sediments did not exceed 10%, and the pH ranged
from weakly acidic to neutral. The majority of the lakes had a
positive Eh, with the exception of four lakes (Table I). Lake
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Figure 2. *3C nuclear magnetic resonance (NMR) spectra of humic acids extracted from plant debris and lake sediments of West Antarctica (King George Island and

Marie Byrd Land).
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Figure 3. Fourier-transform infrared (FTIR) spectra of humic acids extracted from plant debris and lake sediments of West Antarctica (King George Island and Marie

Byrd Land).

Humic (Marie Byrd Land) had the highest salinity (3 g/1) of water
among the studied lakes. The sediments of this lake were enriched
with organic matter and had an acidic pH.

Humic acid extraction

The alkali-soluble fraction (HAs) has been extracted in sufficient
quantities for instrumental analysis from four lakes on King
George Island, as well as one sample of plant residue
(Table I). The HAs were characterized as having a light brown
colour. However, from the sediments of the other studied lakes
on the island, only a light yellow solution of FAs could be
obtained, as the HAs did not precipitate even under low-pH
conditions. In contrast, the HAs from Lake Humic had a dark
brown colour and visually appeared to precipitate in greater
quantities compared to HAs from the lakes on King George
Island.

Elemental analysis of humic acids

The data obtained on the elemental composition of HAs extracted
from plant debris and lake sediments in West Antarctica are pre-
sented in Table II. The HA molecules found in plant debris,
which are precursors to humification, contained the lowest mass
percentage of carbon and the highest amount of oxygen. The
number of oxygen atoms (measured in mole %) was almost
twice that of carbon atoms. In HAs isolated from the lake sedi-
ments, the level of oxygen atoms decreased, while the degree of
carbonization of molecules increased.

According to the H/C atomic ratio values (degree of saturation
of molecules), the studied HAs were closer to aliphatic cyclopar-
affins than to aromatic compounds. The most saturated HAs were
those from the sediments of lakes Slalomnoe (King George
Island) and Humic (Marie Byrd Land).
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CP MAS *3C-NMR spectroscopy of humic acids

The NMR spectra and the percentages of the various molecular
fragments are presented in Fig. 2: unsubstituted aliphatic
((CH,),/CH/C); methoxyl and O,N-substituted aliphatic (NCH/
OCHj;); carbohydrate and methine carbon of ethers and esters
(OCH/OC/O-CH-0O/0O-C-0); unsubstituted aromatic (aromatic
C-C/C-H); O,N-substituted aromatic (aromatic C-O); carboxyl
groups, esters, amides and their derivatives (COO/N-C=0); and
quinone, aldehydes and ketones (RC(=O)R’/RCHO). Aliphatic
carbon species were the dominant structures in all of the studied
HAs samples. The percentage of aromatic structures varied from
2% in HAs found in plant debris to 19% in sediment HAs of Lake
Glubokoe (Artigas).

Most aliphatic fragments in sediment HA samples from King
George Island were O,N-substituted. By contrast, the content of
unsubstituted aliphatics is higher than O,N-substituted aliphatics
in the sample from Lake Humic (Marie Byrd Land). The percen-
tages of these structures were consistent in the sample from plant
debris.

The functional O/N-containing groups (carboxyl, esters,
amides and their derivatives) in the region of 160-185 ppm
were detected in all of the studied HA samples. Quinone, carbo-
nyls of aldehydes and ketones, hydroxyls of alcohols and phenolic
fragments were found in samples of sediment HAs from lakes
Slalomnoe, Kitezh and Humic. However, the contents of the
groups were no more 4%.

FTIR spectroscopy of humic acids

The peaks provided by valent (2920 and 2860 cm™') and deform-
ation (1460-1440 cm™) stretching of aliphatic fragments were
observed in all HA samples (Fig. 3). The band in the region of
aromatic vibrations (1700-1590 cm™) was detected in all of the
studied samples, with the most intense peak observed in the
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Figure 4. The H/C and O/C atomic ratios (van Krevelen diagram) for humic substances from Antarctica. FA = fulvic acid; HA =humic acid.
"Humus-forming substances (penguin guano, lichens, mosses, algae) according to Abakumov (2010).

2Fulvic acids from the waters of Lake Fryxell and Lake Hoare (McKnight et al. 1991).
3Humic acids from the soils of Oates Coast (Calace et al. 1995).

“Humic acids from the soils of Schirmacher Oasis, Lindsay Island, King George Island (Chukov et al. 2015).

sample from Lake Humic. However, it should be noted that the
stretching of carbonyls and amides could also absorb in same
spectral area. Hydrogen-bonded OH-groups provided wide
bands in the range of 3500-3300 cm™' and low peaks at
1270-1220 and 1170-1040 cm™. The peaks (in samples from
plant debris and Lake Glubokoe) or shoulders (in lakes Mirazh,
Slalomnoe, Kitezh and Humic) at 1715-1710 cm™! were associated
with C=0 stretching of -COOH and ketonic carbonyls.
Deformation vibrations of N-H and C=N provided clear peaks
at 1540-1510 cm™' range. This peak is most intense in the sample
from Lake Humic. Valent stretching of -OH from alcohols and
carbohydrates was detected in the 1175-1000 cm™ spectrum
area. C-O groups of primary alcohols produced clear peaks in
the 1075-1013 cm™ range.

Discussion
Chemical characterization of humic acids

The compounds under study exhibit a high degree of molecular
complexity and composition. The spectral analyses yield consistent
results, providing sufficient evidence to determine the dominant
patterns of HA structure. These findings can be compared to
other studies of HSs in the natural environments of Antarctica.
The HAs found in the sediments display a saturated aliphatic struc-
ture, a characteristic also observed in HSs from other sources such
as water and soil in Antarctica (McKnight et al. 1991, Calace et al.
1995, Abakumov 2010). Statistical analysis (Fig. 4) showed that for
HAs (both soils and sediments) and aquatic FAs the H/C ratio was
in the range of cycloparaffins and varied from 1.1 to 1.9.

The degree of oxidation (O/C) of the studied HA molecules is
similar to that of soils found in Schirmacher Oasis (Fig. 1),
Lindsay Island and King George Island (Chukov et al. 2015),
but it is relatively high compared to the soils of Oates Coast
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(Fig. 4; Calace et al. 1995). The high oxygen content of HAs in
Antarctic lake sediments can be attributed to the presence of a
significant amount of oxygen-containing fragments, such as
methoxyls and polysaccharides, in their structure (Figs 2 & 4).
The molecules of humification precursors (such as penguin
guano, lichens, mosses and marine algae) and HAs from plant
residues are more saturated and oxidized than sediment and
soil HAs (Fig. 3). Thus, the transformation of biological material
into HSs in Antarctica’s natural environment is mainly accom-
panied by dehydration and a slight increase in aromaticity.

Humification in the lake sediments

The humification process in the lakes of King George Island takes
place under freshwater conditions with pH values close to neutral.
During the ice-free period, the water column is sufficiently
enriched with oxygen, resulting in positive Eh values. The sedi-
ments of the studied lakes contain a small amount of organic mat-
ter (mineral silts). Weakly reducing (anoxic) environments are
observed in the sediments from four lakes. The lowest Eh value
was recorded in the sediments of Lake Slalomnoe, where a large
number of odourless gas bubbles, probably methane, were also
observed in the samples. The precursors of humification in the
island’s ecosystems are the remains of sparse vegetation, such as
mosses, lichens, and algae. The process of maturation of HSs in
lake sediments is associated with dehydration of precursor mole-
cules, resulting in a slight increase in the contents of aromatic
fragments in their structures. It is important to note that the
FA fraction significantly predominates in the composition of
HSs in lake sediments. The most mature fraction (HAs) can
only be isolated in sufficient quantities for instrumental analysis
from some water bodies. The predominance of the fulvic type
of humus has been previously observed in the HSs found in the
water of Antarctica’s Carezza Lake (Victoria Land, Ross Sea
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coast; Campanella et al. 1995). Thus, the low content of the HA
fraction in HSs and the aliphatic structure suggest a low degree
of maturity of HSs in the lake sediments of King George Island.
This is due to weak biochemical activity, which leads to the
accumulation of slightly modified peptide and carbohydrate
chains in the structure of the HAs. This is supported by results
from previous studies on soils and sediments in cold climatic
zones (Lodygin et al. 2014, Polyakov & Abakumov 2020). In
these environments, mineralization of organic matter is more
prevalent than humification.

Lake Humic (Marie Byrd Land) has a brackish composition
and a neutral water pH. The sediments of the lake do not freeze
completely in winter due to the formation of cryopeg in the bot-
tom layer of the water. Full-fledged humification of organic
material occurs in Lake Humic. At the bottom of the lake, bacter-
ial films decompose and accumulate, serving as the main precur-
sors for humification. The sediment conditions are acidic and
weakly reducing. The HAs are primarily composed of aliphatic
molecules, but the proportion of O/N-substituted aliphatics is
lower compared to samples from other lakes studied on King
George Island.

Figure 5 illustrates the resistance of the studied HAs to bio-
chemical oxidation. Polysaccharide chains are the most easily
accessible components of HAs for processing by microorganisms
(Zherebker et al. 2019). The HAs from Lake Humic exhibit the
most stable structure (Fig. 5). By contrast, the HAs from the
lakes of King George Island do not mature significantly due to
the presence of dense underwater moss growth at their bottom.
This suggests that HSs are rapidly broken down by microorgan-
isms and mineralized in environments with high levels of photo-
synthesis and oxygen.

Conclusion

This work is the first to present an investigation of the elemental
composition and molecular structure of the alkaline-soluble frac-
tion of HSs isolated from lake sediments of Antarctica (King
George Island and Marie Byrd Land). The studied compounds
contained specific molecular fragments and can be identified as
HAs. Thus, full-fledged humification processes occur in the sedi-
ments of some Antarctic lakes. However, the HSs of the studied
lakes were found to have a very low degree of maturity and
were non-resistant to mineralization. The structural properties
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of the studied HAs were typical of HSs formed in the cold climatic
conditions of Arctic and Antarctic environments. This work pro-
vides information on the natural environment of the poorly
explored region of Marie Byrd Land in Antarctica. Moreover,
this research is valuable for understanding the full chain of
organic matter transformation processes in Antarctic ecosystems
and the global carbon cycle on Earth.
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