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Abstract

Cryoconite holes are considered as a place of accumulation of organomineral matter,
including black carbon. It is formed as a result of incomplete combustion of carbon-
containing fragments of natural and anthropogenic origin. Such material is transported
by the wind and participates in the formation of cryoconite on the ice surface. The
accumulation of organic matter in cryoconite can significantly affect the climate of our
planet. To assess the processes of resistance to biodegradation of organic matter in
cryoconite, molecular methods of analysis were used. This work presents the qualitative
and quantitative evaluation of composition of humic acids, formed in selected cryoconite
holes of various geographical regions. To identify them, the *C-NMR spectroscopy
method was used, which makes it possible to reveal trends in the accumulation of spe-
cific structural fragments and the rate of stabilization of cryoconite organic matter. The
analysis of the elemental composition revealed that the most condensed macromolecules
of humic acids accumulate in cryoconite holes on Mount Elbrus. In the molecules of
humic acids, the accumulation of aliphatic structural fragments up to 71-73% occurs to a
greater extent, while the composition of the aliphatic fragments depended on local
precursors of humification. In the Arctic and Antarctic ecosystems, humic acids with
relatively homogeneous composition are formed. These ecosystems are characterized by
the domination of moss-lichen communities, which are characterized by a predominance
of lipids and carbohydrates in the chemical composition. Black carbon is an important
part of the planetary carbon cycle. Under the conditions of active deglaciation, cryo-
conite material can enter the periglacial zone, and under the action of soil micro-
organisms, it can become an additional source of greenhouse gases in the atmosphere.
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Introduction

The stability of various groups of or-
ganic compounds from soils, water bodies,
and cryoconite has been investigated for a
long time (Polyakov and Abakumov 2020a,
Chukov et al. 2015, Abakumov et al. 2015,
Lodygin et al. 2014, Lodygin and Bezno-
sikov 2010, Dziadowiec et al. 1994, Orlov
1990, Hatcher et al. 1981). Studies have
focused on stabilization of organic mat-
ter, but addressed also the assessment of
the soil regime, the intensity of the soil
forming factor, as well as the process
of removal of pollutants from ecosystems
(Baccolo et al. 2020, Amaro et al. 2015,
Celis et al. 2014, Knoblauch et al. 2013).
Organic matter contains a large set of vari-
ous structural fragments that are formed
under conditions of mineralization and hu-
mification. In the course of these proc-
esses, labile (readily hydrolyzable) and sta-
ble substances are formed (Polyakov and
Abakumov 2020a, Lupachev et al. 2017,
Semenov et al. 2009). These substances
can be accumulated and formed in soil and
water systems, as well as on glacial sur-
faces (Polyakov et al. 2019a, Szymanski
2017, Szymanski et al. 2015, Dziadowiec
et al. 1994). Nowadays, formation of these
compounds and their stabilization are stud-
ied in order to identify underlying mecha-
nisms. Under the conditions of cryoconite
formation, organic matter of various ori-
gins accumulates, such as e.g. soil organ-
ic matter, undecomposed plant residues,
and black carbon as well (Polyakov et al.
2019a, Szymanski 2017, Polyakov and
Abakumov 2020b).

Black carbon (BC) is one of the short-
lived climatic factors ([1]-Council 2019, [2]
-AMAP 2015, Stone 2014). BC is formed
as a result of incomplete combustion of
fossil fuels and biomass, mainly: emissions
from transport engines; emissions from
wood and coal combustion; emissions from
industrial production (metallurgy and petro-
chemistry); emissions from oil, gas pro-
duction and wild-fires (Bond et al. 2013,

216

Andreae and Gelencsér 2006, Bond and
Bergstrom 2006). BC accumulates on
snow and ice cover, leads to its heating,
which in turn leads to their melting in the
accumulation site (Reid et al. 2005). The
Arctic region, according to the data of
regular meteorological observations car-
ried out since 1990, witnessed an increase
in the average winter temperature by 3°C,
and, therefore, is considered extremely sen-
sitive and vulnerable region (Acosta Navar-
ro et al. 2016). In recent decades, the area
and volume of Arctic ice have been de-
creasing (Nordli et al. 2014, Notz and Stro-
eve 2016). Of the total amount of BC ac-
cumulated on the surface of the Arctic,
pollution from Europe contributes 68%,
followed by emissions from Asia, which
bring 22% (Flanner et al. 2007). BC dam-
ages not only Arctic ice, but also the
mountain glaciers in the same ways. The
warming effect is more evident in moun-
tainous areas due to the pollution of snow
and ice than in Arctic or Antarctic ice areas
([1]-Council 2019, [2]-AMAP 2015).
Elbrus is the largest mountain-glacial
massif in Russia (Polyakov et al. 2020c,
Zolotarev and Kharkovets 2012). In 2007,
the total area of the ice sheet was 120 km?.
At present, the reserves of ice and peren-
nial firns accumulated in the second half
of the 20™ centuryare melting at an unprec-
edented rate, and they are almost exhaust-
ed over a large area in the 3700-4000 m
zone. The recharge boundary on the gla-
cier has risen by 200 m, and the firn con-
sumption increases. In the area of ablation,
lava ridges thaw out. The cumulative mass
balance has reached its lowest value in the
past 50 years. In addition to dust, various
aerosols and trace elements (As, Mn, Zn,
Cu, Cr, Ni, Pb, Cd and Hg), the impact of
the accumulation of moraine materials on
the glaciers surface was studied (Rotota-
eva et al. 2019). The surface moraine plays
a role in the evolution of the glacier, com-
mensurate with the climatic factor.
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In the context of the unpredicted global
climatic changes, special attention is also
focused on the Arctic and Antarctic eco-
system. Research in the Arctic shows that
at current levels of temperature rise, the
Arctic Ocean could be ice-free in summer
over the next 30-40 years (Serreze et al.
2007, Wang and Overland, 2009, Tunved
et al. 2013). This can have a powerful ef-
fect on the sources and sinks of atmos-
pheric aerosols, as well as on the proper-
ties and distribution of clouds in the Arctic.

The Antarctic ice sheet is an important
indicator of climate change and a driver
of sea level rise. The Antarctic ice streams
contribute about 10% of the observed glob-
al sea level rise. According to some au-
thors, if the glaciers of Antarctica, with the
ice in the Arctic, completely melted, the
global sea level will rise by 65 m (Amaro
et al. 2015, Feldmann et al. 2019, Hara et
al. 2019, Zwally et al. 2017). The mass of
Antarctic ice in the coastal and terrestrial
parts does not remain unchanged and sub-
stantially depends on climate fluctuations.
Many studies have been devoted to the is-
sue of degradation/accumulation of glacier
mass, but there is still no conclusive view
on local/reginal/global level. It is true for
e.g. cryoconite holes formation on the sur-
face of glaciers. They are formed under the
influence of local accumulation of material
within the continent, although the transfer
of particles from the Pacific basin has also
been noted (Amaro et al. 2015, Dickens et
al. 2019, Groenewerg and Beunk 1992).

Cryoconite holes, in addition to chang-
ing albedo and their contribution to the de-
glaciation process, have a threat from the
accumulation of priority toxicants (Akilan
et al. 2019, Amaro et al. 2015, Baccolo et
al. 2020, Casey et al. 2017). Trace ele-
ments, radionuclides, and polyaromatic hy-
drocarbons are transported here with parti-
cles of BC (Polyakov et al. 2020a). Cry-
oconite holes are small ecosystems with a
closed cycle of nutrients and a specific mi-
crobiome community (Bond et al. 2013,
Christner et al. 2003, Singh et al. 2020). In

conditions of active deglaciation, this mate-
rial can be quickly involved in the modern
soil-forming process. This can adversely af-
fect the state of soils in the most vulner-
able ecosystems of the Arctic and Ant-
arctic, as well as mountainous regions. In
these conditions, soil cryogenesis and mass
transfer, contaminated material can persist
in the soil for a long time and inhibit the
microbiological activity of the soil (Ejar-
que and Abakumov 2016, Szymanski et al.
2015, Zubrzycki et al. 2014, Boike et al.
2013). However, cryoconite material can
also serve as a biologically active sub-
stance and introduce a significant amount
of nutrients into the soils of periglacial
environments (Polyakov et al. 2020a, b;
Abakumov 2008). Taking into account the
fact that in cryoconite are in fact accu-
mulations of black and elemental carbon,
the process of humification can also take
place, with formation of humic acids (HAs)
(Polyakov and Abakumov 2020b, Polya-
kov et al. 2019a).

Normally, the HAs are heterogeneous
systems of high and low molecular com-
pounds formed from the decay of plant
and animal remnants in terrestrial and
aquatic ecosystems (Polyakov and Abaku-
mov 2020a, Polyakov et al. 2019b, Vasile-
vich et al. 2019, Vasilevich et al. 2018,
Lodygin et al. 2017). BC of biogenic ori-
gin (formed mainly during wildfires) (War-
neke et al. 2009) accumulates under the
conditions of cryoconite formation. In gen-
eral, the material of cryoconite holes is a
biologically active substance in which hu-
mification, accumulation and destruction
of humic substances under the influence
of microorganisms occurs (Polyakov and
Abakumov 2020b, Polyakov et al. 2019a).
This mechanism is quite different from
soil humification, because there is no sea-
sonal input of humification precursors, and
the climatic conditions in which the trans-
formation of BC is very different (Vasile-
vich et al. 2019, Dziadowiec et al. 1994,
Orlov 1990, Hatcher et al. 1981). In addi-
tion to information on the molecular com-

217



V. POLYAKOV et al.

position of HAs, data on the elemental
composition of HAs play an important
role. The elemental composition of HAs
represents the percentage of C, H, N, and
O elements in them. The high variabili-
ty of the elemental composition of HAs
among different soils is explained by the
varying degree of accumulation of ele-
ments in the HAs (Polyakov and Abaku-
mov 2020a, Vasilevich et al. 2019, Lody-
gin et al. 2017). By the ratio of elements,
we can determine the leading processes
of humification occurring in the soil. In-
formation on the elemental composition
of organic substance contribute to under-
standing of the general principles of mo-
lecular construction and some of their
properties(Orlov 1990). Nevertheless, along
with humification, the processes of weath-
ering of material also occur, which accu-
mulates mainly from local rocks, and BC
is mainly introduced from other regions
(Szymanski et al. 2015, Abakumov et al.

Material and Methods

The study sites

The study area is confined to the Arc-
tic, Antarctic and Mount Elbrus (Central
Caucasus) (Fig. 1).

The Cape Baranov is located in the
Severnaya Zemlya Archipelago, samples
collected from the Mushketov glacier
(Bolshevik Island, Severnaya Zemlya Ar-
chipelago, 23 km south of the “Cape Bara-
nov” Arctic Station). The Mushketov Gla-
cier is a glacial dome with an area of a-
bout 89 km® and an ice thickness of about
160 m. It is located on the surface of the
upper denudation leveling (Bolshiyanov
et al. 2016). The island is composed of the
Upper Proterozoic terrigenous complex
(sandstones, siltstones, granodiorites). Av-
erage annual air temperature is -14°C. The
area is characterized by stable winds main-
ly from the southern direction with an av-
erage speed of 10-15 m/s (Manousakas
et al. 2020). By the personal observation
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2013, Bronnikova 2011, Schaefer et al.
2008). Therefore, under conditions of ac-
tive deglaciation in polar and alpine re-
gions, materials saturated with HAs will
enter the soil, which will be involved in
the modern process of soil formation and
will contribute to the transformation of the
most vulnerable ecosystems of our planet.
The aim of this work is an estimation
of stabilization of organic matter, which
is accumulated and formed in cryoconite
holes selected from the Arctic, Antarctic
and mountain ecosystem based on qualita-
tive and quantitative composition of HAs.
To achieve the aim, the following tasks
have been set:
- to investigate the elemental composition
of HAs;
- to determine the qualitative and quanti-
tative composition of HAs;
- to evaluate the stabilization of organic
matter formed in cryoconite holes.

we suppose that mineral material of cry-
oconite holes is released from under the
glacier, i.e. it was formed a long time ago
and, due to the movement of the glacier, is
pulled up from the lower part to the sur-
face, where it continues to develop at pres-
ent time.

The Garabashi glacier is part of the
Caucasian Mountains and located on Mt.
Elbrus. The glacier begins at an altitude of
about 4900 m and ends at 3330 m; its area
in the 1980s and 90s was 4.47 km®. Since
1982, the glacier has lost 14% of its vol-
ume and 11.4% of its area. This zone is
subjected to active deglaciation, and cry-
oconite material is, therefore, involved in
modern soil formation with the formation
of highly productive systems in the regions
of seasonal streams. The average annual
temperature is -12°C (Rototaeva et al.
2019).
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Fig. 1. Study area. A —Mushketov glacier, Cape Baranov, Severnaya Zemlya; B — Elbrus Moun-
tain, Central Caucasus; C — Collins Ice Cap, Antarctica.

The Collins Ice Cap is located in the
West Antarctica region on King George
Island, Fildes Peninsula. The maximum
height of the ice cap reaches 700 m. The
peninsula consists of volcanic rocks, main-
ly andesites, basalts, and various tuffs. The

average annual temperature is -2.8°C. A
characteristic feature of cryoconite ma-
terial is its chemical composition corre-
sponding to volcanic sediments (Polyakov
et al. 2020a, b). The studied cryoconites
are presented in Fig. 2.

Fig. 2. Studied cryoconites. A — Mushketov glacier, Severnaya Zemlya; B — Elbrus Mountain,
Central Caucasus; C — Collins Ice Cap, Antarctica.

219



V. POLYAKOV et al.

Sampling procedure

Samples of cryoconite material were
taken from the studied glaciers. Samples
were taken during the Russian Antarctic
and High Latitude expeditions in 2020,
from the ice and delivered to the labora-
tory. A standard BC isolation method is
described by Hegg et al (Hegg et al. 2010).
Dried samples were investigated at the De-

partment of Applied Ecology of St. Peters-
burg State University, St. Petersburg. The
description of the studied cryoconite is
presented in Table 1. Soil from the Elbrus
region was sampled according to interna-
tional standard methods and classified as
Calcic Chernozems ([3]-WRB 2015).

Site Sample Coordination Description Imtl?l
material
Mushketov 1 N 79°05°46.61° | Melting cryoconite from
glacier, E 101° 51°25.35”’ the glacier
Cape Moraine
Baranov, ) N 79°02°56.00” | Melting cryoconite from | sediments
Severnaya E 101°51°34.52” the glacier
Zemlya
Cryoconite is formed
Collins Ice S 62°0°21 8" during the gccumulatlon
Cap, 3 W 58°54°48 17 of material from the Volcano
Antarctica ’ atmosphere and bird
activity
4 N 43°33°21.7" | Calcic Chernozems from Soil
E 43°13°40.1° the Kiendelen village °
Elbrus ;
M . The cryoconite from the
ountain, 5 ice crack of Garabashi
Central N 43°18’18” laci Vol
Caucasus E 42°27°49” g agler - olcano
6 The cryoconite underlain
by ice

Table 1. The description of studied cryoconites.

Cryoconite material analysis, >C NMR spectroscopy and elemental analysis procedure

of HAs

Cryoconite samples were air-dried
(20°C), ground, and passed through 2 mm
sieve. Humic acids were extracted accord-
ing to a published THSS protocol (Swift
1996). Solid-state CP/MAS *C-NMR spec-
tra of HAs were measured with a Bru-
ker Avance 500 NMR spectrometer in a
3.2-mm ZrO, rotor. The magic angle spin-
ning (MAS) frequency was 20 kHz in all
cases and the nutation frequency for cross
polarization (CP) was ul/2p 1/4 62.5 kHz.
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Repetition delay was 3 seconds. The num-
ber of scans was 6500-32000. Contact
time is 0.2 ps (Polyakov and Abakumov
2020a).

To conduct a graphical analysis of the
elemental composition (C, O, N, H), we
used the van Krevelen diagram (van Kre-
velen 1950), using the H/C-O/C ratios to
identify the direction of the transformation
processes of various organic compounds in
natural conditions. Under the conditions of
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cryoconite formation, BC and soil organic
carbon accumulates from the atmosphere
and has no direct connection with local
soil processes in the study region. At the
same time, this analysis allowed to eval-
uate the processes taking place in the stud-
ied cryoconite and compare them with soil
samples. Elemental compositions were cor-

Results and Discussion

Elemental composition of studied cryoconite

The elemental composition of HAs is
quite different depending on the geograph-
ic location and factors influencing the
accumulation of BC. Atomic ratios (C/N,
H/C, O/C) are suitable for assessing their
composition. The elemental composition
and atomic ratios of the studied HAs are
presented in Table 2. C/N ratio varied from
7.58 to 17.58 and was determined from a
high to a very low degree of carbon enrich-
ment with nitrogen. At the same time, the
average values of carbon were found rath-
er low relative to natural soils (46-62%)
with a high content of oxygen (45-50%).

In Table 2, a comparison of the studied
cryoconite with HAs from natural soils
located in the Arctic, Antarctic and a cry-
oconite sample is presented and supple-
mented with data from the Spitsbergen
archipelago (Polyakov et al. 2019a). Arctic
samples (No. 1-2) showed C/N ratio quite
close to natural soils, similarly to the cry-
oconite from the Spitsbergen archipelago.
Apparently, this is due to a single principle
of material accumulation and homogeneity
of this material. In the sample from Ant-
arctica (No. 3), the carbon content is esti-
mated as the lowest due to the fact that lo-
cal ecosystems in general have a low con-
tent of organic content (Gedgafova et al.
2019, Khakunova et al. 2018). The low
carbon content in the HAs composition
can also be associated with increased acid-
ity and moisture content of the initial sam-
ples (Orlov 1990). Under such conditions,
the condensation process is difficult and

rected for gravimetric water and ash con-
tent. Oxygen content was calculated by
difference of whole samples mass and
gravimetric concentration of C, N, H and
ash.

To identify the statistical relationship
between the studied compounds, we pro-
posed Spearmen's correlation.

the hydrolytic decomposition of humic
compounds is enhanced (Vasilevich et al.
2018, Lodygin et al. 2017). Moreover, the
elemental composition varied quite strong-
ly in the studied samples, and this is due to
the intensity of biological (biochemical)
processes occurring in the soils.

A relatively high carbon content was
found in the samples from cryoconite
holes from Mount Elbrus No. 5-6 (37-
39%). Actually, here, as well as in the
soils formed at the foothills of the moun-
tain (No. 4), the most favorable conditions
for the humification of organic compounds
are apparent. The foothills of Elbrus are
quite productive ecosystems. Here, in the
conditions of the formation of Chernozems,
a large number of agricultural crops are
grown. Dry conditions, plowing of land
and erosion processes lead to the transfer
of organomineral particles by the aeolian
process to the nearest obstacles, which can
be mountain ranges.

The van Krevelen diagram for the
H/C-O/C ratios makes it possible to iden-
tify the direction of the transformation
processes of various organic compounds
into natural conditions (Orlov 1990). Un-
der the conditions of studying cryoconite
deposits selected from completely differ-
ent natural conditions, the accuracy of this
method increases significantly. Figure 3
shows the resulting diagram of the average
molar ratios H/ Cmod-O / C in the studied
HAs.
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Sample C H N O | C/N |H/C|O/C |HCmod| w
1 14 3 1 82 |[16.33] 2.55 | 4.40 8.44 6.24
2 17 3 2 78 19.92 | 2.10 | 3.44 6.71 4.79
3 8 2 1 89 | 9.33 ]| 297 | 8.35 14.16 | 13.73
4 52 5 3 38 |17.58| 1.31 | 0.56 2.06 -0.19
5 39 6 6 49 | 7.58 | 1.83 | 0.94 3.09 0.06
6 37 5 5 53 | 8.63 | 1.61 | 1.08 3.05 0.54
Mean 28 4 3 65 |11.56| 2.06 | 3.13 6.25 4.19
SD 17.29 | 1.55 | 2.10 | 20.80 | 4.27 | 0.61 | 2.98 4.59 5.39
Coeff. var. | 62.12]38.73|69.92|32.07 | 36.91 | 29.80 | 95.43 | 73.42 | 12843
Cryoconite
from 43 6 5 46 | 10.5 | 1.62 | 0.80 2.69 -0.02
Spitsbergen'
Soil-like
bodyfrom |50 15 | 3 | 4 1682|138 | 0.72 | 235 | 0.06
Lena river
Delta’
Soil from
King- 35 |5 6 | 54 [ 623|170 | 1.16 | 325 | 0.62
George isl.,
Antarctica’
Cryosol
.fmm. 48 6 5 36 | 11.29| 1.42 | 0.55 2.2 -0.3
Vaigach isl.,
Arctic’

Table 2. Elemental composition of the studied HAs from cryoconite. Gravimetric concentration is
given for C, H, O and N content. C/N, H/C, O/C, H/Cmod and “w” were calculated from mole
fraction of C, H, O and N content. H/Cmod is the number of substituted hydrogen atoms in HAs;
W indexes were calculated according to (Orlov 1990). Sample numbers correspond to Table 1.
Note: ' (Polyakov et al. 2019a), * (Polyakov and Abakumov 2020a), * (Polyakov and Abakumov

2020b), * (Polyakov et al. 2019b).

The studied samples are located in three
clusters relative to their geographical lo-
cation and their carbon content (Fig. 3).
The lower H/Cmod index indicate the
higher level of condensation of macro-
molecules in HAs samples. As expected,
the highest level of macromolecule con-
densation is observed in the Chernozems
from Elbrus (No. 4). In addition, local bio-
logical (biochemical) processes determine
the intensity of condensation of macro-
molecules in cryoconite holes. Thus, the
most condensed macromolecules accumu-
lated on the Mount Elbrus, followed by
samples from Mushketov glacier (Cape
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Baranov). The lowest level of molecular
condensation was found in Antarctic sam-
ples. The “w” index used in Table 2 re-
flects the oxidation state of the HAs. The
oxidizing conditions of the environment
are generally associated with the ability to
migrate elements, in particular iron and
aluminum ions, which actively migrate in
weakly acidic to acidic solutions (Vasile-
vich et al. 2018, 2019; Lodygin et al.
2017). Weak reduction conditions are as-
sociated with the formation of fresh organ-
ic residues and the process of humification
(Orlov 1990). All cryoconite samples are
in oxidizing conditions, while the weakest
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processes are observed in HAs from Mount
Elbrus, which may indicate the transfor-
mation of organic matter. A clear process
of humification is observed in the soil
sample under weakly reduction conditions.
This might be also confirmed by the low
degree of the H/Cmod ratio. Nowadays, it
is difficult to identify which processes af-
fect the condensation of macromolecules
in cryoconite samples. In our opinion, the
leading factor influencing the condensa-

14.00
12.00
10.00

8.00

H/C mod

6.00 2

4.00

2.00 °®

0.00

tion is the initial origin and composition of
BC. Under the conditions of cryoconite
formation, a weak transformation of or-
ganic matter is observed, and the leading
process is mineralization. Based on this,
this material can potentially be quickly ab-
sorbed by soil microbiota during deglaci-
ation and make a significant contribution
to climate change in the planet ([1]-Council
2019, [2]-AMAP 2015).

Hydrogenation

Reduction Oxidation

Dehydrogenation

0.00 1.00 2.00 3.00

4.00
0o/C

5.00 6.00 7.00 8.00 9.00

Fig. 3. Elemental composition of the studied HAs isolated from study cryoconite. H/Cmod — the
number of substituted hydrogen atoms in the HA. Sample numbers correspond to Table 1.

Characterization of HAs by > C-NMR spectroscopy

Six chemical groups in HAs were iden-
tified according to the *C—-NMR spectros-
copy method. C,H-alkyl in 0-46 ppm (C,
H-substituted aliphatic fragments), O,N-al-
kyl in 46-60 ppm (methoxy and O,N-sub-
stituted aliphatic fragments), OCH/OCq
in 60-110 ppm (aliphatic fragments dou-
bly substituted by heteroatoms (includ-
ing carbohydrate) and methine carbon of
ethers and esters), C—-C/C-H — AR in
110-160 ppm (C,H-substituted aromatic
fragments; O,N-substituted aromatic frag-

ments), COO/N-C=0 in 160-185 ppm (car-
boxyl groups, esters, amides and their
derivatives), RC(=O)R’ in 185-200 ppm
(quinone groups; groups of aldehydes and
ketones) (Chukov et al. 2015, Dziadowiec
et al. 1994, Hatcher et al. 1981). The chem-
ical shifts are calculated by absolute spec-
tral signals. Samples 1-3 show noises in
the signals; this may be due to the rela-
tively high content of clay in the soil sam-
ples. Such noises are most typical for soil
types such as Chernozems and Fluvisols.
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This is due to the presence of clay in the
parent materials, as well as the intake of
clay materials by the river. In the studied
samples, the wind can transfer the clay and
dust particles in the cryoconite holes.

The obtained spectra are presented
in Fig. 4. Most of the peaks corresponded
to the aliphatic regions (C, H — alkyl
((CHy)n/CH/C and CHj;) and OCH/OCq
groups, as well as the carbonyl group
COO/NC=0. The aromatic group was cal-

1

2
—_—
—
— 5
—

culated from the sum of the shifts of 110-
185 ppm. Aliphatic fragments were calcu-
lated from the sum of the shifts of 0-
110 ppm, 185-200 ppm. Chemical shift in
130 ppm, which corresponds to aryl car-
bons of charcoal (Pengerud et al. 2017)
and indicates the pyrogenic origin of or-
ganic matter, have been detected in cry-
oconite holes. Data of chemical shifts in
the studied soils are presented in Table 3.

{-15000
OCH/OC, TG

{-14000

{-13000

{~12000

{~11000

{~10000

{~9000

8000

{7000

{-6000

{5000

{-4000

{3000

{-2000

{1000

--1000

T T T T T T T T T T T 7 T T
220 210 200 190 180 170 160 150 140 130 120 110 100 90

ppm

T
80

Fig. 4. CP/MAS "*C-NMR spectra of HAs from studied cryoconites and soil. Numbers correspond
to sample numbers (see Table 1). Axis OX — chemical shifts in ppm; Axis OY — Intensity of

signal.

Aliphatic fragments of HAs dominate
in the studied cryoconite materials and are
approximately in the same range of val-
ues (71-73%) (Table 3). This fact indicates
that the mechanism of transformation of
organic residues in various cryoconite was
quite similar. At the same time, the polar
regions have practically no differences in
the qualitative composition of HAs. Cry-
oconite’s HAs from Elbrus are dominated
by C,H- and O,N-alkyl groups; samples
from Arctica and Antarctica are dominated
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by OCH/OCq (aliphatic fragments doubly
substituted by heteroatoms (including car-
bohydrate) and methine carbon of ethers
and esters) group. Most of the BC is pyro-
genic carbon, which is released into the at-
mosphere during fires (Abakumov et al.
2018, Knicker 2007). During a fire, ther-
mal destruction of HA occurs and the pe-
ripheral part of the molecule is separated
from the nucleus (Alexis et al. 2010). In
HAs molecules, the periphery is represent-
ed by aliphatic fragments, which are sepa-
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rated from the aromatic nucleus during a
fire and involve in the formation of BC.
It is then transported a considerable dis-
tance from the fire site and settles on
the surface of soil and glaciers (Polyakov
et al. 2019a). Therefore, the aliphatic part
of HAs in cryoconite carries information
about the precursors of humification. In
the HAs isolated from polar soils of the
Arctic and Antarctica, the content of OCH/
OCq group is significantly higher com-

pared to the background of samples from
Elbrus. The content of this group may be
associated with the precursors of humi-
fication (conifers residues) and the content
of complex and light ethers in them. In the
samples from the Garabashi glacier, the
accumulation of C,H-substituted aliphat-
ic fragments occurs; these fragments are
formed mainly from woody and herba-
ceous vegetation and are quite widespread
in the structure of HAs of various soils.

Chemical shifts, % AL

CH-

o AR/A | BT AL

Sample |C,H- ONN- OCH/ C/C- COO/ RC(=0)| AR | AL L AR ON -

AL AL OC; H- NC=O K’ h,r, ’AL

AR %

1 24 8 37 18 10 3 28 | 721 039 | 42 | 0.53

2 22 8 40 17 10 3 27 |73 1 037 | 39 | 046

3 24 8 38 18 9 3 27 | 73 | 037 | 42 | 0.52

4 20 6 21 38 12 3 50 150 | 1.00 | 58 | 0.74

5 40 11 19 15 13 2 28 | 721 039 | 55 | 1.33

6 36 10 | 20 18 11 5 29 | 71 | 0.41 | 54 | 1.20

Mean |27.67| 8.50 |29.16|20.67| 10.83 | 3.17 |31.5|68.5]| 0.48 | 48 | 0.80

SD 823 | 1.76 |10.11| 857 | 1.47 | 098 |9.1 9.1 | 0.25 |821| 0.37

Coeff. var. |29.77]20.71 |34.65 |41.47| 13.58 | 31.05 |28.9|13.2| 51.4 |16.99| 47.34
Cryoconite

from 34 8 16 31 10 1 41 | 59 | 0.69 | 65 | 1.42
Spitsbergen'
Soil-like

bodyfrom | oy |5 | 21 | 33 | 14 3 | 47]53]089 | 76 | 0.79
Lena river
Delta’
Soil from

King- 1 g0 | 8 [ 18 | 21| 8 1 (2971|041 | 65 | 1.69
George isl.,
Antarctica’
Cryosol

from o3l s |37 |12 ] 18 | 2 |20|71 042 | 42 | o052
Vaigach isl.,
Arctic’

Table 3. Percentage of carbon in the main structural fragments of HAs from cryoconites and soil
by CP/MAS “C-NMR spectroscopy. Sample numbers correspond to Table 1; AR — aromatic
fraction; AL — aliphatic fraction; AL h,r + AR h,r % — hydrophobicity degree; C,H-AL/O,N-AL —
the degree of decomposition of organic matter. Note: ' (Polyakov et al. 2019a), > (Polyakov and
Abakumov 2020a), * (Polyakov and Abakumov 2020b), * (Polyakov et al. 2019b).
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The studied soil from the Kiendelen
village accumulated up to 50% of aromatic
fragments. The peaks are located in the
regions C, H — alkyl ((CH,)n/CH/C and
CH;), OCH/OCq, C-C/C-H- AR and
COO/N-C=0 groups. This sample is more
condensed; the high content of aromatic
fragments is associated with the predom-
inance of herbaceous vegetation, which
contains a relatively high content of lignin
(Orlov 1990). Lignin is the main building
material for aromatic HAs fragments. The
pathways of lignin transformation in soils
are represented by both the decomposition
of monomers and partial changes in the
macromolecule. The transformation of lig-
nin leads to a decrease in the group of
fragments —OCHj;, which is also reflected
in the structure of HAs. Demethylation is a
characteristic elementary process of humi-
fication; the decomposition of lignin leads
to the accumulation of the COOH group.
Thus, an increase in the proportion of vas-
cular plants and lignin may indicate the
formation of macromolecules that are more
resistant to microbial degradation, and indi-
cates the “maturity” of HAs. As a result of
the growing season, straw is formed here,
which is a fodder base for animals. Plant
residues are enriched with nitrogen, carbo-
hydrates, easily and difficultly hydrolyzed

polysaccharides and lignin, during the
transformation of which high-molecular
compounds condense (Polyakov and Aba-
kumov 2020a, Orlov 1990). From the re-
sults obtained, it can be seen that the soil
sample formed in the Elbrus region is sig-
nificantly different from the samples from
cryoconite that are formed on the Gara-
bashi glacier. This suggests that active
processes of humification of organic mat-
ter are taking place in the soil, which leads
to its stabilization in resistance to biologi-
cal degradation. It can be seen from the
Fig. 4 that peaks in the aromatic region are
observed in a similar region, which sug-
gests that aromatic fragments, together with
dust, can settle in the Elbrus foothills and
form cryoconite. Nevertheless, this is not
the main source of organomineral matter
in the foothills, since the source of ali-
phatic compounds is not local soils.

Thus, the studied cryoconite have a very
close quantitative composition of struc-
tural fragments in the HAs, the AR/AL
ratio is 0.37-1. At the same time, signifi-
cant differences were noted in the quali-
tative composition of HAs. Depending on
the prosecutors of humification, the quality
of plant residues, there are significant dif-
ferences in the structure of HAs.

Stabilization of organic matter in studied cryoconite and soils

An important issue is the stabilization
of organic matter that accumulates in cry-
oconite holes. Under the conditions of ac-
tive deglaciation of the glacier surface, eve-
ry year more and more material is in-
volved in the current process of soil for-
mation, which leads to significant changes
in the landscapes adjacent to the glaciers.
This is due to the accumulation of nutri-
ents, risk elements, radionuclides, and the
formation of specific microbial communi-
ties, under the influence of which a closed
cycle of nutrient transformation is formed.
A characteristic feature of HAs that are
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formed in cryoconite holes is their low de-
gree of condensation and accumulation of
aliphatic fragments of HAs (up to 73%).
With the accumulation of such material on
the surface of glaciers, their slight trans-
formation occurs due to permanently low
temperatures and the absence of seasonal
influx of the humification precursors. That
organic matter is similar in structure to or-
ganic residues that are part of permafrost-
affected soils in the Arctic, so we can talk
about the deposition of black carbon on
the surface of glaciers (Lupachev et al.
2017, Lodygin et al. 2017, Ejarque and
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Abakumov 2016). At the same time, in the
context of a climatic crisis, if this organic
matter enters the environment, its active
mineralization will be observed, which will
lead to the emission of carbon dioxide into
the atmosphere.

1.40 Humification

1.20

Hydrophobicity

—_
(=3
S

C,H-Alkyl/O,N-Alkyl
o o
2 2

0.40

To visualize the process of humifica-
tion and hydrophobicity of the studied sam-
ples, we proposed a diagram of integrated
indicators of the molecular composition of
HAs (Fig. 5).

0.20

30.00 35.00 40.00

45.00

50.00 55.00 60.00

AL h,r+AR h,r

Fig 5. The diagram of integrated indicators of the molecular composition of HAs from cryoconite
holes and soil. Samples correspond to Table 2; AL h,r + AR h,r indicates the total number of

unoxidized carbon atoms.

The highest degree of humification was
observed in the cryoconites from Elbrus
(Fig. 5). This is due to the qualitative com-
position of the precursors of humification.
The most hydrophobic HAs molecules
were found in the soil of the Elbrus region.
An increase in the proportion of aromatic
fragments of HAs leads to the stabilization
of organic matter in the cryoconites of El-
brus. The condensation of macromolecular
compounds that include aromatic/unsatu-
rated structures between 110-185 ppm indi-
cates an increase in the degree of hydro-
phobicity of the soil organic matter and its

low availability for the soil microbiome
(Vasilevich et al. 2019). Thus, reducing the
contribution of greenhouse gases to the cli-
mate crisis.

The high correlation was observed in
the RC(=0) R 'group with C, O, C/N, H/C,
O/C, OCH/OCq (r = 1) and O, N-AL with
C, O, H/C, O/C (r=1), see Fig. 6. The com-
position of HAs from cryoconite varied
greatly, depending on biological (biochemi-
cal) processes, which was reflected in the
elemental and qualitative composition of
HAs.
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COO/N-C=0
RC(=O)R’

Fig. 6. Spearmen’s correlation matrix of HAs fractions.

Conclusions

Humic compounds formed in cryoconi-
te holes are rather heterogeneous in com-
parison with natural soils. The elemental
composition showed that the most con-
densed macromolecules accumulated in
cryoconites in the area of the Mount El-
brus, while the weak-condensed macro-
molecules were present in the samples
from Antarctica. The composition of HAs
of cryoconite is dominated by aliphatic
structural fragments (71-73%), while the
qualitative composition of the aliphatic
group is quite different depending on the
study area and may be associated with the
vegetation cover formed in the immediate
vicinity. In conditions of active deglacia-
tion, weakly condensed cryoconite materi-
al can be quickly involved in the process
of soil formation in the periglacial zone
and serve as an additional source of or-

228

ganic carbon. The predominance of ali-
phatic fragments in the HAs of cryoconite
sediments can negatively affect climate
change in these regions and on a planetary
scale. Aliphatic fragments in HAs are less
stable than aromatic fragments. They are
more susceptible to hydrolysis and biode-
gradation, therefore, under conditions of
degradation of the ice cover in mountain
and polar regions, the organominerals com-
pounds can enter the environment and
make an additional contribution to climate
change. The studied HAs mainly consist of
straight and branched carbon chains, which
can be rapidly absorbed during transfor-
mation by soil microbiota. With their rapid
transformation, a significant amount of car-
bon dioxide or methane can enter the at-
mosphere, and have a great impact to the
climate crisis.
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